Green Chemistry and Sustainable Technology

Sourav Mondal
Mihir Kumar Purkait
Sirshendu De

Advances in
Dye Removal
Technologies

2 Springer



Green Chemistry and Sustainable Technology

Series Editors

Prof. Liang-Nian He

State Key Laboratory of Elemento-Organic Chemistry, Nankai University, Tianjin,
China

Prof. Robin D. Rogers
Center for Green Manufacturing, Department of Chemistry, The University of
Al-abama, Tuscaloosa, USA

Prof. Dangsheng Su

Shenyang National Laboratory for Materials Science, Institute of Metal Research,
Chinese Academy of Sciences, Shenyang, China

and

Department of Inorganic Chemistry, Fritz Haber Institute of the Max Planck
Society, Berlin, Germany

Prof. Pietro Tundo
Department of Environmental Sciences, Informatics and Statistics, Ca’ Foscari
University of Venice, Venice, Italy

Prof. Z. Conrad Zhang
Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, China



Aims and Scope

The series Green Chemistry and Sustainable Technology aims to present cutting-
edge research and important advances in green chemistry, green chemical engi-
neering and sustainable industrial technology. The scope of coverage includes (but
is not limited to):

Environmentally benign chemical synthesis and processes (green catalysis,
green solvents and reagents, atom-economy synthetic methods etc.)

Green chemicals and energy produced from renewable resources (biomass,
carbon dioxide etc.)

Novel materials and technologies for energy production and storage (bio-fuels
and bioenergies, hydrogen, fuel cells, solar cells, lithium-ion batteries etc.)
Green chemical engineering processes (process integration, materials diver-
sity, energy saving, waste minimization, efficient separation processes etc.)
Green technologies for environmental sustainability (carbon dioxide capture,
waste and harmful chemicals treatment, pollution prevention, environmental
redemption etc.)

The series Green Chemistry and Sustainable Technology is intended to provide an
accessible reference resource for postgraduate students, academic researchers and
industrial professionals who are interested in green chemistry and technologies for
sustainable development.

More information about this series at http://www.springer.com/series/11661


http://www.springer.com/series/11661

Sourav Mondal ¢ Mihir Kumar Purkait
Sirshendu De

Advances in Dye Removal
Technologies

@ Springer



Sourav Mondal Mihir Kumar Purkait

Mathematical Institute Department of Chemical Engineering
University of Oxford Indian Institute of Technology Guwahati
Oxford, UK Guwabhati, Assam, India

Sirshendu De

Department of Chemical Engineering
Indian Institute of Technology Kharagpur
Kharagpur, West Bengal, India

ISSN 2196-6982 ISSN 2196-6990 (electronic)
Green Chemistry and Sustainable Technology
ISBN 978-981-10-6291-9 ISBN 978-981-10-6293-3  (eBook)

DOI 10.1007/978-981-10-6293-3
Library of Congress Control Number: 2017951626

© Springer Nature Singapore Pte Ltd. 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature

The registered company is Springer Nature Singapore Pte Ltd.

The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore



Preface

With increasing textile industries, the toxic and hazardous dye effluent is increasing
in the ecological system due to unavailability of energy-efficient and inexpensive
treatment methods. The book presents a detailed understanding of various advanced
dye removal technologies. The application of the developed technologies in the
context of textile effluent treatment is presented. With stringent environmental
norms, the need for efficient and economic treatment option is warranted. The
proposed monograph describes the rationale behind the application of the treatment
technologies compared to conventional processes like microbial degradation, coag-
ulation, ion exchange, etc. Depending on the type and concentration of dyes in the
effluent, different technologies may be appropriate. The effect of various treatment
conditions and operating conditions are key factors in determining the efficiency of
the removal process. The mass transfer mechanism behind the separation process is
also analyzed and presented in this book.

Experimental investigations have been carried out to adsorb different dyes from
aqueous medium using commercial activated charcoal as an adsorbent and are
described in Chap. 2. Synthetic solution of three dyes, chrysoidine, eosin, and
Congo red, in aqueous medium is used for the adsorption study. Effects of adsor-
bent dose, initial dye concentration, contact time, pH, and temperature have been
studied for the adsorption of each dye under stirred batch condition. Breakthrough
curve for the column adsorption has been generated for the adsorption of eosin dye.
Standard adsorption isotherms have been considered to explain the experimental
equilibrium data. The rate of adsorption has been described by both first- and
pseudo-second-order kinetic models. A two-resistance mass transfer model for
batch adsorption process is presented that includes a film mass transfer coefficient
and an internal effective diffusivity controlling the internal mass transport process
based on the pore diffusion mechanism. Validation of model is checked with the
literature adsorption data.

Chapter 3 describes a detailed study of the adsorption of dyes. Three systems are
selected for the adsorption study. Aqueous synthetic solutions of crystal violet and
methylene blue in a single-component system are selected for the primary study.
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Actual textile effluent containing a mixture of two reactive dyes is used for further
study. Aqueous synthetic solutions of the reactive dyes in a single-component
system as well as two-component mixture of the dyes are studied. Experimental
studies consist of preparation of the adsorbent, equilibrium, and kinetic studies in
each system. Adsorption equilibrium data are fitted with various isotherms. A mass
transfer model having a film mass transfer coefficient and an internal effective
diffusivity is used for the prediction of the concentration profiles of the dyes in
batch adsorption for both single-component and two-component systems.

Chapter 4 describes a systematic study of the regeneration of spent carbon
(obtained after adsorption of different toxic dyes) using a novel, in situ,
low-energy surfactant-enhanced carbon regeneration technique. Experimental
investigations have been carried out for the regeneration of spent carbon applying
surfactant-enhanced carbon regeneration technique using different types of cationic
and anionic surfactants. An empirical kinetic model for the regeneration of adsor-
bent is presented.

The nanofiltration of the dyes is discussed in Chap. 5. An aqueous synthetic
solution of crystal violet and methylene blue in a single-component system is used
for the initial study. Using a suitable molecular weight cutoff (MWCO) membrane,
a fractionation study is carried out with the aqueous synthetic mixture of crystal
violet and methylene blue. Actual textile effluent (containing a mixture of the
reactive dyes) is used for the final study. Nanofiltration is carried out in two
different process configurations: an unstirred batch system and a steady-state
cross flow system. Experiments are conducted in each system to observe the effects
of various process parameters on the permeate concentration and flux profile.
Theoretical model for unstirred batch system is developed for the single-component
as well as the two-component system and tested with the data. Evaluation of the
model parameters, viz., diffusivity and real retention, is carried out using profile
optimization of the experimental data. Film theory is used to explain the experi-
mental data in the cross flow system.

The application of the proposed combination processes involving (i) adsorption
followed by nanofiltration and (ii) advance oxidation followed by nanofiltration is
represented in Chap. 6. A detailed parametric study is carried out for both the
processes (combination method). The performance of different combinations of
separation technologies is discussed in detail.

In Chap. 7, micellar-enhanced ultrafiltration of dye is discussed. Aqueous
synthetic solution of dye is used as feed of the micellar-enhanced ultrafiltration
system. The micellar-enhanced ultrafiltration experiments are carried out in two
process configurations: an unstirred batch system and a steady-state cross flow
system. All the experiments are conducted to observe the effects of various process
parameters on the retention of solute and permeate flux. A resistance in series model
is used to quantify the flux decline in the batch system. The different resistances and
growth kinetics of the gel layer have been investigated as function of the operating
conditions. A two-step chemical treatment process for the recycling of surfactant
from the permeate and retentate stream has been proposed, and its performance has
been discussed in this chapter.
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Cloud point extraction of toxic dyes is represented in Chap. 8. An aqueous
synthetic solution of chrysoidine, Congo red, and eosin in a single-component
system is used for the initial study. Effects of different operating parameters, e.g.,
concentration of the feed mixture (both dye and surfactant), pH, temperature, and
the presence of mono- and divalent salt on the extraction of both the dye and
surfactant, have been studied in detail. The performance of two nonionic surfactants
is investigated to extract dye from the synthetic dye solution. From the experimen-
tal data, a solubilization isotherm is developed to quantify the amount of Congo red
and eosin solubilization. A method has been proposed to design a cloud point
extractor for the separation of Congo red and eosin dye. To test the efficiency of
surfactant recovery from the dilute phase, a solvent extraction technique has been
adopted and explained in detail in the same chapter.

Electrocoagulation of dyes is a powerful method of disintegration of dyes in
wastewater. The electrochemical pathway leading to degradation and the effects of
various operating conditions (strength of current, electrode material, electrolytes,
etc.) are discussed elaborately in Chap. 9. The economics of the process is also
discussed. Emulsion liquid membrane is a relatively new technology used for the
extraction and separation of metal ions and bioactive materials. Chapter 10 deals
with extraction of textile dyes from water using a double emulsion. The relative
effect of surfactant, alkali, feed concentration, etc., on the separation efficiency is
described in detail.

We hope that the book will be useful to engineers and researchers working in the
field of chemical engineering, environmental studies, water technology, civil engi-
neering, and industrial engineering. We have tried our best to make this book
comprehensive and hope that it will ignite further research and development in
the relevant domains of engineering. We sincerely hope that the readers will be
benefitted from the book and inspired to implement them in practice. Although we
have put in our best efforts to organize and present all information regarding dye
removal technologies, any suggestion for improvements will be gratefully acknowl-
edged from the readers.

The authors would like to acknowledge all dear and near ones, who have directly or
indirectly inspired and influenced in preparing the contents of this book. Dr. Mondal
would also like to acknowledge that this work was completed while he was at the
Department of Chemical Engineering, IIT Kharagpur, during his PhD, and thank his
supervisor and colleagues for their support during the same.

Oxford, UK Sourav Mondal
Guwabhati, Assam, India Mihir Kumar Purkait
Kharagpur, West Bengal, India Sirshendu De
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Chapter 1
Introduction

Abstract The presence of colored wastewater in the aquatic streams is hazardous
to the environmental ecology affecting the aquatic life severely. With the growth of
textile industry, dye-containing effluent is a potential water treatment issue. More-
over, dye-containing wastewater (even in trace amounts) is toxic to human con-
sumption. There have been several conventional water treatment technologies
based on adsorption which purifies dye-containing wastewater. The present chapter
explains an overview to the different processes, types of dye compounds, and the
safe discharge limits of different types of contamination-containing dyes.

Keywords Color « Wastewater » Dye structures * Effluent « Textile industry

Color has always fascinated mankind, for both esthetic and social reasons.
Throughout history, dyes and pigments have been the major articles of commerce.
The use of dyes for coloring dates back to the prehistoric era of more than
5000 years. However, most of these dyes are from natural resources particularly
with plant extracts. It is only in 1856 William Henry Perkin serendipitously
discovered the first synthetic dye, mauveine. Since then, more than 10,000 different
variants of synthetic dyes have been produced and are available commercially
(Hunger 2003; Husain 2006). Synthetic dyes quickly replaced the traditional
natural dyes as they are inexpensive and easy to prepare, have a wide range of
new colors, and impart better properties to the dyed materials. The classification of
dyes is based on the chemical properties and applications. The different types of
dyes currently available are described in Table 1.1.

The production of dyes has increased many folds in the past decade, and it is
mostly dominated (both consumption and production) by the South-Asian markets.
The average annual global production is around 10° metric tonnes (Ghaly et al.
2014). According to the world trade export data of 2012, China is major exporter of
textiles followed by European Union and India (WTO 2012), as shown in Fig. 1.1.

The major end-use application of dyestuff is the textile industry, which in turn
indirectly depends on the population growth and private spending limits. With
enormous growth in the textile industry, treatment of dye-contaminated effluent is
a serious environmental concern. Approximately 10* tonnes of dyes per year are
discharged into waste streams by the textile industries (Choy et al. 1999). In a
typical dye processing unit, approximately, 80 liters of water is consumed per kg of

© Springer Nature Singapore Pte Ltd. 2018 1
S. Mondal et al., Advances in Dye Removal Technologies, Green Chemistry and
Sustainable Technology, DOI 10.1007/978-981-10-6293-3_1



1 Introduction

Table 1.1 Categories of dye based on dyeing process and applications
Type Chemical property Applications
Acid Water soluble — anionic Dyeing of silk, wool, nylon, etc.
Basic Water soluble — cationic Coloring of acrylic fiber and paper
Direct Dyeing is carried with addition of sodium | Used on cotton, paper, leather, wool,
salts in mild alkaline bath silk, and nylon. Also used for pH indi-
cators and biological staining
Mordant | Requires a mordant Used for the navy or black shades in
wool
Vat Insoluble; reduction in alkaline environ- | Highly effective for the color of indigo
ment produces water-soluble metal salt
which binds to the textile fiber; subse-
quent oxidation reforms the original
insoluble dye
Reactive | Use a chromophore to directly react with | Dyeing cotton and other cellulose fibers
fiber substrate at home or in the art studio in normal
temperature and pH
Disperse | Water-insoluble nonionic dyes used for | Dyeing cellulose acetate fibers, polyes-
hydrophobic fibers ter, nylon, acrylic fibers
Azo Insoluble dye is prepared in situ in the Useful for dyeing cotton; however, it is
fiber by treating with both diazoic and obsolete due to toxic nature of diazo
coupling components compounds
Sulfur Treating the fabric in a solution of an Inexpensive; used for dark shades in

organic compound and sulfide
compounds

dyeing cotton

Fig. 1.1 Major textile
exporters in the world in

2012
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product, as illustrated in Fig. 1.2. The big consumers of dyes other than textile
industries are dyeing, paper and pulp, tannery, and paint industries, and hence the
effluents of all these industries as well as those from the dye-manufacturing plants
contain dyes in sufficient quantities. Dyes are considered as objectionable pollutant
because of their general toxicity (Combes and Havelandsmith 1982; Christie 2007;
Bae and Freeman 2007) in oral ingestion and inhalation, skin and eye irritation, and
skin sensitization leading to problems, like skin irritation and skin sensitization, and
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Fig. 1.2 Typical amount of
water consumed (in m3/
1000 liters of product) in a
conventional continuous

process W Scouring

m Bleaching

" Mercerization
W Dyeing

W Printing

also due to carcinogenicity (Hatch and Maibach 1999; Rai et al. 2005).
Dye-contaminated colored effluent restricts transmission of light into the aquatic
environment and thereby disrupts the aquatic ecosystem significantly (Kuo 1992).
With stringent environmental norms, many textile-processing units, particularly in
China, have been shut down in recent years. Thus, the treatment of colored effluent
discharges in most countries is the need of the hour, giving rise to the need for the
development of new and innovative separation technologies that are highly efficient as
well as economic. The technological target would be to reduce the cost of the treated
water for recycling than using freshwater to make the process economically sustainable.

1.1 Environmental Problems Associated with the Colored
Industrial Effluent

The effluent from textile industries contains huge amount of toxic liquid wastes
containing inorganic and organic compounds (Labanda et al. 2009). During the
process of dyeing, all the dyes applied to the fabrics are not fixed on them, and there
is a significant portion of unbound dyes that is washed out. Various process
industries such as textile, pulp and paper, dyeing, paint, ink, etc. use large quantity
of dyes for coloring their products. The typical range of various dye fixations onto
the fibers and the unfixed amounts are presented in Fig. 1.3. The fraction of
unbound dyes are high in most textile effluents (Shiou et al. 2008). The quantity
of water used and subsequently released is dependent on the type of fabric dyed in
relation to its affinity for the fixation of the dye molecule. With respect to the
production volumes, azo dyes are the largest group of colorants, constituting
60-70% of all organic dyes produced in the world (Bafana et al. 2011). Some of
the azo dyes can show toxic effects, especially carcinogenic and mutagenic man-
ifestations (Chung and Cerniglia 1992; Pinheiro et al. 2004). Often the effluents
from such industries, which are rich in color, are discharged into the water bodies
without proper treatment leading to extensive environmental pollution. The textile
dyeing industry consumes large quantities of water and results in huge amount of
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Fig. 1.3 The typical amounts of fixed and unfixed dye concentration used for dyeing fibers (EWA
2005)

wastewater at their various steps of dyeing and finishing processes. A typical textile
unit generates different types of wastewater in various magnitudes and qualities.
Approximately, 0.08-0.10 m® of water is used to produce 1 kg of fabrics (Yaneva
and Georgieva 2012). Pagga and Brown (1986) and Al-Kdasi et al. (2004) esti-
mated that around 1000-3000 m® of water is discharged to process about 12-20
tonnes of textiles per day. The effluents being enriched in dyes and toxic chemicals,
many of which are nonbiodegradable and carcinogenic, pose a major threat to the
public health and the environmental ecology if left untreated.

Dyes are generally synthetic organic aromatic compounds, embodied with
various functional groups and heavy metals. The aromatic amines present in the
azo dyes cause increased risk of bladder cancer, skin irritation, contact dermatitis,
chemosis, lacrimation, exophthalmos, permanent blindness, rhabdomyolysis, acute
tubular necrosis supervene, vomiting gastritis, hypertension, vertigo, and, upon
ingestion, edema of the face, neck, pharynx, tongue, and larynx along with respi-
ratory distress (Puvaneswari et al. 2006). Dyes increase the biochemical oxygen
demand (BOD) of the receiving water and reduce the reoxygenation process,
therefore affecting the development of the photoautotrophic organisms. The col-
ored dye effluents are considered to be highly toxic to the aquatic organisms and
disturb the natural balance in the aquatic life by inhibiting the photosynthetic
activities (Venkatamohan et al. 2002). Decreasing light penetration through water
limits the photosynthetic activity, generating oxygen deficiency and deregulating
the biological cycles of aquatic life. Basic dyes are also toxic and can cause allergic
dermatitis, skin irritation, mutations, and even cancer. Cationic dyes can cause
increased heart rate, shock, vomiting, cyanosis, jaundice, quadriplegia, heinz body
formation, and tissue necrosis in humans (Nohyneka et al. 2004). The ingestion of
the dye-containing wastewater causes several symptoms like severe headaches,
skin irritation, vomiting, and acute diarrhea (Gupta et al. 2000). The presence of
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heavy metals in the complex framework of dye induces chronic toxicity, leading to
ulceration of the skin and mucous membranes, failure of kidney, etc. Besides being
toxic, chemicals present in the dye effluent are also teratogenic (disruption to
normal embryonic development), mutagenic, and carcinogenic to several living
organisms, particularly to the aquatic life (Mathur and Bhatnagar 2007; Novotny
et al. 2006). This makes the problem graver, as the effect is not expressed imme-
diately and makes it vulnerable for changing the genetic material (Vogel 1982). It
has been reported in biological studies that some specific forms of nitro and azo
dyes, which are generally present in textiles, get converted into carcinogenic
amines or other toxic compounds inside the bodies of living organisms (Weisburger
2002; Weber and Wolfe 1987; Umbuzeiro et al. 2005; Chen 2006). Moreover, there
are several instances of dye being produced from known carcinogens — benzidine
(Baughman and Perenich 1988). In some physiological research, it is investigated
that specific forms of the azo dyes are related to the splenic sarcomas, cancer in
human bladder, and irregularities in the chromosomal material of the mammalian
cells (Percy et al. 1989; Medvedev et al. 1988).

Therefore, treatment of these effluents is essential. The allowable wastewater
environmental discharge limits decided by different nations are presented in the
subsequent section. Separation and reuse of the costly dyes from the effluent
mixtures can be an added advantage considering the economy of the process.

1.2 Toxicity Levels and Allowable Limits of Various Dye
Concentrations in Streams

Toxicity and allowable limits of different dyes in aqueous stream in various
countries are presented in Table 1.2.

1.3 Existing Processes for the Separation of Dye from
Wastewater

In the past, municipal treatment systems were used for the purification of textile dye
effluents. This method was effective for removing the water-insoluble dyes (e.g.,
disperse and vat dyes), which exhibited good exhaustion properties. However, with
the increasing use of water-soluble dyes (reactive dyes), conventional biological
treatment processes failed to achieve adequate color removal. When these dyes
were released into aquatic systems, anaerobic bacteria in the sediment could not
mineralize the dyes completely, resulting in the formation of toxic amines (Banat
et al. 1996; Robinson et al. 2002). Shaw et al. (2002) reported the results on the
possible advantages of anaerobic/aerobic metabolism in sequenced redox reactors
to treat a synthetic textile effluent. In that work, the wastewater contained polyvinyl
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alcohol from desizing and an azo dye (Remazol Black). Color removal was 94%,
but dye metabolites caused reactor instability. Aromatic amines from the anaerobic
breakdown of the azo dyes were not completely mineralized by the aerobic phase.

The existing processes for removal of color from wastewater can broadly be
divided into two categories: (i) chemical methods and (ii) physical methods.
Chemical methods include mainly coagulation-flocculation and chemical oxidation
processes, whereas adsorption and membrane-based separation processes belong to
the physical treatment processes. These methods are discussed briefly in the
subsequent section.

In the coagulation process, the charge on colloids and suspended solids are
destabilized using a coagulant. The coagulant material disperses through the efflu-
ent by flash mixing (Kawamura 2000). Metallic salts like alum (Chu 2001), lime
(Georgion et al. 2003), magnesium salts (Panswed and Wangchaisuwan 1986;
Haitan et al. 2000), etc. are commonly used. Flocculation is the gentle mixing
phase that follows the rapid dispersion of coagulant by the flash mixing unit. Its
purpose is to accelerate the rate of particle collisions, causing the agglomeration of
electrolytically destabilized colloidal particles into settleable and filterable sizes.
The terms coagulation and flocculation are sometimes used interchangeably and
used frequently by the industries for the treatment of colored wastewater. The
performance of these processes is dependent on the final floc formation and its
settling quality. Although this method is shown to be effective in decolorizing both
soluble and insoluble dyes, one major disadvantage of the process is sludge
generation that needs to be disposed (Robinson et al. 2001).

In the work of Chu (2001), recycled alum sludge (RAS) generated by the coagu-
lation process itself was used for the separation of one hydrophobic and one hydro-
philic dye, thus reducing the consumption of fresh alum dosage. RAS was found to be a
good way of removing hydrophobic dye in wastewater. However, the use of RAS was
not recommended for the removal of hydrophilic dyes, since the high solubility
characteristics of such dyes can cause deterioration in water quality during recycling.

Ferrous sulfate and lime were used by Georgiou et al. (2003), for the treatment of
a textile wastewater. Treatment with lime alone was proved to be very effective.
Treatment with lime in the presence of increasing doses of ferrous sulfate was
tested successfully. However, the process was very costly mainly due to extensive
precipitation of solids.

Another most commonly used method for dye removal is wet oxidation. In this
process, dye is chemically oxidized in the presence of air or some oxidants like
hydrogen per oxide. Often decolorization varies depending on the way in which the
peroxide is activated (Slokar and Le Marechal 1997). Oxidation using ozone is
capable of removing various types of dyes and other pollutants. The use of ozone
was first pioneered in the early 1970s and proved to be a very good oxidizing agent
due to its high instability. One major advantage of this process is that ozone can be
applied in its gaseous state and, therefore, does not increase the volume of waste-
water and sludge. Since this process can achieve very high conversion rates, the wet
air oxidation process requires much less space. However, the process of ozonation
is expensive. Due to the short half-life of ozone, continuous ozonation is required
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(Robinson et al. 2001). The summary of various chemical, physical, and biological
treatment processes is described in Table 1.3.

1.4 Molecular Structures of Commonly Found Dyes
in Wastewater

Molecular structures of common dyes in wastewater is presented in Table 1.4

Table 1.3 Brief summary on different types of dye removal treatment processes

Treatment
methodology

Treatment
stage

Advantage

Limitations

Chemical treatment

Precipitation, Pretreatment | Short detention time and low | Agglomerate separation
coagulation- capital costs and treatment. Selected
flocculation operating condition
Electrokinetic Pretreatment | Economically feasible High sludge production
coagulation
Fenton process Pretreatment | Effective for both soluble Sludge generation; problem
and insoluble colored with sludge disposal.
contaminants. No alternation | Prohibitively expensive.
in volume.
Ozonation Main Effective for azo dye Not suitable for dispersed
treatment removal. Applied in gaseous | dyes. Releases aromatic
state: no alteration of volume | dyes. Short half-life of
ozone (20 min)
Oxidation with Posttreatment | Low-temperature require- Cost-intensive process.
NaOCl ment. Initiates and acceler- Release of aromatic amines
ates azo bond cleavage
Photochemical Posttreatment | No sludge production Formation of byproducts
means
Electrochemical | Pretreatment | No additional chemicals Cost-intensive process;
oxidation required and the end prod- mainly high cost of
ucts are non-dangerous/ electricity
hazardous
Ion exchange Main Regeneration with low loss | Specific application; not
treatment of adsorbents effective for all dyes
Advanced Main Complete mineralization Cost intensive
oxidation treatment ensured. Growing number of

commercial applications.
Effective pretreatment
methodology in integrated
systems and enhances
biodegradability

(continued)



10

Table 1.3 (continued)

1 Introduction

Treatment Treatment
methodology stage Advantage Limitations
Photocatalysis Posttreatment | Process carried out at ambi- | Effective for small amount
ent conditions. Inputs are not | of colored compounds.
toxic and inexpensive. Com- | Expensive process
plete mineralization with
shorter detention times
Enzymatic Posttreatment | Effective for specifically Enzyme isolation and
treatment selected compounds purification is cumbersome.

Efficiency curtailed due
to the presence of
interferences

Physical treatment

Membrane Main Removes all dye types; Concentrated sludge
filtration treatment recovery and reuse of production
chemicals and water
Irradiation Posttreatment | Effective oxidation at lab Requires a lot of dissolved
scale oxygen (02)
Adsorption with
Activated Posttreatment | Economically attractive. Very expensive;
carbon Good removal efficiency cost-intensive regeneration
of wide variety of dyes process
Peat Pretreatment | Effective adsorbent due Surface area is lower than
to cellular structure. No activated carbon
activation is required
Coal ashes Pretreatment | Economically attractive. Larger contact times and
Good removal efficiency huge quantities are
required. Specific surface
area for adsorption are
lower than activated carbon
Wood sawdust Pretreatment | Effective adsorbent due to Long retention times and
cellular structure. huge quantities are required
Economically attractive.
Good adsorption capacity for
acid dyes
Silica gels Pretreatment | Effective for basic dyes Side reactions prevent

commercial application

Biological treatment
Aerobic Posttreatment | Partial or complete Expensive
decolorization for all classes
of dyes
Anaerobic Main Resistant to a wide variety of | Longer acclimatization
treatment complex colored compounds. | phase
Biogas produced is used for
stream generation
Single cell Posttreatment | Good removal efficiency Culture maintenance is cost

(fungal, algal,
bacterial)

for low volumes and
concentrations. Very
effective for specific color
removal

intensive. Cannot cope up
with large volumes of
wastewater
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Chapter 2
Adsorption of Dyes

Abstract Adsorption is one of the most commonly used, traditional separation
technologies utilized for separation. Since it is an equilibrium-governed process,
the process efficiency is excellent, but the throughput is relatively low. Neverthe-
less, because of its simplicity, this is one of the normally used technologies for dye
removal from aqueous stream. Therefore, it is imperative to understand the model-
ing aspects of such adsorbent-based systems which is necessary for design and
implementation of the technology. Additionally, the chapter describes the charac-
teristics of the different commonly used adsorbents and its applicability.

Keywords Adsorbent ¢ Chrysoidine ¢ Eosin « Congo red « Activated charcoal

The word “adsorption” was formulated in 1881 by German physicist Heinrich
Kayser to differentiate between the surface phenomena and intermolecular pene-
tration. Adsorption can be divided into physical and chemical adsorption. Physical
adsorption is controlled by the physical forces such as van der Waals forces,
hydrophobicity, hydrogen bond, polarity, static interaction, dipole-dipole interac-
tion, 7 — 7z interaction, etc. When the species are adsorbed to the surface of the
adsorbent by means of strong chemical interactions or bonding, it is referred to as
chemisorption. The extent of adsorption depends on the nature of adsorbate such as
molecular weight, molecular structure, molecular size, polarity, and solution con-
centration. It is also dependent on the surface properties of adsorbent such as
particle size, porosity, surface area, surface charge, etc. The primary advantages
of adsorption processes are:

. Simple in design

. Relatively safe and easy to operate

. Inexpensive (compared to other separation processes)

. Provides sludge-free cleaning operations (Gupta et al. 2000).

AW N =

Selection of a suitable adsorbent is the primary concern for adopting adsorption
in any process industries. The performance of the process is often limited by the
equilibrium capacity of the adsorbent.

© Springer Nature Singapore Pte Ltd. 2018 49
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2 Adsorption of Dyes

2.1 Application of Adsorption in the Treatment of Process
Wastewater

Various low-cost adsorbents for treatment of effluent containing heavy metals have
been studied by various researchers in the past. Most of these adsorbents are
prepared from the waste or by-products of other process plants or naturally occur-
ring materials. A list of most commonly used low-cost adsorbents for heavy metal
removal that is prepared from naturally occurring materials and processes are
presented in Table 2.1.

2.2 Experimental Studies of Dye Adsorption

In the following sections, adsorption of chrysoidine, eosin, and Congo red by
commercial activated carbon (CAC) has been presented.

2.2.1 Batch Adsorption

The batch adsorption is typically carried out in the solution phase containing dyes.
The effects of agitation time and initial dye concentration on the percentage
adsorption of dye by activated carbon at room temperature are shown in
Figs. 2.1a, 2.1b, and 2.1c for chrysoidine, eosin, and Congo red. For all the cases,
the percentage adsorption increases with agitation time for different initial dye
concentration and attains equilibrium after some time.

Table 2.1 Low-cost high-capacity metal ion adsorbents

Metals Adsorbent Adsorption capacity (mg/g) Reference
Zn** Blast-furnace slag 103.3 83

Powdered waste slag 168.0 147
Ni* Red mud 160.0 112
Cu** Blast-furnace slag 133.3 83

Red mud 106.4 153
ot Waste slurry 640.0 459

Tea industry waste 455.0 165
Hg** Waste slurry 560.0 159
Ccd** Fly ash 207.3 152
Pb>* Waste slurry 1030.0 159
V* Waste metal sludge 24.8 97
As™, As™ Acid-activated laterite 24.5, 8.0
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From Fig. 2.1a, it may be observed that for all initial chrysoidine concentration,
the percentage adsorption is found to be constant beyond 80 min. This indicates that
equilibrium is attained at about 80 min for initial dye concentration in the range of
100-400 mg/L. It is also clear that the extent of adsorption depends on the initial
dye concentration. For dye solution of lower initial concentration (up to 100 mg/L),
the adsorption is very fast and almost 100% adsorption is achieved quickly. The dye
adsorption at equilibrium decreases from 100% to about 94% as the dye concen-
tration increases from 100 to 400 mg/L.

It is clear from Fig. 2.1b that up to an initial eosin concentration of 100 mg/L,
more than 99% adsorption is achieved within 5 min. For an initial concentration of
200 mg/L, the percentage adsorption increases until 90 min and becomes constant
thereafter. For a feed concentration of 400 mg/L, the percentage adsorption
increases rapidly for about 90 min, and the increase becomes gradual thereafter.
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For 210 min of operation, the dye adsorption is 99.6% for an initial dye concentra-
tion of 100 mg/L but only 72.3% for 400 mg/L.

Figure 2.1c describes the variation of Congo red adsorption with time for
different initial dye concentration. The percentage adsorption of Congo red is
found to be constant beyond 50 min. This indicates that the equilibrium is attained
within 50 min for the range of initial dye concentrations. It is also clear that the
extent of adsorption depends on the initial dye concentration. For dye solution of
lower initial concentration, the adsorption is very fast and 90% of adsorption is
achieved quickly. The percentage dye adsorption at equilibrium decreases from
90% to 28% as the dye concentration increases from 50 to 545 mg/L.

The effects of adsorbent dose on the extent of chrysoidine adsorption are shown
in Fig. 2.2 for initial dye concentrations of 700 mg/L. It is clear from the figure that
percentage adsorption increases with time up to 80 min and also with adsorbent
dose. Percentage adsorption increases from about 77 to 99% when the adsorbent
dose increases from 0.75 to 1.40 g/L. This increase in percentage adsorption may be
due to the fact that the number of available sites for adsorption increases with
adsorbent dose.

The pH of the solution has significant influence in the rate of adsorption. The
percentage dye adsorption at different pH is shown in Figs. 2.3a, 2.3b, and 2.3c for
chrysoidine, eosin, and Congo red, respectively. Figure 2.3a describes the variation
of chrysoidine adsorption at different pH for an initial dye concentration of 400 mg/L.
The color of chrysoidine dye in aqueous medium is red (Ayax: 457 nm) in acidic pH
but changes its color from red to yellow (Ay.x: 442 nm) in basic pH. This is due to
the presence of chromophore in the structure of chrysoidine. A chromophore is any
structural feature (in this case, —N = N—) which produces light absorption in the
ultraviolet region or color in the visible region. An auxochrome is any group
(in this case -NH,) which, although not a chromophore, leads to a red shift when
attached to a chromophore. Thus, the combination of chromophore and
auxochrome behaves as a new chromophore. Bathochromic effect (red shift) and
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hypsochromic effect (blue shift) are the shifting of the absorption band to the
longer and shorter wavelengths (Finar 1973). Therefore, due to blue shift,
chrysoidine changes its color in basic pH.

Adsorption followed by desorption technique is generally used to get the more
concentrated form of the dye solution. One of the most common desorption
technique is the pH treatment. But problem arises for the dyes which are highly
pH sensitive, like chrysoidine as discussed in the previous paragraph.

Most of the activated carbon contains some oxygen complexes on the surface,
e.g., (a) strongly carboxylic groups, (b) carbonyl groups, and (c) phenolic groups
(Motoyuki 1990). These groups are nucleophilic in nature and potential adsorbing
sites. In acidic pH, these active sites get blocked by hydrogen ion leading to
reduction in adsorption. Hence, adsorption of chrysoidine on activated carbon is
less in acidic pH. It is found from Fig. 2.3a that at pH 2.6, adsorption is nearly 62%
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for the feed dye concentrations of 400 mg/L at the end of experiment. The
percentage adsorption decreases from about 98 to 40%, when pH decreases from
11.1 to 2.6. From Fig. 2.3a, it may be observed that the adsorption of this dye is
more at the basic pH.

The percentage of eosin adsorption at different pH levels are shown in Fig. 2.3b
for an initial dye concentration of 100 mg/L. pH plays an important role on
adsorption capacity by influencing the chemistry of both the dye molecule and
the activated carbon in aqueous solution. Eosin is a dipolar molecule at low
pH. Activated carbon contains oxygen complexes on its surface, e.g., strongly
carboxylic groups, carbonyl groups, and phenolic groups (Motoyuki 1990). These
groups are nucleophilic in nature. With decrease in pH of the dye solution, more dye
molecules are protonated and get adsorbed on the surface of the activated carbon. It
can be observed from Fig. 2.3b that at pH 2, adsorption is about 100% for an initial
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dye concentration of 100 mg/L. Percentage adsorption decreases with increase in
pH. For the initial dye concentration of 100 mg/L, the removal is 91% for a pH of
12.

The percentage of Congo red adsorption at different pH has been shown in
Fig. 2.3c for the initial dye concentrations of 200 mg/L. The initial pH of dye
solution plays an important role particularly on the adsorption capacity by influenc-
ing the chemistry of both dye molecule and activated carbon in aqueous solution.
Congo red is a dipolar molecular at lower pH and exists as anionic form at higher
pH as shown in Fig. 2.3c. The sodium and potassium salt of anionic Congo red in
aqueous medium is red in color in basic pH up to 10. Above the pH value of 10, the
degree of red color changes from the original one. It has also been found that as the
pH decreases, the color of Congo red solution changes from red to dark blue.
Therefore, the pH of the medium needs to be maintained between 5 and 10 to
treat Congo red. These variations of color with pH suggest that the extent and nature
of ionic character of Congo red molecule depend on the pH of the medium. The
variations in the extent of adsorption of Congo red on activated carbon with pH are
due to the difference in ionic character of the dye molecule. With decrease in pH of
dye solution, more dye molecules are protonated and chemisorbed on the nucleo-
philic sites of the surface of CAC. It is found from the figure that at pH 2, adsorption
is about 100%. On the other hand, the percentage adsorption decreases with
increase in pH of the dye solution. This is because at higher pH, dye molecules
exist in anionic form, and due to interionic repulsion, less adsorption takes place.
For the feed dye concentration of 200 mg/L, the percentage adsorption decreases to
25% at the end of the experiment when the pH is 12. From Fig. 2.3c, it may be
observed that the adsorption of Congo red is maximum at the acidic pH. Therefore,
when Congo red is present in the solution as red color, the operating pH for
maximum adsorption should be kept at 5.

Effects of temperature on the extent of adsorption are shown in Figs. 2.4a, 2.4b,
and 2.4c for chrysoidine, eosin, and Congo red, respectively. Adsorption experi-
ments are carried out for aqueous solution of chrysoidine for two different concen-
trations (400 and 700 mg/L) at three different temperatures (30, 50, and 70 °C) and
at a pH of 4.4. It has been observed that the adsorption capacity increases signif-
icantly with temperature as shown in Fig. 2.4a for the initial chrysoidine concen-
tration of 400 mg/L. The percentage adsorption increases from about 94 to 99% for
the feed dye concentration of 400 mg/L and about 80 to 87% for the feed dye
concentration of 700 mg/L, at the end of experiment, when temperature is raised
from 30 to 70 °C. This endothermic nature of adsorption is due to the positive AH’
value as shown in Table 2.4a.

In order to observe the effect of temperature on the adsorption capacity, exper-
iments are carried out for 100 mg/L eosin at three different temperatures (30, 40,
and 50 °C) using 1.0 g of activated carbon per liter of the solution. It has been
observed that with increase in temperature, adsorption capacity decreases as shown
in Fig. 2.4b. This is due to the negative value of AH” value (refer to Table 2.4b).

Experiments are carried out to observe the effect of temperature on the extent of
adsorption for Congo red of different initial concentration (50, 100, and 200 mg/L)
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in aqueous solution at three different temperatures (e.g., 30, 40, and 50 °C) and at
neutral pH. It has been observed that the adsorption capacity increases significantly
with temperature as shown in Fig. 2.4c for the initial Congo red concentration of
100 mg/L. This is because of positive AH” value as shown in Table 2.4c.

The thermodynamic parameters AGO, AS,O and AH’ for the adsorption of
chrysoidine, eosin, and Congo red have been determined by using the following
equations (Khan et al. 1995):

AG® = AH® — TAS® (2.1)

AS? —AH®
1 C,) =
08(¢¢/Ce) = 5303p + 2303RT

(2.2)
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where ¢, is the amount of dye adsorbed per unit mass of activated carbon (mg/g), C.
is equilibrium concentration (mg/L), and T is temperature in Kelvin. ¢./C. is called
the adsorption affinity. It may be noted here that the experimental data considered
here for the calculation of the thermodynamic parameters, namely, AGO,AHO, and
AS°, are in the linear range of the equilibrium adsorption isotherm (e.g., for
chrysoidine, g.varies from 2.5 to 3.0 mmol/g and C.varies from 0.012 to
0.2 mmol/L as shown in Fig. 2.5a). The values of Gibbs free energy (AG") have
been calculated by knowing the enthalpy of adsorption (AH®) and the entropy of
adsorption (AS®). AS® and AH° are obtained from a plot of log(g./C,) versus %, from
Eq. (2.2). Once these two parameters are obtained, AG® is determined from
Eq. (2.1). The values ofAG®, AH®, and ASare listed in Tables 2.2a, 2.2b and
2.2¢ for chrysoidine, eosin, and Congo red, respectively.

Gibbs free energy (AG®) for all the three dyes is negative (as shown in
Tables 2.2a, 2.2b, 2.2c). This indicates that the adsorption process is spontaneous
for all the three dyes. Adsorption of chrysoidine and Congo red is endothermic in
nature (since AHC value is positive; refer to Tables 2.2a and 2.2¢). On the other
hand, eosin adsorption is exothermic in nature (as AH° value is negative; refer to
Table 2.2b). The positive value of AS° for chrysoidine and Congo red (refer to
Tables 2.2a and 2.2c) dictates that the adsorbed dye molecules on the activated
carbon surface are organized in a more random fashion compared to those in the
aqueous phase. Similar observations have been reported in the literature
(Bhattacharyya and Sharma 2003). For eosin, the negative value of AS° (refer to
Table 2.2b) suggests decreased randomness at the solid solution interface during
adsorption (Manju et al. 1998).
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Table 2.2a Thermodynamic parameters for adsorption of chrysoidine in activated charcoal at
different temperature and dye concentrations

Adsorbent | Chrysoidine | AH® AS° —AG"(kJ/mol) at temperature
(g/L) (mg/L) (kJ/mol) | (J/molK) |303K 323K 343 K
0.5 400 43.6 171.4 8.3 11.8 152
1.0 700 48.9 180.9 5.9 9.6 13.2
Mean 46.3 176.2 7.1 10.7 14.2

Reproduced from Purkait et al. (2004). With permission from Taylor & Francis Ltd

Table 2.2b Thermodynamic parameters for adsorption of eosin in activated charcoal at different
temperature and 100 mg/L of eosin

—AG° (kJ/mol) at temperature
Eosin (mg/L) AH® (kJ/mol) AS° (J/mol.K) 303 K 313K 323 K
100 27.0 52.6 11.0 10.5 10.0

Reproduced from Purkait et al. (2005). With permission from Elsevier

Table 2.2¢ Thermodynamic parameters for adsorption of Congo red in activated charcoal at
different temperature and dye concentrations

—AGO(kJ/mol) at temperature
Congo red (mg/L) | AH® (kJ/mol) | AS® J/molLK) [303 K 313K 323K
50 21.5 86.8 4.8 5.7 6.6
100 51.1 178.1 29 4.6 6.4
200 10.1 345 0.3 0.67 1.0
Mean 27.6 99.8 2.7 3.7 4.7

2.2.1.1 Langmuir Adsorption Isotherm

Langmuir adsorption isotherm is applicable to explain the equilibrium data for
many adsorption processes. The basic assumption of this process is the formation of
monolayer of adsorbate on the outer surface of adsorbent, and after that no further
adsorption takes place. The expression of the Langmuir model is given as follows
(Ozacar and Sengil 2003):

0bC,

=_=""c 23
T =15bC, 23)
A linear form of this expression is
1 1 1 1
=y 2.4
. Q 0bC. (24)

where ¢.is the amount of adsorbate adsorbed per unit weight of adsorbent (mg/g)
and C, is the equilibrium concentration of adsorbate (mg/L). The constant Q and
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b are the Langmuir constants and are the significance of adsorption capacity (mg/g)
and energy of adsorption (I/mg), respectively. Values of Q and b are calculated
from the intercept and slope of the plot 1/g. versus 1/Ce.

2.2.1.2 Freundlich Adsorption Isotherm

This model is an indicative of the extent of heterogeneity of the surface of adsorbent
and is given as follows:

q. = KeCl/" (2.5)

where K and n are Freundlich constants. A linear form of the Freundlich expres-
sion is as follows:

1
logg. = logKF + ZlogCe (2.6)

The constants K and n are the Freundlich constants and are the significance of
adsorption capacity and intensity of adsorption, respectively. Values of K and n are
calculated from the intercept and slope of the plot logg. versus logCe.

Adsorption isotherms of chrysoidine, eosin, and Congo red on activated carbon
at 30 °C are shown in Figs. 2.5a, 2.5b, and 2.5c¢, respectively. The coefficients of
these two isotherm models for the three dyes are given in Table 2.3. These data
provide information on the amount of activated carbon required to adsorb a
particular mass of dye under specified system conditions. Correlation coefficients
are evaluated by fitting the experimental adsorption equilibrium data for three dyes
separately using both Langmuir and Freundlich adsorption isotherms and are also
shown in Table 2.3. It is found from the correlation coefficients () that adsorption
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Table 2.3 Langmuir and Freundlich isotherm constants for adsorption of dyes on activated

charcoal

Langmuir isotherm constant Freundlich isotherm constant
Dye Q (mg/g) | b (/mg) r Kr (mg/g(L/mg)'™) | n r
Chrysoidine 3652.0 2.84 x 1073 0.94 384.2 3.66 0.97
Eosin 5714 435 x 1073 0.96 75.5 4.14 0.99
Congo red 300.0 6.50 x 1072 0.94 20.78 2.90 0.96
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isotherm for the present three dye-activated charcoal systems is best explained by
Freundlich equation.

2.2.1.3 Adsorption Kinetics

The kinetics of adsorption of chrysoidine, eosin, and Congo red on activated carbon
have been described using both first- and pseudo-second-order model. The
Lagergren’s equation for first-order kinetics is as follows:

kit
2.303

log(q. — ¢,) = logg, — (2.7)

The expression for pseudo-second-order rate equation is given as (Ho et al.
1996)

t 1 t
——— 2.8
9 kg q. 2:8)

where ¢. and ¢, are the amounts of dye adsorbed (mg/g) at equilibrium and at any
time ¢ and k; is the rate constant (min ). Figures 2.6a, 2.6b, and 2.6¢ show (#/q;)
versus ¢ plot for pseudo-second-order kinetics for chrysoidine, eosin, and Congo
red, respectively. In Eq. (2.8), k, (g/mg min) is the rate constant for the pseudo-
second-order adsorption kinetics. The slope of the plot (#/g,) versus ¢ gives the value
of ¢,, and from the intercept, k, can be calculated. The values of ki, k,, and
correlation coefficients (1’2), both in the first and pseudo-second-order kinetics,
are presented in Tables 2.4a, 2.4b, and 2.4c for chrysoidine, eosin, and Congo
red, respectively. It may be observed from Tables 2.4a, 2.4b, and 2.4c that the
adsorption of chrysoidine, eosin, and Congo red on activated carbon follows
pseudo-second-order kinetics more closely.
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Table 2.4a Comparison of the first- and second-order adsorption rate constants, calculated and
experimental g, value for chrysoidine on activated charcoal

First-order Pseudo-second-order
Chrysoidine (¢g) | g.,expt qe . fit ky qe . fit ky (g/mg
(mg/L) (mg/g) (mg/g) | (1/min) | (mg/g) | min) r
Feed CAC: 0.25 g/L
200 737.2 710.4 0.30 0.422 |751.8 54 x107% 10.998
250 831.9 770.2 0.46 0.202 |833.3 35 % 107% 10.997
300 907.5 890.6 0.71 0.210 |917.4 13.5 x 107* | 0.999
400 972.0 921.9 0.44 0.395 |980.4 43 x 107* 0.998
Feed CAC: 0.50 g/L.
200 400.0 399.4 1.08 0.454 |400.0 74 % 107" {0.998
250 500.0 495.6 0.62 0.576 |500.0 54 %107 {0.999
300 599.5 589.9 0.55 0.547 |602.4 23 % 107 |0.999
400 759.6 738.2 0.56 0.255 |787.4 49 x 107* ]0.998

Reproduced from Purkait et al. (2004). With permission from Taylor & Francis Ltd
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Table 2.4b Comparison of the first- and second-order adsorption rate constants, calculated and
experimental ¢, value for eosin on activated charcoal

First-order Pseudo-second-order
Eosin (o) de.€Xpt qe . fit qe . fit ks (g/mg
(mg/L) (mg/g) (mg/g) |k (I/min) |/* | (mg/g) | min) r
Feed CAC: 1.0 g/L
200 175.0 152.3 6.7 x 1072 (091 |173.4 54 x107* ]0.998
400 286.0 232.2 44 x 1072 0.86 |302.1 43 x 107* 0.998

Reproduced from Purkait et al. (2005). With permission from Elsevier

Table 2.4c Comparison of the first- and second-order adsorption rate constants, calculated and
experimental ¢, value for Congo red on activated charcoal

First-order Pseudo-second-order
Congo red (co) |¢e.expt qe » fit qe,fit ks (g/mg
(mg/L) (mg/g) (mg/g) | ki (1/min) | (mg/g) | min) r
Feed CAC: 1.0 g/L
50 45.7 22 1.8 x 1072 [0.925 | 45.9 2 x 1072 0.999
100 76.2 75.0 4.1 % 107% [0.879 | 88.5 53 x 1072 |0.987
380 171.1 119.0 29 %1072 |0.964 |181.8 45 % 1072 ]0.997
545 183.1 144.8 3.0 x 1072 |0.978 |207.5 25 %1072 10.995

Reproduced from Purkait et al. (2007). With permission from Elsevier

2.2.2 Column Adsorption

Column adsorptions studies are essential for design of industrial scale fixed-bed
adsorber system. Figure 2.7 shows the breakthrough curves for different bed depths.
It may be observed from Fig. 2.8 that the breakthrough time (duration for zero
column outlet concentration) increases from 18 to 39 h, when the bed depth is
increased from 4.5 x 10 2mto 7.0 x 1072 m, for the same flow rate of 0.18 L/hr.
The shape and the gradient of the breakthrough curves for the two bed depths are
almost identical.

2.3 Generalized Shrinking Core Model for Batch
Adsorption Data

To develop a mathematical model that describes the adsorption dynamics, the
following information are generally required:

1. A complete description of equilibrium behavior, i.e., the maximum level of
adsorption attained in a sorbent/sorbate system as a function of the sorbate
liquid-phase concentration
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Fig. 2.7 Variation of the 1.0
breakthrough curve with
bed depth (Reproduced

from Purkait et al. (2005). by - —
With permission from Temp: 30°C
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2. Mathematical representation of associated rate of adsorption, which is controlled
by the resistances within the sorbent particles

In adsorption, mainly two resistances prevail — the external liquid film resistance
and the resistance in the adsorbent particle. The intraparticle diffusion resistance
may be neglected for solutes that exhibit strong solid to liquid-phase equilibrium
solute distribution, in the initial period of operation. However, even for such
systems, the above assumption leads to errors that are substantial beyond the first
few minutes if the agitation is high (Mathews and Weber 1976). So, both the
resistances are important for kinetic study (Chatzopoulos et al. 1993; McKay
1984; Costa et al. 1987; Komiyama and Smith 1974; Liapis and Rippin 1977).

The external liquid film resistance is characterized by the external liquid film
mass transfer coefficient (k¢). The mass transport within the adsorbent particles is
assumed to be a pore diffusion (Dedrick and Beckman 1967; Weber and Rumer
1965; Furusawa and Smith 1973; McKay 1982) or homogeneous solid diffusion
process (McKay 1982; Hand et al. 1983; Kapoor et al. 1989).

The pore diffusion model outlined in this paper is based on the unreacted
shrinking core model (Yen 1968; Levenspiel 1972) with pseudo-steady-state
approximation. This model has mostly been applied to gas-solid non-catalytic
reactions, but a number of liquid-solid reactions also have been analyzed using
this model (Neretnieks 1976; Spahn and Schlunder 1975). In the pore diffusion
model, there is adsorption of the adsorbate into the pores with a cocurrent solute
distributed all along the pore wall.

The assumptions made in this model are as follows:

(a) Pore diffusivity is independent of concentration.

(b) Adsorption isotherm is irreversible.

(c) Pseudo-steady-state approximation is valid.

(d) The driving force in both film and particle mass transfer is directly proportional.
(e) Adsorbent particles are spherical.

The major limitation of this model is that it is specific to the nature of isotherm.
This means that the model available in literature is most suitable for Langmuir-type



2.3 Generalized Shrinking Core Model for Batch Adsorption Data 65

isotherm, i.e., formation of a monolayer of adsorbate on the adsorbent. Besides, this
model is only applicable for higher initial adsorbate concentration in solution so
that the batch process operating line intercepts the invariant zone of isotherm. For
example, for Astrazone blue-silica system, the literature model is applicable for
Co >> 200 mg/lit (McKay 1984). The present model, which is more generalized,
overcomes the above limitations. The model proposed, here in, can be applied to
wide ranges of initial adsorbate concentrations for all possible nature of isotherms.
The system reported here is adsorption of Astrazone blue dye on Sorbsil Silica.

The equations considered for the kinetics of the adsorption process for spherical
adsorbent particles for the present model are as follows:

The mass transfer from external liquid phase can be written as

N(1) = 42R*K;(C, — Ce) (2.9)
The diffusion of solute through the pores as per Fick’s law can be written as

47D, C
N() =73
-

where D,, is the effective diffusivity in the porous adsorbent (Fogler 1997).
The mass balance on a spherical element of adsorbate particle can be written as

(2.10)

dR
N(1) = —4aR¢*Yep [7;] (2.11)
The average concentration on adsorbent particle can be written as
_ Re\’
Y, = Y [1 - (Ff) (2.12)

The differential mass balance over the system by equating the decrease in
adsorbate concentration in the solution with the accumulation of the adsorbate in
the adsorbent can be written as

N(@t) = —V(‘ldc;‘) = W(ﬁ?) (2.13)

The dimensionless terms used for simplification are as follows:

Cq Ry . kiR w Cet Dyt
Cf=—r=—7.Bi=——, Ch=r-—.Ca*=_"and7=—5
CT6 TR T D, VGt T TR

Simplifying Egs. (2.9) and (2.10)
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«  Bi(1—-rCf

et _[r+Bi(1—r)}:gl(Ct*7r) (2.14)
Now differentiating the above equation with respect to T
ac Bi(l1—r) dC; BiC dr
de Bl dr [r 3 Bi(l_r)fds (2.15)
From the equilibrium relationship
Ye(t) = g,(CX) (2.16)

where g, is any equilibrium isotherm relationship. Simplifying Eqgs. (2.9) and (2.11)

(cC
ary _—Bif)(c - c”) (2.17)
dr) 2 '
Simplifying Eqs. (2.12) and (2.13)
acy N ™ o (dr
— 1 - = Y — 2.1
< I ) —|—Ch( r ) T 3Ch-Yer e (2.18)
For Langmuir isotherm
Y Ys * Yo C*
Yo = sCet _ COCet = esiet - (219)
1+kCo 1+ koCoCe[ 1+ kO Cq
where Y., = Y,Co and kg = koC.
The time derivative of Eq. (2.19) becomes
dY e _ Yes acs (2.20)

. (1+k5ch)” dr

Combining Eqs. (2.14), (2.18), and (2.20) and after algebraic manipulation, the
following expression is obtained (for Langmuir-type isotherm):

() (/) (2)
YeBi(1 — 1)

(1+ &3 CH)’[r+ (1 = r)Bi)

ChY Bi(1 — 1*)C¥
es ’2( )G . Using Eq. (2.14), Eq. (2.17) may be
* 12
(1445 CE) I+ (1 = r)Bi]

where M = 1 + Ch(l — r3) and,

N = 3ChY o +

written as



2.3 Generalized Shrinking Core Model for Batch Adsorption Data 67

- Co * *
d - —Bi Te (C[ — Cet )
d—; - (” ) > =£1(CF.7) (2.22)

Using Eqs. (2.14) and (2.22), Eq. (2.21) may be expressed as

N(CF,r)fi(CF,r)

<d§;*) () =/ (Clr) (2.23)

The initial conditions for Egs. (2.22) and (2.23), Cy = 1.0 and r = 1.0 at time,
7 = 0.0. Equations (2.22) and (2.23) can be solved to find the bulk concentration at
any time “¢” if we know all the process parameters. The two process parameters —
the external mass transfer coefficient (k¢) and internal effective diffusivity (D) —
are unknown to us. These two parameters are estimated by optimizing the exper-
imental concentration profile as outlined in the next section.

2.3.1 Numerical Analysis

The above set of equations are numerically solved using fourth-order Runge-Kutta
of step size (dt) of the order 10> along with a nonlinear optimization technique
(Levenberg-Marquardt) to estimate the two process parameters described above, so
that the experiment kinetic profile (i.e., bulk concentration versus time) is matched.
For this purpose, optimization subroutine UNLSF/DUNLSF from IMSL math
library has been used.

The adsorption systems studied here encompass Radke-Prausnitz isotherm
(Tables 2.5 and 2.6). The systems considered here are (1) Astrazone blue dye on
silica, (2) para-nitrophenol on granular activated carbon from Lurgi, and (3) toluene
on F300 activated carbon. The experimental data on kinetics and the isotherm
constants have been reported in literature (McKay 1984; Costa et al. 1987
Chatzopoulos et al. 1993).

The adsorption of Astrazone blue on silica follows Langmuir isotherm (McKay
1984). The isotherm constants are Y, = 0.5 lit/g and Ky = 0.016 lit/mg, where Y, in
mg/g and C. inmg/l. For W=17¢g,V=1.71,R = 0.3025 mm, and p = 2.2 g/cc, the
concentration decay data for Cy = 520 mg/l has been used to determine the
unknown process parameters using the above numerical procedure as shown in
Fig. 2.8a. The estimated values of the parameters are as follows: k; = 130.0 x 10~¢
cm/s and D, = 16.16 x 10~° cm?/s. These values of k¢ and D), are used to simulate
the adsorption kinetics for different operating conditions. It is interesting to note
that the estimated values of kr and D,, are close to the values reported by Mckay
(1984), i.e., kf = 80 x 10 cm/s and D, =18 x 1072 cm?/s. The experimental
observations and the model-simulated concentration profiles for different initial dye



68 2 Adsorption of Dyes

Tal;lle 2.5 Radke-Prausnitz Isotherm T(°C) A (L/g) B (L/2) 5
popmensane Radke-Prausnitz | 10 95891 | 2.523 0.195
[(YT) = (Ace> + (W)} 25 608.16 2.269 0.188
40 315.37 2.078 0.196

Table 2.6 Model parameters Temp. (°C) ke % 10° (m/s) D, x 10% (m?/s)
using Radke-Prausnitz
. . 10 11.48
isotherm at various
temperatures 25 19.10 6.0

40 27.86

concentrations, masses of silica, and particle sizes of silica have been shown in
Figs. 2.8b, 2.8c and 2.8d, respectively. From the above figures, it may be observed
that beyond 120 min (2 h) of the process, the model underpredicts the bulk
concentration profile. This may be due to the increase of the resistance inside the
micropores which inhibits the process of adsorption. The present model can be used
for multicomponent adsorption processes and also with concentration-dependent
diffusivity. The model is useful to estimate k¢ and D, values, which are required for
the design of fixed-bed adsorber.

2.4 Discussion of Mathematical Model Analysis

The adsorption experiments in the fixed-bed column are carried out to study the
adsorption dynamics and quantify the breakthrough curve. One of the crucial
aspects of design of adsorption columns for any separation process is the prediction
of the breakthrough time. This is necessary to estimate the lifetime of the adsorption
bed and its process efficiency. There have been several mathematical models
developed in the past based on different assumption justifying the simplicity in
the calculations.

2.4.1 Thomas Model (Thomas 1944)

Thomas solution is the most general and widely used equation for modeling
performance of fixed-bed adsorption. The Thomas model assumes second-order
reversible Langmuir kinetics of the adsorption-desorption process. Ideally the
model is suitable for situations where the external and internal diffusion resistances
are small. This is particularly true for adsorption scenarios in most liquid systems
and therefore is most relevant for adsorption in aqueous environment. The expres-
sion describing the output concentration C,/Cy is given by
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Fig. 2.8a Adsorption of
Astrazone blue dye on silica

Fig. 2.8b Effect of initial
adsorbate concentration.
Solid lines are the model
predictions and symbols are
the experimental data

Fig. 2.8¢c Effect of the
mass of adsorbent on
concentration decay. Solid
lines are the model
predictions and symbols are
the experimental data
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Fig. 2.8d Effect of silica
particle size on
concentration decay. Solid
lines are the model
predictions and symbols are
the experimental data
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€ 14exp (kThqu/ o)

where kry, is the model parameter obtained from nonlinear regression of the output
concentration with time. The parameter ¢, is the maximum adsorption capacity of
the adsorbent.

2.4.2 Adams-Bohart Model (Bohart and Adams 1920)

The Adams-Bohart model considers that the adsorption rate is proportional to both
the adsorbent leftover capacity and the concentration of the adsorbate species in the
solution. The Adams-Bohart model is originally applied for prediction of adsorp-
tion behavior in gas-solid systems, but later on extended to liquid streams. It
assumes that the adsorption rate is proportional to the residual capacity of the
adsorbent and adsorbate concentration. Since the external mass transfer is not
taken into account, it is particularly not suitable for describing the system at high
flow rate and concentration. Theoretically, the model is applicable for predictions at
early times, when C/Cy << 1. The mathematical equation describing the output
concentration is represented by Eq. (2.25):

Ct Z
— =exp| kapcot — k — 2.25
0 P( ABCO AquQ> ( )

where kap is the model parameter obtained from nonlinear regression of the
experimental data.
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2.4.3 Yoon-Nelson Model (Yoon and Nelson 1984)

The Yoon-Nelson model is based on the assumption that the probability of adsorp-
tion for each molecule decreases proportionately on the probabilities of the adsor-
bate adsorption and breakthrough. One of the features of the model is that the
product of the parameters Ky,zynis constant for a particular adsorbent-adsorbate
combination and independent on the operating conditions. This is a fairly simple
model which does not require any knowledge of the adsorption capacity or type of
the adsorbent:

Ct

= exp(kYNt — TkYN) (226)
Co — Ct

where 7 and kyy are the model parameters obtained from nonlinear regression of the
experimental data.

2.4.4 Clark Model (Clark 1987)

This model is based on the application of the mass transfer concept in combination
with Freundlich equilibrium isotherm. The adsorption equilibrium isotherm satis-
fying Freundlich relationship can only be used for predicting the breakthrough
profile of the adsorption column. The semiempirical relationship is presented in
Eq. (2.27):

¢ 1 1/(n—1) -
e 27
o (1 —I—Aexp(—rt)) (227)

where A and r are the model constants obtained from nonlinear regression analysis.
The constant 1/n is obtained from the Freundlich isotherm equation.

2.4.5 Bed Depth/Service Time (BDST) Model
(Goel et al. 2005)

The BDST model is the linearized form of the Adams-Bohart model. The main
consideration here is the assumption that the intraparticle diffusion and external
mass transfer resistance is negligible and the adsorption kinetics is controlled by the
surface chemical reaction between the adsorbate and adsorbent, which is generally
uncommon in real systems. The popularity of the BDST is due to its simplicity in
predicting breakthrough behavior owing to its rapid analysis. The expression
predicting the breakthrough profile (C/Cy) is given by
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Z
€0 — 1 + Kgpsrexp (q“— - Cot> (2.28)
Ct 0

where Kppst is the model parameter determined by the nonlinear regression
analysis of the experimental data. Although the BDST model provides a simple
and comprehensive approach for evaluating sorption column test, its validity is
limited and does not involve any sound understanding of the implicit transport
mechanism (Bohart and Adams 1920; Poots et al. 1976a; Faust and Aly 1987). One
of the major limitations of this model is the symmetry of the logistic function
(S-shaped curve) around its midpoint t = NoZ/CoUy and C = Cy/2, which is not true
for most breakthrough profiles. Therefore, a more detailed adsorption bed modeling
based on the physical transport laws of pore diffusion is necessary for accuracy of
the model prediction and scaling up of the process.

2.4.6 Pore Diffusion-Adsorption Model

The 1D single species convective-diffusive equation (Kunii and Levenspiel 1991)
is described by Eq. (2.29):

C_p,TE 20 () (1o

dp &

I Dy P >pS(C - Ce) (2.29)
where the generation term accounted is dependent on the solid-fluid mass transfer
rate and is linearly proportional to the concentration difference and C. is the
adsorbate concentration at the adsorbent-bulk interface. The solution of
Eq. (2.29) provides information of the transient solute concentration at various
bed depths. In deriving Eq. (2.29), by the material balance analysis, it is inherently
assumed that all the interparticle void space in the bed is saturated and the fluid
velocity is uniform and unhindered throughout. The initial and boundary conditions
of Eq. (2.29) are

att=0,C=Cy forz=0andC=0for 0<z<L (2.30a)
ocC
atz=0, Do +V(Co—C)=0 (2.30b)
oC
andatz =1L, =, = 0 (2.30c)
z

The intra-pellet adsorption is described by the pore diffusion transport model.
Intraparticle mass transport is characterized by the pore diffusion coefficient D,,.
The mass balance equation for the liquid phase (pore) in a spherical particle can be
written as
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ocC 0 2°c, 20C
e, + (1 —ep)psa—‘szp(W;+;a—rp> (2.31)

where C,, is the contaminant concentration inside the particle and &pis particle

porosity. Assuming instantaneous equilibrium % = % aaTq. Modifying Eq. (2.31),
P

we get (Singha et al. 2012),

% — 1 & ach + %% (2.32)
ot [1 + (1 - gp)Px ﬂ} &p orr r or .

3Gy

The initial condition (r = 0) is given by C, = 0 for 0 < r < a,,

The symmetry condition at the particle center (+ = 0) and continuity of the
concentration on the external surface of the adsorbent bed are simultaneously
expressed as

at r=0, % =0 (2.33a)
oC,

and at r = ap, k¢ (Cp — Ce) = Dyep—=-+

(2.33b)

2.5 Various Types of Adsorbents Used for Dye Adsorption

A summary of the various low-cost adsorbents for dye removal as studied by
several researchers in the past is presented in Tables 2.7, 2.8 and 2.9. Natural
materials or the wastes/by-products of industries or synthetically prepared mate-
rials, which cost less and can be used as such or after some minor treatment as
adsorbents, are generally called low-cost adsorbents. Generally, the low-cost adsor-
bents are usually branded as substitutes for activated carbons because of their
similar wide usage; however, in a clear sense, they are essentially substitutes for
all available expensive adsorbents. These alternative low-cost adsorbents (Gupta
et al. 2009) may be categorized in two ways (1) based on their availability, for, e.g.,
natural materials such as coal, wood, lignite, peat, etc., or agricultural/industrial/
domestic wastes; or by-products such as sludge, slag, red mud, fly ash, etc., or
synthesized products; and (2) depending on their nature, for, e.g., organic or
inorganic. The adsorbents listed in Table 2.7, 2.8, and 2.9 provide useful informa-
tion about the type and capacity of alternative adsorbents without going into too
much detail of the preparation process.
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Table 2.7 Adsorption capacities of commercial activated carbon and other alternative adsorbents
for removal of acid dyes

Adsorption
Surface capacity Concentration
Adsorbent Adsorbate | area (m?/g) | (mg/g) range (mg/L) | Source
GAC Filtrasorb Acid blue 1100 57.5 mg/g 25-200 Ozacar and
400 40 Sengil (2002)
Filtrasorb F 400 | Acid blue 1200 1123 mg/g |- Choy et al.
80 (2000)
Filtrasorb F 400 | Acid red 1200 103.5 mg/g |- Choy et al.
114 (2000)
Filtrasorb F 400 | Acid red - 109 mg/g - Venkata
88 Mohan et al.
(1999)
Filtrasorb F 400 | Acid yel- 1200 155.8 mg/g |- Choy et al.
low 117 (2000)
GAC Filtrasorb Acid yel- 1100 133.3 25-200 Ozacar and
400 low 17 Sengil (2002)
PAC Acid 1026 22 30-250 Martin et al.
brown 283 (2003)
AC-charcoal Acid blue |- 100.9 10-25 Choy et al.
Acid 128.8 (1999)
yellow
Acid red 101
114
AC rice husk Acid blue  |352 50 1-50 Mohamed
(2004)
Blast furnace Acid blue |28 2.1 - Jain et al.
sludge 113 (2003¢)
Bentonite Acid blue 767 740.5 - Ozcan et al.
193 (2004)
Wood sawdust Acid blue |- 5.92 - Ho and
(raw) 25 McKay
(1998a)
Treated cotton Acid blue |- 589 - Bouzaida and
25 Rammah
(2002)
Chitosan Acid blue - 77.4 - Martel et al.
25 (2001)
Hazelnut shell Acid blue |- 60.2 50-500 Ferrero (2007)
25
Sawdust-walnut | Acid blue |- 37 50-500 Ferrero (2007)
25
Sawdust-cherry Acid blue |- 32 50-500 Ferrero (2007)
25

(continued)
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Table 2.7 (continued)

75

Adsorption
Surface capacity Concentration
Adsorbent Adsorbate | area (m*/g) | (mg/g) range (mg/L) | Source
Sawdust-oak Acid blue - 27.8 50-500 Ferrero (2007)
25
Sawdust-pitch Acid blue - 26.2 50-500 Ferrero (2007)
pine 25
AC-corncob Acid blue 943 1060 - Juang et al.
25 (2002)
AC-bagasse Acid blue | 607 674 - Juang et al.
25 (2002)
AC-plum kernel | Acid blue 1162 904 — Juang et al.
25 (2002)
Cane pith Acid blue | 606.8 673.6 - Juang et al.
25 (2001)
Bagasse pith Acid blue |- 17.5 10-1000 Chen et al.
25 (2001)
Wood Acid blue |3.8-6.4 7-11.6 - Poots et al.
25 (1976b)
Maize cob Acid blue - 41.4 0.05 El-Geundi and
25 Aly (1992)
Acid red 47.7
114
Pine sawdust Acid blue |- 280.3 - Ozacar and
256 Sengil (2005)
AC-pinewood Acid blue | 902 1176 - Tseng et al.
264 (2003)
Dead fungus Acid blue |- 1.44-13.8 50 Fu and
Aspergillus niger |29 Viraraghavan
(2001)
Living biomass Acid blue |- 6.63 50 Fu and
Aspergillus niger |29 Viraraghavan
(2001)
Modified fungal | Acid blue |- 17.6 46 Fu and
biomass — Asper- |29 Viraraghavan
gillus niger (2002b)
Calcined alunite | Acid blue | 42.8 212.8 25-200 Ozacar and
40 Sengil (2002)
Activated sewage | Acid blue | 390 60.0 100-1000 Otero et al.
sludge 74 (2003b)
Pyrolyzed sew- Acid blue 80 30.8 100-1000 Otero et al.
age sludge 74 (2003b)
AC-bagasse Acid blue 1433 391 20-1050 Valix et al.
80 (2004)

(continued)
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Table 2.7 (continued)

2 Adsorption of Dyes

Adsorption
Surface capacity Concentration
Adsorbent Adsorbate | area (m*/g) | (mg/g) range (mg/L) | Source
Activated clay Acid blue |- 57.8 - Ho et al.
9 (2001)
Soy meal hull Acid blue | 0.76 114.9 50-150 Arami et al.
92 (2006)
Banana pith Acid bril- |- 44 - Namasivayam
liant blue et al. (1998)
Coir pith Acid bril- |- 16.7 - Namasivayam
liant blue et al. (2001)
Leather industry | Acid - 2.84-6.24 50-125 Sekaran et al.
waste brown (1995)
Chitosan Acid green |- 645.1 - Wong et al.
25 (2004)
Acid 922.9
orange 10
Banana peel Acid 20.6-23.5 |21 10-120 Annadurai
orange 52 et al. (2002)
Orange peel Acid 20.6-23.5 |20.5 10-120 Annadurai
orange 52 et al. (2002)
Sewage sludge Acidred 1 |- 35-73 10-1000 Seredych and
Bandosz
(2007)
Bagasse pith Acid red - 20 10-1000 Chen et al.
(raw) 114 (2001)
AC from gingelly | Acid red 229.6 102 - Thinakaran
seed shell 114 et al. (2008)
AC from cotton- | Acid red 124.3 153.8 - Thinakaran
seed shell 114 et al. (2008)
AC from pongam | Acid red 324.8 204.1 - Thinakaran
seed shell 114 et al. (2008)
Soy meal hull Acid red 0.76 109.9 50-150 Arami et al.
14 (2006)
Hen feathers Acid red - 129.1 8.79-52.7 Gupta et al.
51 (2006)
Charfines (raw) Acid red - 333 — Venkata
88 Mohan et al.
(1999)
Lignite coal Acid red - 30.9 - Venkata
(raw) 88 Mohan et al.
(1999)
Bituminous coal | Acid red - 26.1 - Venkata
88 Mohan et al.
(1999)

(continued)
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Table 2.7 (continued)
Adsorption
Surface capacity Concentration
Adsorbent Adsorbate | area (m*/g) | (mg/g) range (mg/L) | Source
Coir pith (raw) Acid violet |- 1.65 - Namasivayam
et al. (2001)
Orange peel Acid violet | 19.9 - - Sivaraj et al.
(raw) 17 (2001)
Pine sawdust Acid - 398.8 - Ozacar
(raw) yellow 132 and Sengil
(2005)
Calcined alunite | Acid 42.8 151.5 25-200 Ozacar
yellow 17 and Sengil
(2005)
Sawdust carbon Acid 516.3 183.8 — Malik (2003)
yellow 36
Rice husk carbon | Acid 272.5 86.9 — Malik (2003)
yellow 36
Blast furnace Acid 28 14 - Jain et al.
sludge yellow 36 (2003c)
Treated cotton Acid - 448 - Bouzaida and
yellow 99 Rammah
(2002)
Blast furnace Ethyl 28 1.3 - Jain et al.
sludge orange (2003c)
Fly ash Metomega |— 0.743 10 Gupta
chrome and Shukla
orange (1996)
Wollastonite Metomega | — 0.7 10 Gupta and
chrome Shukla (1996)
orange
Kaolinite Metomega | — 0.65 10 Gupta and
chrome Shukla
orange (1996)
Coal Metomega |— 0.77 10 Gupta and
chrome Shukla
orange (1996)
Activated Sella fast - 360.5 - Espantaleon
bentonite brown H et al. (2003)

Reproduced from Gupta and Suhas (2009). With permission from Elsevier
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Chapter 3
Adsorption of Dyes from Actual Effluent

Abstract Adsorption of color components from the effluent in practice is a chal-
lenge as often the actual efficiency of the adsorption process is masked by the
competitive adsorption of multiple species present in an effluent. The chapter
illustrates the adsorption phenomena using one of the commonly used adsorbents
detailed in Chap. 2 for removal of toxic dyes from an effluent. Further analyses
were done for the kinetics and isotherm for multicomponent adsorption.

Keywords Adsorption ¢ Isotherm * Equilibrium ¢ Kinetics * Effluent

Among the various available technologies for treatment of dye effluent, adsorption
is one of the effective, scalable, and economic physicochemical processes. The
process of adsorption is considered to be most effective for the bulk removal of dyes
from aqueous solution and is used prior to any polishing final filtration step
(membrane separation). The development of adsorbent, equilibrium, and kinetic
studies together with effect of various process parameters is described in this
chapter.

The first step of adsorption in any industrial process is to search for a suitable
adsorbent, possessing adequate adsorbing capacity and reasonable cost. In the
present study, sawdust (Ajmal et al. 1998; Garg et al. 2003) is used to prepare the
adsorbent. Aqueous solution of crystal violet and methylene blue (single compo-
nent systems) is selected for the detailed adsorption study to determine the kinetics
and the equilibria processes involved. The effects of various process parameters,
viz., pH of the solution, agitation, particle size of the adsorbent, temperature, initial
dye concentration, and the adsorbent loading, are observed.

Various isotherms are used to fit the equilibrium data. A two-resistance mass
transfer model developed from unreacted shrinking core mechanism (Levenspiel
1972) is used for the prediction of concentration profile in batch adsorption study
for both the single component as well as the two-component systems. The model is
fitted with a few selective experimental data for the estimation of its parameters,
i.e., the external mass transfer coefficient (k;) and the internal effective diffusivity
(Dp). Using these parameter values, the concentration profiles at various other
operating conditions are predicted.

© Springer Nature Singapore Pte Ltd. 2018 99
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100 3 Adsorption of Dyes from Actual Effluent

Table 3.1 Characterization of the effluent from the textile plant

Co,1 Coz Equivalent salt

(reactive (reactive content in

black) M,, |red) M,, terms of

923 Da 854 Da Conductivity x 1073 equivalent COD
(mg/l) (mgM)  |pH | (mQ/cm) TS (mg/l) | NaCl (g/)) (mg/l)
173 118 6.86 | 116.3 1.05 x 10° |56 6312

3.1 Characterization of the Textile Effluent

The effluent is characterized in terms of dye concentrations, chemical oxygen
demand (COD), total solid content (TS), conductivity, pH, and salt content and is
presented in Table 3.1.

The concentration of the dyes in the aqueous solution is measured by a Genesys2
spectrophotometer (Thermo Spectronic, USA) at wavelengths of 535 and 599 nm
for reactive red and reactive black, respectively. For dye mixture, the method of
Vogel (1970) is used for the determination of concentration of each dye in the
effluent.

The chemical oxygen demand (COD) is the measure of oxygen consumed during
the oxidation of the oxidizable organic matter by a strong oxidizing agent. The
samples (original feed, feed after adsorption, and permeate streams after
nanofiltration) are refluxed with potassium dichromate and sulfuric acid in the
presence of mercuric sulfate (to neutralize the effect of chlorides) and silver sulfate
(catalyst).

3.2 Characterization of the Adsorbent

Different properties of the adsorbent (charred saw dust or CSD) are determined by
standard methods (IS: 877). A commercial granular activated carbon GAC-1240,
supplied by NORIT, Netherlands, is used for comparison of the performance of the
prepared adsorbent. Table 3.2 shows some physical properties measured for the
prepared adsorbent and that of the commercial carbon (GAC). Surface area of the
adsorbents is measured by BET method.

The adsorbent developed from saw dust (CSD) is characterized by scanning
electron microscope (SEM) model JSM-5800, from JEOL. The SEM photograph of
CSD and GAC is compared in Figs. 3.1 and 3.2. The presence of irregular and
porous structure in the SEM photograph indicates high surface area of CSD. A
quantitative analysis of the adsorbent is done in the SEM, which shows that the
adsorbent (CSD) contains 93.01% carbon, 5.04% phosphorus, and negligible
amount of silicon, calcium, and aluminum.
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Table 3.2 Physical

properties of the adsorbents

101
Properties CSD GAC
Solid density (kg/m>) 1056 440
Moisture content (%) 1.80 2.0
Ash content (%) 14.68 5.8
BET surface area (mz/g of adsorbent) 559 1100

Fig. 3.2 Image of granular activated carbon in scanning electron microscope

3.3 Adsorption Equilibrium Studies

The equilibrium study consists of the single component adsorption with crystal
violet, methylene blue, reactive black, and reactive red and the two-component
adsorption with the mixture of reactive black and reactive red. The common
isotherms are Langmuir and Freundlich, and they are already presented in

Chap. 2 (Egs. 2.3 and 2.5).
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Radke and Prausnitz isotherm, i ! !

= e 3.1
Yo ARCe BrC (3.1)
where, Ag, Bg, and dy are the three isotherm constants.
KrC
Redlich and Peterson isotherm, Y, = ——~—°_ (3.2)
1 4+ KpC;
T R, T
Tempkin isotherm, Y, = —*— InAr + —— InC, (3.3)
br br
Kn» CH
Fritz-Schlunder isotherm, Y, = ———¢ __ (3.4)
1+ Kg,C?

For adsorption isotherm models based on more than two parameters, the reader
is suggested to refer the literature work (Hamdaouia and Naffrechoux 2007).

Figure 3.3 shows a comparison of the equilibrium adsorption capacities
between the two adsorbents: charred saw dust (CSD) and the available granular
activated carbon (GAC) using the two dyes crystal violet and methylene blue.
The equilibrium study is performed at room temperature (298 K) with smaller
particle size of the adsorbent (0.044 mm). From the figure it is observed that at
298 K, the equilibrium adsorption capacity (Y.) of crystal violet is higher for
CSD than the granular activated carbon (GAC). For methylene blue, although at
lower equilibrium concentrations, Y, is less for CSD, but at higher equilibrium
dye concentrations, CSD shows reasonable adsorption capacity compared to
GAC.

Fig. 3.3 Equilibrium

adsorption of CV and MB
on CSD and comparison
with GAC (T = 298 K; e
d,, = 0.044 mm)
o
50
£
=~ i @ CV in GAC
100§ e CV in CSD
~ —a— MB in GAC
S0 —a—MB in CSD
0 3 . 1 " L 1 . 1 . 1
0 20 40 60 80 100

C, (mg/l)
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Fig. 3.4 Equilibrium adsorption of crystal violet on CSD at different temperatures (Reproduced
from Chakraborty et al. (2005) with permission from Elsevier)

3.3.1 Effect of Temperature on the Equilibrium Study
of Crystal Violet and Methylene Blue

Figures 3.4 and 3.5 show the equilibrium adsorption of crystal violet and methylene
blue, respectively, on CSD at three different temperatures, viz., 288, 298, and
323 K, for smaller particle size (0.044 mm) of adsorbent. From the figures, it is
observed that adsorption is favored at higher temperatures for both the dyes. In
Fig. 3.4, the maximum adsorption capacity of crystal violet increases from 188 mg/
g at 288 K to 379 mg/g at 323 K. For methylene blue (Fig. 3.5), the maximum
adsorption capacity increases from 228 mg/g at 288 K to 327 mg/g at 323 K. Similar
trend is also observed by some other researchers for aqueous-phase adsorption
(Namasivayam, and Yamuna 1995).

The rise of adsorption with temperature may be due to the chemisorption of the
dye molecules on the adsorbent surface through the formation of a complex surface
compound (McKay 1996). Another possible reason may be due to the enlargement
of the pore sizes of adsorbent particles at elevated temperatures (Namasivayam, and
Yamuna 1995).

Thermodynamic parameters such as change in free energy (AG®), enthalpy (AH°),
and entropy (AS®) are determined in the temperature range of 288 K—323 K, at an
initial dye concentration of 150 mg/1, adsorbent dose of 0.1 g/, and 0.044 mm particle
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Fig. 3.5 Equilibrium adsorption of methylene blue on CSD at different temperatures

size of the adsorbent. The change in the free energy (AGY) is estimated using the

following equation.

AG’ = —R,TInK. (3.5)

AH° and AS° are estimated from the slope and intercept of the Van’t Hoff plot of
log K. vs. 1/T.

AS° AH°
logK, = - 3.6
8% T2 303k,  2303R,T (3.6

Where T is the temperature in Kelvin, R, is the gas constant, and K. is the
adsorption equilibrium constant. The values of AG®, AH®, and AS° are shown in
Tables 3.3 and 3.4. Positive values of AH indicate that the adsorption process for
both the dyes is endothermic in nature. The negative values of AG® indicate the
spontaneous nature of adsorption in the temperature range studied here. The
positive values of AS” show the increased randomness at the solid-solution inter-
face during the adsorption of dye on charred saw dust.
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Table 3.3 Thermodynamic parameters for the adsorption of crystal violet by CSD

T (K) K. (kJ/mol) AG° (kJ/mol) AH® (J/mol K) AS°
288 1.569 —1.078

298 9.493 —5.576 59.166 212.487
323 28.65 —9.010

Reproduced from Chakraborty et al. (2006) with permission from American Chemical Society

Table 3.4 Thermodynamic parameters for the adsorption of methylene blue by CSD

T (K) K, (kJ/mol) AG® (kJ/mol) AH® (J/mol K) AS°
288 2.533 —2.225

298 3.048 —2.761 21.833 83.129
323 6.634 —5.081

3.3.2 Effect of Adsorbent Particle Sizes on the Equilibrium
Study of Crystal Violet and Methylene Blue

The effect of particle size on equilibria is observed with particle size varying from
0.044 to 0.226 mm, at 298 K. It is observed in Figs. 3.6 and 3.7 that the maximum
adsorption capacity increases with decrease in the particle size. Smaller particles
provide more surface area per unit mass, resulting in enhanced adsorption. Using a
higher particle size (0.226 mm), the maximum adsorption capacity for crystal violet
is about 195 mg/g, which increases to 341 mg/g with a decrease in the particle size
to 0.044 mm. Similarly for methylene blue, the maximum adsorption capacity
increases from about 133 mg/g to 275 mg/g with the decrease in the adsorbent
particle size from 0.226 mm to 0.044 mm (Fig. 3.7).

3.3.3 Equilibrium Isotherm Studies for Crystal Violet
and Methylene Blue

Adsorption equilibrium data are fitted to various isotherms, viz., Langmuir,
Freundlich, Redlich-Peterson, Fritz-Schlunder, Radke-Prausnitz, and Temkin iso-
therm. The values of the equilibrium constants and the correlation coefficients
(CR) obtained for various isotherms are shown in Tables 3.5, 3.6, 3.7, 3.8, 3.9,
3.10, 3.11, and 3.12. Figures 3.8 and 3.9 show the Langmuir plots for crystal violet
and methylene blue, respectively, at various temperatures and particle sizes of the
adsorbent. The values of the parameters (Y, and k) are obtained from the slopes,
and intercepts of the linearized plots of C./Y, vs. C,. Y, (mg/g) is the maximum
adsorption capacity of the adsorbent to form a complete monolayer on the surface,
at the equilibrium dye concentration C,, and k is the Langmuir constant (I/mg). It is
observed from the results that the equilibrium data for all temperatures and particle
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Fig. 3.6 Equilibrium
adsorption of crystal violet
on CSD at different particle
sizes (Reproduced from
Chakraborty et al. (2005)
with permission from
Elsevier)

Fig. 3.7 Equilibrium
adsorption of methylene
blue on CSD at different
particle sizes

Table 3.5 Langmuir
constants for CV — CSD
systems

350

3 Adsorption of Dyes from Actual Effluent

300
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0.09
o 0.226
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T (K) d, (mm) Y, (mg/g) K, (I/mg) CR
323 0.044 378.80 0.536 0.999
298 0.044 341.30 0.197 0.999
288 0.044 187.97 0.943 0.999
298 0.090 289.86 0.151 0.998
298 0.226 195.69 0.148 0.998

Reproduced from Chakraborty et al. (2006) with permission from
American Chemical Society
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Table 3.6 Langmuir T (K) dp (mm) Yo (mg/g) Ko (l/mg) CR
‘S:;’;Zt;r;ts for MB — CSD 323 0.044 326.79 0.503 0.998
298 0.044 280.89 0.237 0.992
288 0.044 228.31 0.767 0.996
298 0.128 223.71 0.320 0.997
298 0.226 133.87 0.239 0.995
ST Py T [hom s [o
systemns 323 0.044 17271 5.147 0.801
298 0.044 51.955 2.156 0.868
288 0.044 131.57 11.983 0.849
298 0.090 50.99 2432 0.926
298 0.226 45.019 2.948 0.982
L I S T A L TR
systems 323 0.044 230.22 13.02 0.998
298 0.044 102.76 4.500 0.981
288 0.044 138.92 8.427 0.948
298 0.128 96.714 5.263 0.999
298 0.226 53.341 4.960 0.999
Table 3.9 Redlich-Peterson T(K) |d,(mm) |Ke(/2) |Kp(mg nv v CR
z;’:tset;ms for CV - CSD 323 0044 10273 |0.133 1162 | 0.984
298 0.044 3344 [0.028 1.271 | 0.990
288 0.044 202.03 | 0.969 1.027 [0.932
298 0.090 3371 [0.059 1.149 | 0.997
298 0.226 39.16 |0.316 0.896 | 0.993
Table 3.10 Redlich-Peterson constants for MB — CSD system
T (K) d, (mm) Kr (I/g) Kp (mg/l)™" v CR
323 0.044 641.14 2.549 0.946 0.905
298 0.044 6.87 x 108 5.3 % 10° 0.837 0.963
288 0.044 473.39 2.922 0.918 0.984
298 0.128 221 x 10* 223.12 0.815 0.999
298 0.226 3.75 x 10* 71.43 0.793 0.999

sizes fit well to Langmuir isotherm (Tables 3.5 and 3.6). The values of correlation
coefficients (CR) are higher than 0.99 in all the cases.
The dimensionless separation factor R, (McKay 1982), which is an essential

characteristic of the Langmuir isotherm, is calculated from the relation Ry, =

1
1+K0,Co"
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Table 3.11 Fritz-Schlunder constants for CV — CSD system

T(K) |dp(mm) |Kp (mg/g)mg/)—¢y | Kpp (mg/D—¢> | 91 @2 CR

323 0.044 55.213 0.14 1.925 1.94 0.998
298 0.044 13.318 0.043 1.838 1.825 0.997
288 0.044 15.00 0.089 5.33 5.309 0.988
298 0.09 23.972 0.078 1.359 1.386 0.999
298 0.226 35.664 0.042 0.597 0.842 0.997

Table 3.12 Fritz-Schlunder constants for MB — CSD system

T(XK) |d,(mm) |Kg (mg/g)mg/)—¢, |Kg (mg/h)—¢: | @ P2 CR
323 0.044 1259.27 5.439 2.007 |1.935 0.92
298 0.044 207.17 0.602 0.163 [9.47 x 1077 |0.963
288 0.044 9593.22 70.15 4.216 |4.092 0.992
298 0.128 8487.76 85.19 0.10 0.086 0.999
298 0.226 19.4e5 36.9¢3 0912 |0.706 0.998

Fig. 3.8 Linearized
Langmuir plot at different 0.5¢ T(K) d,(mm)

operating conditions for A 323 0.044
crystal violet e 208 (.044
045 m 288 0.044

* 208 0226

X298 0.090

e!Ye (&/D)
=

C, (mg/l)

For both the dyes, the factor, R;, is between 0 and 1 at any operating condition,
indicating a favorable adsorption.

The values of the Freundlich isotherm constants, i.e., Y, and n, are presented in
Tables 3.7 and 3.8. Here, the exponent 7 is larger than 2 and 4 for crystal violet and
methylene blue, respectively, which indicate favorable adsorption condition for
both the dyes. The correlation coefficient values (CR) for crystal violet are not high
and indicate that the Freundlich isotherm does not fit well. However for methylene
blue, it shows a good fitting.

Tables 3.9 and 3.10 show the Redlich-Peterson isotherm constants for crystal
violet and methylene blue, respectively. From the tables, it is observed that the
correlation coefficients are not high at all the temperatures for both the dyes. The
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Fritz-Schlunder isotherm constants are represented in Tables 3.11 and 3.12. It is
observed that the Fritz-Schlunder isotherm also shows a very good fitting for crystal
violet (correlation coefficient CR is higher than 0.99 in almost all the cases), and for
methylene blue except at high temperatures, the fitting is good. For the negative
values of the empirical parameters of Radke-Prausnitz isotherm (Tables 3.13 and
3.14), it may be rejected.

Tables 3.15 and 3.16 show the Temkin isotherm constants. It is observed that the
Temkin isotherm does not fit well. It can be concluded that the values of correlation
coefficients (CR) for different temperature and particle sizes are the highest for
Langmuir isotherm (0.99 Tables 3.5 and 3.6) for both the dyes. Hence the Langmuir
isotherm is chosen for the process.

3.3.4 Equilibrium Study with the Reactive Dyes

Figure 3.10 shows the equilibrium adsorption of the reactive black (dye 1) and
reactive red (dye 2), where the solid symbols represent single component systems
and the hollow symbols for mixture. The adsorbent, charred saw dust (CSD) shows
a good adsorption capacity for the single component systems of both the dyes. From
the figure, it is observed that the equilibrium adsorption of both the dyes decreases
in the mixture. This is probably due to the mutual interaction effects.
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Table 3.13 Radke-Prausnitz
constants for CV — CSD
system

Table 3.14 Radke-Prausnitz
constants for MB — CSD
system

Table 3.15 Temkin
constants for CV — CSD
systems

Table 3.16 Temkin
constants for MB — CSD
systems

3 Adsorption of Dyes from Actual Effluent

T () |d,(mm) |Ag(l/g) Br (/g) | dr CR

323 0.044 1.55 x 10" | —204.67 |0.145 |0.860
298 0.044 2.32 x 10! —9545 |0.290 |0.888
288 0.044 227 x 10" | —133.97 |0.078 |0.888
298 0.090 —52x 10" | —83.85 [0.276 |0.924
298 0.226 —1.0 x 10" | —52.73 |0.294 |0.973
T (K) |d,(mm) |Ag(I/g) Br (I/g) | dr CR

323 0.044 2.68 x 10" | —168.75 [0.154 |0.894
298 0.044 247 x 10" [ =129.50 [0.163 |0.963
288 0.044 3.59 x 10" | —110.38 [0.183 |0.967
298 0.128 3.18 x 101 | —98.47 [0.185 |0.999
298 0.226 3.33 x 10! —51.72 0210 |0.999
T (K) d, (mm) Ar (1/g) br (J/mol) CR

323 0.044 37.504 55.107 0.840
298 0.044 1.357 33.563 0.945
288 0.044 2.49 x 10* 184.02 0.869
298 0.090 1.798 43.739 0.968
298 0.226 2211 68.885 0.991
T (K) d, (mm) Ar (1/2) by (J/mol) CR

323 0.044 113.82 74.96 0.903
298 0.044 163.04 91.99 0.938
288 0.044 54.95 84.55 0.977
298 0.128 39.443 92.26 0.993
298 0.226 22.696 148.55 0.989

3.3.5 Single Component Systems

Adsorption equilibrium data for the aqueous single component system of the
reactive dyes are fitted with various isotherms. Tables 3.17, 3.18, 3.19, and 3.20
show the isotherm constants and the correlation coefficient values for the different
isotherms. It is observed that both the Langmuir and the Fritz-Schlunder isotherms
fit good for reactive red, as the average value of correlation coefficient, (CR) is
higher than 0.98. For reactive black, all the three isotherms, viz., the Langmuir,
Redlich-Peterson, and the Fritz-Schlunder isotherm fit good (CR is higher than
0.99). The maximum adsorption capacity of reactive red is about 424 mg/g and that
of reactive black is about 542 mg/g at 298 K (from Langmuir isotherm).
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Table 3.17 Langmuir constants for reactive dye systems

T (K) d, (mm) Ar (I/g) bt (J/mol) CR T (K)
Reactive black 298 0.044 541.96 0.016 0.993
Reactive red 298 0.044 423.68 0.059 0.985

Table 3.18 Freundlich
constants for reactive dye
systems

Dye TX) |d,(mm) |Y;(/g) |n CR
Reactive black | 298 0.044 36.58 0.463 [0.971
Reactive red 298 0.044 84.47 0.311 [0.932

Table 3.19 Redlich-Peterson constants for reactive dye systems

Dye T (K) d,, (mm) Y, (l/g) n CR Dye
Reactive black 298 0.044 7.75 0.008 1.10 0.99
Reactive red 298 0.044 23.6 0.047 1.04 0.96

Table 3.20 Fritz-Schlunder constants for reactive dye systems

Dye T (K) | d, (mm) | Kg (mg/g)(mg/l)—¢, | Krx (mg/D)—p> | ¢ (2] CR
Reactive |298 |0.044 3.806 0.015 1.319 | 1.218 |0.994
black
Reactive |298 |0.044 0.929 0.005 2.588 |2.458 |0.985
red
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3.3.6 Two-Component System

For the two-component system of the reactive dyes, the extended Langmuir iso-
therms, Egs. (3.7) and (3.8), are used.

Y _ YO,IKO,ICS,I
' T 14 Ko1Cet + Ko2Cor

Yy _ Yo,ZKo,ZCe,Z
e2 —
1 +K0,1Ce,1 +K0,2Ce,2

(3.7)

(3.8)

The bisolute Langmuir isotherm model assumes that all the adsorption sites are
equally available to all adsorbed species and no interaction between the adsorbed
species. The constants of these two isotherms are from the single component
Langmuir isotherms, reported in Table 3.17.

The comparison between the experimental and calculated values of Y, from the
bisolute Langmuir isotherm is shown in Figs. 3.11 and 3.12 for reactive black and
reactive red, respectively. It is observed that although for reactive red, the calcu-
lated values (hollow circles) lie within +15% of the experimental values
(Fig. 3.12); however for reactive black, there is wide variation between the exper-
imental and the calculated Y. values (hollow squares in Fig. 3.11). Hence the
extended Langmuir equation fails to predict the equilibrium adsorption capacity
of reactive black. This is due to the difference in the equilibrium adsorption
capacity (Y,) value of the two dyes (Leyva-Ramos et al. 2001). As mentioned
earlier, Y, for reactive red is 424 mg/g and that for reactive black is 542 mg/g (1.28
times greater than previous).

To encounter this deviation, the modified bisolute Langmuir isotherm (Ho and
McKay 1999) is used. The model equations are represented in Egs. (3.9 and 3.10),
where #; ;is the interaction factor of component i for the adsorption of component j.
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The values of #; ; are found out by minimizing the sum of square of errors
between the experimental and the estimated Y, data, using an optimization algo-
rithm. The values are as follows: 7, ; = 0.881; 5, = 0.711; 5, | = 1.319;
N2,2 = 0.826.

In Figs. 3.11 and 3.12, the solid symbols represent the Y, values estimated from
the modified bisolute Langmuir isotherm. It is evident from Fig. 3.11 that there is a
remarkable improvement on the prediction for reactive black; here the calculated
values lie within +15% (solid squares). In Fig. 3.12, there is only slight improve-
ment in the predictions compared to the previous approach (see solid and hollow
circles).

3.4 Adsorption Kinetic Studies

Adsorption kinetic study is performed to observe the effect of various process
parameters using the synthetic solutions of crystal violet and methylene blue. The
rate of adsorption using the present adsorbent is compared with that of the GAC.
The effect of various process parameters, viz., pH, stirrer speed, adsorbent particle
size, initial dye concentration, temperature, etc., is observed in the concentration
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Fig. 3.13 Concentration decay of CV using CSD and comparison with GAC (C, = 150 mg/l,
d,=0.044 mm, T =298 K, M, =05 g)

decay of the dyes with time. The concentration profiles are predicted by solving the
model equations developed for the single component system.

3.4.1 Comparison of the Dye Removal Rate of CSD and GAC

The dye removal rate of charred saw dust (CSD) is compared with that of GAC in
Figs 3.13 and 3.14, where the concentration decay of crystal violet and methylene
blue are shown, respectively. From Fig. 3.13, it is observed that using 0.5 g/l CSD,
the concentration of crystal violet drops from 150 mg/l to about 43 mg/l after a
process time of 55 min, whereas for GAC, concentration reduces up to about 38 mg/
1. Hence, GAC shows slightly better adsorbing capacity in comparison to CSD. In
Fig. 3.14, the concentration decay curve of methylene blue for the two adsorbents is
very close to each other. After 55 min of experiment, concentration of methylene
blue reduces from 150 mg/l to about 41 mg/l, for both the adsorbents. It may be
concluded that the present adsorbent (CSD) has a reasonable removal rate in
comparison to the activated carbon (GAC) for both the dyes.
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Fig. 3.14 Concentration decay of MB using CSD and comparison with GAC (C, = 150 mg/l,
d,=0.044 mm, T =298 K, M, =05 g)

3.4.2 Effect of pH on the Rate of Adsorption

The effect of the pH on the adsorption is observed by varying the solution pH from
2 to 10. Figure 3.15 shows the dye removal (%) after 1 hour with variation in the
solution pH of crystal violet and methylene blue. From the figure, it is observed that
the adsorption is favored at basic pH for both the dyes. However, the adsorption of
methylene blue is more sensitive with change in the pH in the range of 2 to 7, in
comparison with crystal violet. At solution pH of 2.4, the removal of methylene
blue is about 51%, which increases to about 72% with the increase in pH to 6.99.
The removal of dye increases to 75% at pH of 10.2. For crystal violet, the removal
of dye varies from 71% to about 83%, with an increase in the pH of 2.5 to 10.8,
respectively, which is very small. Both the dyes are cationic in nature. In acidic
medium (pH < 7), the excess H" ions reduces the amount of the negatively charged
adsorbent sites and enhance the positively charged sites. This does not favor the
adsorption of cationic dyes (Al-Degs et al. 2001). Similarly, an increase in the pH
(alkaline) increases the negatively charged surface sites thereby enhancing the
adsorption of the cationic dye.



116 3 Adsorption of Dyes from Actual Effluent

Fig. 3.15 Effect of pH on 100
the adsorption of the crystal

violet and methylene blue

(C, = 150 mg/l,

d, = 0.044 mm, T = 298 K,

M,=05g) o—°

80 /

Dye removal (%)

—e— crystal violet
—&— methylene blue

2 4 6 8 10 12
Solution pH

40

3.4.3 Effect of Stirrer Speed in the Adsorption

Figures 3.16 and 3.17 show the effect of stirrer speed in the adsorption of crystal
violet and methylene blue, respectively. Experiments are carried out at varying
speed of stirring, starting from O rpm (without stirring) to about 2500 rpm. It is
observed from the figures that initially adsorption increases considerably with the
increase in the stirrer speed due to an enhanced mass transfer effect. However, after
increasing the stirrer speed to a certain range (about 2000 rpm), the rate of increase
in the adsorption decreases. With further increase in the stirrer speed, adsorption
increases slightly. Hence, the effect of external mass transfer becomes less at the
higher stirring speeds (above 2000 rpm). Therefore, all the experiments are carried
out at a higher stirrer speed (2500 rpm).

3.4.4 Modeling of Adsorption Kinetics

In adsorption mainly two resistances prevail — the external liquid film resistance and
the resistance in the adsorbent particles. The intraparticle diffusion resistance may
be neglected for solutes exhibiting strong solid to liquid-phase equilibrium solute
distribution in the initial period of operation. However, even for such systems, the
above assumption leads to substantial errors beyond the first few minutes if the
agitation is high (Mathews and Weber 1976). Hence, both the resistances are
comparable for kinetic study.

The external liquid film resistance is characterized by the external liquid-phase
mass transfer coefficient (k). The mass transport within the adsorbent particles is
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Fig.3.16 Effect of stirrer speed on the adsorption of crystal violet (C, = 150 mg/l, d,, = 0.044 mm,
T=298K,M,=05¢)

assumed to be a pore diffusion (McKay 1984) or homogeneous solid diffusion
process (Chatzopoulos et al. 1993).

The kinetic model used in the present work is based on the unreacted shrinking
core mechanism (Jena et al. 2003). In case of single component system, the model
details are presented in Chap. 2 (refer to Sect. 2.4)

3.4.5 Two-Component System

For the two-component system, the modified bisolute Langmuir isotherms given in
Eq. (3.9) and (3.11) are used. Considering the spherical adsorbent particles, fol-
lowing rate equations are developed for components 1 and 2, respectively.
Ni(t) = 477"Rp2kf1(clt — Cent) (3.11a)
N»(f) = 4xRy*ke2 (Cor — Cear) (3.11b)

The diffusion in pore liquid for two components, according to Fick’s law can be
written as follows:
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Fig. 3.17 Effect of stirrer speed on the adsorption of MB (C, = 150 mg/l, d, = 0.044 mm,
T=298K,M,=05g)

47Dy, C.

Ni(f) = ,”1 P (3.12a)
Ri Ry
42DyC

Na(1) = _”1 2 le?t (3.12b)
Lt

The mass balance on a spherical element of adsorbent particle can be written as

dR

Ni(t) = —4aR} Yer, p, [thl} (3.13a)
dR

Ng(t) = _47[R%2Y621 Pp |:th2:| (313b)

The average concentration on adsorbent particle can thus be written, similar to
Eq. (2.12). The differential mass balance over the system by equating the decrease
in the adsorbate concentrations in the solution with the accumulation of the
adsorbates in the adsorbent can be written as
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_ dCy\ dYy,
Ni(r) = Vl( ” ) —Ma< ” (3.14a)
dCx dYy
Ny(t) = =V =M 3.14b
o) = () = (% (3.140)
The dimensionless terms used are used are similar to the case of single component
G R _ kR M Cei Dyt
system, Ci = “,Ri* =0 g, =07 x. =t ¢ =" and T:le
Coi R, Dy ViCoi Co; R,

(i denotes the ith component). Combining Egs. (3.11) and (3.12), the following
expression is obtained.

« _ B (1 -RY)CY

_ *
elt _R* +Bll (1 _R*) - (C]NR ) (3153)
Bi Ccx
C;k2[ . 2 ( ) 2 ng(C;kth;k) (3.15b)

RY + Bir(1 — RY)

Differentiating Eq. (3.15) with respect to 7 gives the following expressions for
component 1 and 2 respectively.

dck,  Bi(1-Rf) dct Bi|C} dr} act; dR}
¥ - 5 5 =A1———Bn
dr  [Rf +Bi (1 —R})] dr [R¥ +Biy (1 —R¥)]* dr dr dr
An By
(3.16a)
dck,  Bi(1—Ry)  dC3 Bir,C5: dR5 acs; dR5
and, ¥ - ¥ — 3 :Alz Bl
dt [R2 +Blz(l —-R; )} dr [RE" +Bi2(l ,R;)} dt dr dr
A Bz
(3.16b)

In terms of nondimensional concentrations, the equilibrium relationship can be
expressed as,

Yes,lcj,l/’h,l

Y,ll =
¢ 1+ K3\ CE /g +KEC

(3.17a)

Yes.2Cl o /Maa
L+ KX\ CE iy +KECE

(3.17b)

Ye, 2t —

Where Yesl_Yleols es2_Ys2C02,K L1 _KOICOI’KO2 - 02C02
Substituting the expressions of C ¢ and C., 2t from Eq. (3 15) in Eq. (3.17), Y1 ¢
and Y, can be expressed in terms of C s C2t s Rl , and Rz
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Ye lgll/’//l 1 * * p¥k p¥k
Ye 1o = . ; =8i1(C},,C5, R ,R (3.18a)
t 1+K:>k,1811/’71,1+K:2812/’721 < to et 2>
Yes 2g12/7722 * * * *
Yoo = : 2 = 8$(C7,,C5,R{,R (3.18b)
t 1+K;k,1g11/’71,2+Ki2812/’722 < to e 2>
Differentiating Eq. (3.18) and using Egs. (3.15 and 3.16), the time derivatives of
Y.1:and Y,,, are obtained as follows
dY. 1 dC* dC* dR* dR*
— = h1A L —hipA ! — hyB h1»,B 3.19
e nAn 12412 = - + 2B e ( a)
dYe o dCT< dC dR* dR*
= = —hyA L4 hypA — hp»B 3.19b
e 21411 1+22 2 Jr 2B~ ( )
where
Yes 1 (21 + K5,CE5)
’71 12,1 <1+K* C*,/ +1<:“2/ )
Yesl ( *ZC* )
’7 ”’721 (1 n] el/11 + 02 e2/,l72)
h YesZ (’712+K01Ce1)
’712'722(1+K*1C§1/ +K:262/r122)
YesZ (K* C* )
’722’712 (14—1(:1 1/ + *c*z/m)

Combining Egs. (3.11) and (3.13) and after nondimensionalization, an expres-
sion is obtained giving the rate of shrinkage of the adsorbate particle due to
component 1 and 2,

L) (ch—cty)

dR;k _Bll( e, It
dr R}?
dRy _BZZDP2 (p Yer ) (€5~ Cia)
dr

2
Dleik

(3.20a)

(3.20b)
Using Eq. (3.15) for Cey ", Cep,, and Eq. (3.17) for Y, . and Y, ,, Eq. (3.20) can
be expressed as,
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dR?

. =d(Cy,C3. R RY) (3.21a)
dR¥
dTZ =dn(C},C3.RT,RY) (3.21b)

Combining Egs. (2.12, 3.14), the following expressions are obtained for com-
ponent 1 and 2 respectively.

act dY. dR¥
(d:>+&0—Rﬁ)(df>:3&ywmf<gf) (3.22a)
acs: dY. dR¥
< d?) +X>(1 = RP) ( df‘) = 3X2Ye,2tR;<2< d;) (3.22b)

Using Eq. (3.22), following two governing equations of bulk concentration are
obtained.

dc¥ dcx
X It _x,—2=7 2
n-_ 1 11 (3.23a)
dc¥ dcx
-X Ity X)—2=7 3.23b
21 e + X2 dr 22 ( )

where

Xiu=14+X (1 -R)h1An
X2 =X1(1 =R A
Zy = [Xi (1 = RF)hyBiy + 3X1Y e iR diy — X1 (1 = RT?) hioBroday
Xa1 = X5 (1 = R ) hyi Ay
X =1+X(1—=R3*)hnAr,
Zyn = [X2(1 = RF?)hxoBip + 3X2Ye R3S dy — X2 (1 — RY?) oy By dyy

3.4.6 Model Predictions of the Kinetic Data

The model equations are solved to find the dye concentration of crystal violet and
methylene blue at any time. The model parameters (kr and D,,) are estimated by
optimizing the fitting of the experimental concentration profiles with those
predicted from the model. For this, following three experimental conditions are
selected:
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Crystal violet,

C, =200 mg/l; d, = 0.044 mm; T =298 K; M, =05 ¢
C, =100 mg/l; d, = 0.044 mm; T =298 K; M, =0.5 ¢
C, =150 mg/l; d, = 0.044 mm; T =323 K; M, =05 ¢

and Methylene blue,

C, =250 mg/l; d, = 0.044 mm; T =298 K; M, =05 ¢
C, =150 mg/l; d, = 0.044 mm; T =298 K; M, =05 ¢
C, =150 mg/l; d, = 0.044 mm; T =323 K; M, =05 ¢

where, C, is the initial concentration of dye, d,, is the particle diameter, and M,, is
the adsorbent mass. The converged values of krand D,, are as follows:

For crystal violet, kf = 5.65 x 10 m/s; D, = 3.52 X 10~"" m?/s and for
methylene blue,

kp=4.03 x 10~* m/s; and D, =577 x 107" m?%s, respectively.

These parameter values are used to predict the concentration profiles at other
conditions of initial concentration, temperature, particle size, and adsorbent load-
ing. The decay of concentration with time is shown in Figs. 3.18, 3.19, 3.20, 3.21,
3.22,3.23, 3.24, and 3.25, where the symbols represent experimental points and the
continuous lines are the model predicted values. It is observed that the theoretical
values are close with the experimental results in most of the cases. The average
deviation of the predicted values from the experimental data is within +10%, in all
the cases.

200
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Fig. 3.18 Effect of particle sizes on the concentration decay of CV (C, = 150 mg/l, T = 298 K,
M, = 0.5 g) (Reproduced from Chakraborty et al. (2005) with permission from Elsevier)
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Fig. 3.19 Effect of particle sizes on the concentration decay of MB (C, = 150 mg/l, T = 298 K,
M,=05¢g)
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3.4.7 Effect of Particle Size

The effect of adsorbent particle sizes on the concentration decay is shown in
Figs. 3.18 and 3.19 for crystal violet and methylene blue, respectively. The results
show that there is a gradual increase of adsorption with the decrease in particle size.
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Fig. 3.21 Effect of initial
concentrations on the
concentration decay of MB
(d, =0.044 mm, T =298 K,
M,=05¢g)

Fig. 3.22 Effect of
temperature on the
concentration decay of CV
(C, = 150 mg/l,

d,=0.044 mm, M, = 0.5 g)
(Reproduced from
Chakraborty et al. (2005)
with permission from
Elsevier)

Fig. 3.23 Effect of
temperature on the
concentration decay of MB
(C, = 150 mg/l,

d, =0.044 mm, M, = 0.5 g)
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Fig. 3.24: Effect of
adsorbent loading on the
concentration decay of CV
(C, = 150 mg/l,

d, = 0.044 mm, T = 298 K)
(Reproduced from
Chakraborty et al. (2005)
with permission from
Elsevier)

Fig. 3.25 Effect of
adsorbent loading on the
concentration decay of MB
(C, = 150 mg/l,

d, = 0.044 mm, T = 298 K)
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It is obvious that the smaller particles, which have higher solid-liquid interfacial
area, will have the greater adsorption rates. In these figures, the symbols represent
experimental points, and the solid lines are the model predicted values obtained
from the solution of Eqgs. (2.22) and (2.23). In Fig. 3.19, the concentration profiles
for all the four particle sizes are the predicted values (solid lines), and in Fig. 3.19,
the concentration profile for the particle size 0.044 mm is the model fitted line
(dashed line); the profiles for the other three particle sizes (solid lines) are the model
predicted values. From the figures, it is observed that the predicted concentration
profiles are close with the experimental results. The average deviation of the
predicted values is within £3% and +5% in Figs. 3.18 and 3.19, respectively.
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3.4.8 Effect of Initial Dye Concentration

Figures 3.20 and 3.21 show the effect of initial dye concentration on the concen-
tration decay of crystal violet and methylene blue, respectively, with different
initial concentrations. For crystal violet, four initial concentrations of 75, 100,
150, and 200 mg/l and, for methylene blue, three initial concentrations of
150, 200, and 250 mg/l are chosen. In Fig. 3.20, the experimental data for
100 and 200 mg/1 of initial concentrations are used for estimation of the parameters
(dashed lines). Using the estimated values of krand D,, the concentration profile is
predicted for the other two initial concentration values (150 and 75 mg/l). It is
observed here that the predicted curves almost coincide with the experimental
points for the other two concentrations, with the average deviation of £7%. The
concentration decay with time for methylene blue is shown in the Fig. 3.21. The
data for the initial concentrations of 150 and 250 mg/1 are taken for the estimation of
parameters kr and D), and are shown by dashed lines, while the solid lines are the
predicted concentration profiles for the initial concentration 200 mg/l. The average
deviation is about +7%.

From Fig. 3.20, it is also observed that after a process time of 1 h, the concen-
tration of crystal violet decreases to about 12.45, 19.5, 42.75, and 67.25 mg/l,
respectively, for the initial concentrations of 75, 100, 150, and 200 mg/l feed
solution, respectively. Hence the percentage removal of dye gradually decreases
with the increase in feed concentration (from 83.4% for 75 mg/l to 66.37% for
200 mg/1 at the end of 1 h). In Fig. 3.21 also, the same trend is observed. Removal of
methylene blue is about 71% after 55 min of adsorption for 150 mg/l initial
concentration, which decreases to about 53% for the 250 mg/1 initial concentration.

3.4.9 Effect of Temperature

The effect of temperature on the concentration decay of the dye solution is shown in
Figs. 3.22 and 3.23 for three temperatures 323, 298, and 288 K for crystal violet and
methylene blue, respectively. In these figures, the symbols represent the experi-
mental data. The curve represented by dashed line in Fig. 3.22 (at 323 K) is the
fitted one for the estimation of the parameters k;and D,,. The concentration profiles
for 298 and 288 K (continuous lines in Fig. 3.23) are predicted from the model. It is
evident from the figure that the predicted curves are close with the experimental
curves for all three temperatures (average deviation lies within £5%). In Fig. 3.23,
the concentration profiles for 323 K and 298 K are the model fitted curves (dashed
lines), while the continuous line (for 288 K) is the model predicted curve. Here the
average deviation is £7%.

Figure 3.22 shows that adsorption of crystal violet increases with the increase in
temperature. At 323 K, concentration reduces to about 27.8 mg/l after a process
time of 1 h, whereas at 288 K this value is 65.2 mg/l. In Fig. 3.23 also, the same
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trend is observed. Concentration of methylene blue at 55 min drops from 150 to
about 47 mg/l at a process temperature of 288 K, which for 323 K decreases to
about 27 mg/1 from the same initial concentration 150 mg/l. Hence, the increase in
temperature favors the adsorption process which may be due to the chemisorption
of the dyes in the present adsorbent (McKay 1996).

3.4.10 Effect of Adsorbent Loading

Figures 3.24 and 3.25 show the effect of mass of adsorbent (M) on the concentra-
tion decay, adding 0.5, 1.0, 1.5, and 2.0 g of adsorbent per liter solution. In
Fig. 3.24, all the continuous lines are the model predicted values. Here the average
deviation is within £10%. In Fig. 3.25, the concentration profile for 0.5 g/l
adsorbent dosing is the model fitted line, and the rest all are the model predicted
lines. Here the average deviation observed is within +10%.

From the figures, it is observed that initially with increasing the adsorbent
amount (from 0.5 to 1.0 g), adsorption increases considerably. The initial rate of
adsorption becomes almost independent of M, at higher values of M,. The dye
content of the solution decreases drastically and reaches an almost constant value.
As the initial rate becomes very high, it is practically independent of M,,.

3.4.11 Kinetic Study of the Reactive Dye System

Adsorption kinetic study is performed with the aqueous solutions of reactive red
(RR), reactive black (RB), as well as the mixture of the two dyes, to observe the
effects of various process parameters on the rate of adsorption. For the single
component systems, the effect of pH of the solution, particle size of the adsorbent,
and initial dye concentration is observed. In the two-component system, experi-
ments are carried out with the synthetic solution of the dyes, at different ratio of the
initial concentration of each dye. The concentration profiles of the dyes with time
are predicted from the model for two-component system. The original industrial
effluent is also treated with varying amount of the adsorbent, and the experimental
data are compared with the data predicted from the model.

3.4.12 Effect of pH

Figures 3.26 and 3.27 show the effect of pH on the concentration decay of reactive
red and reactive black, respectively. It is evident from the figures that acidic pH is
favorable for adsorption of both the dyes. This is due to the electrostatic attraction
between the dye particle and adsorbent surface charge during the sorption process.
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Reactive dyes are anionic in nature, and adsorption capacity is poor on the nega-
tively charged adsorbent surface. This has been noted in the previous literature
(Al-Degs et al. 2001), where it was observed that anionic dyes show less affinity
toward the biological adsorbents like maize cob, bagasse pith, and wood-based
materials in comparison to cationic dyes. With the decrease in the solution pH, the
surface positive charge increases, leading to greater adsorption. In Fig. 3.26, con-
centration of reactive red decreases from 150 mg/l to 42 mg/l at acidic pH (2.0),
whereas it reduces to 115 mg/l at a pH of 5.5 and almost no adsorption (145 mg/1) at
basic pH (8.5) after an hour of processing time. From Fig. 3.27, adsorption of
reactive black also shows same trend, although adsorption is slightly higher than
that of reactive red. Here the concentration of reactive black decreases from
150 mg/1 to 15 mg/1 at an acidic pH, whereas it drops to about 81 mg/l at basic pH.
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3.4.13 Effect of Particle Size of Adsorbent

Figures 3.28 and 3.29 show the particle size effect of the adsorbent on the adsorp-
tion of reactive red and reactive black, respectively. As expected, adsorption
increases considerably with the decrease in particle size of the adsorbent, as the
effective surface area of the adsorbent increases. Figure 3.28 shows that after 1 h of
experiment, concentration of reactive red decreases from 150 mg/l to 87 mg/1 for
0.114 mm particle sizes, which reduces to 63 and 42 mg/l when particle sizes are
0.062 mm and 0.044 mm, respectively. From Fig. 3.29, concentration of reactive
black decreases from 150 mg/l to 105, 69, and 15 mg/l with the decrease in the
particle size from 0.114 to 0.062 and 0.044 mm, respectively.
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3.4.14 Effect of Initial Concentration of Dye

Figures 3.30 and 3.31 show the effect of initial concentration of dye on adsorption.
It is observed from these figures that for both the dyes, the dye removal rate
decreases with the increase in the initial dye concentration, although the net dye
removal increases. In Fig. 3.30, after 1 h of adsorption, 89% dye removal is
achieved for an initial concentration of 100 mg/l for reactive red. The removal
rate is 70% for an initial concentration of 300 mg/l. Similarly for reactive black
(Fig. 3.31), about 94% dye removal is achieved after 1 h, for an initial concentration
of 100 mg/l, which reduces to 82% with an increase in the initial dye concentration
at 300 mg/1 (Fig. 3.32).
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3.4.15 Model Predictions of the Kinetic Data
Jfor the Two-Component System

The set of equations, Egs. (3.21 and 3.23) described earlier, are numerically solved
to predict the concentration profiles for both the reactive dyes. In order to solve the
equations, the four unknown process parameters, i.e., the external mass transfer
coefficients (k¢; and kg,) and the internal effective diffusivities (D, and D), are
estimated using a nonlinear optimization technique. For this, following three
experimental data at different initial concentration ratios are selected:

@ C,; = 70 mg/l and C,, = 70.53 mg/l; (i) C,; = 54.18 mg/l and
Con = 92.26 mg/l; Cy; = Cp, = 100 mg/l; and (iii) C,; = 100.63 mg/l and
C,» = 46.84 mg/l for reactive black and reactive red, respectively. In
Figs. 3.32, 3.33, 3.34, and 3.35, the concentration profiles of both the dyes are repre-
sented, where the symbols represent experimental data, and the solid lines are the model
fitted lines. The values of the model parameters are given as: ky = 9.46 x 10~ m/s;
kiy = 1.67 x 10~* m/s; Dy = 1.12 x 107" ' m%/s; Dpp = 1.02 x 10~ '" m?s.

The estimated values of the parameters are used for prediction of the concen-
tration profiles with time at different initial concentrations (Figs. 3.35, 3.36, and
3.37). It is observed from the figures that the predicted values are close with the
experimental data in most of the cases. So the present model is also applicable to
predict the concentration profile for the two-component mixture of dyes.

3.4.16 Sensitivity Analysis of the Model Parameters

A sensitivity analysis of the model parameters is carried out and presented in
Figs. 3.38 and 3.39. It is observed that the accuracy of the model predicted
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concentration of both the dyes is insensitive to the estimated values of ks and kp.
Figures 3.38 and 3.39 show the effect of change in the parameters D,,; and D, on
the predicted concentration profiles of reactive black (dye 1) and reactive red (dye
2), respectively, at an initial concentration of 100:100 mg/l and adsorbent loading
of 1.0 g/1. Here variation of —50% to +50% are introduced into the value of D,,; and
D, and the concentration profiles are predicted for the corresponding changes in
the parameters. The variations in the predicted concentration of dye 1 due to
variations in D, are determined to be in the range of —32.75% to +15.73%,
respectively. For dye 2, the variations in the predicted concentration due to varia-
tions in D, are in the range of —13.18% to +4.09%, respectively. Hence, the
variations in the value of effective diffusivity have a profound effect on the
prediction of concentration profile for dye 1, and the effect is relatively less for
dye 2.
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3.5 Adsorption Studies Using Industrial Effluent

The present textile effluent, which contains a mixture of the two reactive dyes
(reactive black and reactive red), is treated using varying amounts of the adsorbent
(1.0-2.0 g/1). The initial concentrations of reactive black and reactive red in the
effluent are 173 and 115 mg/1, respectively. The pH of the solution is maintained at
2.0, and smaller particles of adsorbent (0.044 mm) are used. The concentration
decay of the dyes is shown in Figs. 3.40 and 3.41 for reactive black and reactive red,
respectively. In these figures, the symbols are the experimental points, and the solid
lines are the concentration profiles predicted from the model. It can be observed
from Fig. 3.41 that, using an adsorbent dose of 1.0 g/l, about 80% removal of
reactive black is possible in 1 h and the removal rate increases as the adsorbent
dosing increases. Using an adsorbent dose of 2 g/l, about 89% dye removal is
possible. The decline in the concentration of reactive red in the effluent is shown in
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Fig. 3.41. It is observed from the figure that using 1.0 g/l adsorbent, about 79%
removal of reactive red is possible. Using an adsorbent dose of 2.0 g/l, about 92%
removal is achieved. From the figures, it is observed that the experimental points
are close with the predicted lines in most of the cases. Overall, it can be concluded
that the present two-component model is able to predict the concentration profile of
dyes with time in the adsorption of an industrial effluent.

The measure of COD in the industrial effluent is the important requirement as
per pollution board. So the removal of dyes is seen in terms of COD removal.
Figure 3.42 shows the COD removal (%) in adsorption of the effluent stream.

Removal of methylene blue and Congo red mixture in the textile dye effluent is
presented in Fig. 3.43 (Rao and Rao 2006). It may be observed that using 4 g of
adsorbent (both activated carbon and flyash), activated carbon shows higher
removal efficiency. In case of activated carbon, the equilibrium time is around
70 minutes for both the dyes, whereas it is only half for flyash. However, using
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higher amount of flyash adsorbent, the removal efficiency can be improved and may
be higher than that of activated carbon. The dosing of appropriate amount of
adsorbent is necessary achieving a particular extent of removal efficient. The cost
of flyash with respect to activated carbon is quite inexpensive. So the dosing
amounts with respect to cost per removal efficiency may be lower in case of flyash
as compared to activated carbon. The removal efficiency using 12 g of flyash is
similar to that of 4 g of activated carbon. Thus, the flyash may be a better substitute
considering economic feasibility options over activated carbon.

The removal of an reactive dye (acid yellow 6) from a textile effluent is studied
using activated carbon prepared from rice husk and saw husk (Malik 2003). The
risk husk and saw dust materials were first carbonized in an inert atmosphere at
400 °C and 500 °C, respectively, for 1 h. The carbonized materials were activated
by superheated steam at 600 °C and 800 °C, respectively, for 1 h under 1.5 atm
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steam pressure. The resultant activated material was washed with deionized water
adequately and dried overnight at 100 °C. The details of the physicochemical
characteristics can be obtained from the literature (Malik 2003). The adsorption
kinetic study for removal of acid yellow 36 present in a dye-house effluent is
presented in Fig. 3.44. The adsorption capacity of the sawdust carbon is higher
than carbonized rice husk. This is in conformation with the basicity levels of the
surface together with the available pore surface area, which are greater for the
sawdust compared to rice husk. The process of attaining equilibrium is gradual for
both the different types of activated carbon. One of the probable reasons for such an
observation is due to the presence of the micro- and macropores in the adsorbent.
The mechanism of adsorption is coupled with diffusion, where the process of
diffusion is the rate determining step. The dye molecule (adsorbate) has to diffuse
through the boundary layer film over the adsorbent surface and then diffusion into
the pore morphology of the adsorbent, responsible for large contact times. The
adsorption equilibrium time takes around 1 h for the sawdust carbon, while it is
almost three times (3 h) in the case of rice husk. The adsorption process is primarily
physisorption, with some possibility of occurrence of chemisorption too.

The results show that saw dust carbon and rice husk carbon can be a better cost-
effective alternative for removal of reactive dyes from effluent compared to GAC.

Removal of mixture of dyes from textile effluent from agricultural residues
(or by-products) is shown in Fig. 3.45. Wood chips, corn cob, and wheat straw
were selected because these are widely available residues in most agricultural
countries and are mostly inexpensive. The adsorption studies were carried out at
room temperature corresponding to an equivalent mixture of dye solution with
400 mg/l concentration. As observed from the figure, the adsorption capacity of
wood chips is the lowest among the three adsorbents investigated. The equilibration
time is quite high these adsorbents compared to carbon adsorbents. The exhausted
dye-saturated adsorbents are degraded by the process of solid-state fermentation
through microbial action for environmental disposal (Nigam et al. 2000).
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Chapter 4
Surfactant-Enhanced Carbon Regeneration

Abstract To make a process sustainable, it is often important to regenerate the
adsorbent for reuse. One of the commonly used technique in this case is surfactant-
enhanced regeneration which is inexpensive and low-energy intensive. This chapter
presents a comprehensive study of this case, the surfactant regeneration process
using different types of surfactants, including a simple theoretical model for the
adsorbent regeneration.

Keywords Regeneration ¢ Surfactant ¢ Surfactant-enhanced carbon regeneration

Adsorption beds containing activated carbon are widely used in industry to remove
organics from water and air. One of the major disadvantages of this method is the
difficulty of regeneration of the saturated carbon. When the organic is highly
volatile, in situ thermal regeneration (e.g., hot steam) can be used. However,
often the carbon must be removed from the bed and the organic is burned off in
regeneration furnaces. A universal in situ regeneration process would be valuable.

Surfactant-enhanced carbon regeneration (SECR) is an original, in situ, energy
inexpensive process of regenerating an exhausted adsorbent. In the process of
SECR, a strong surfactant solution, much above the critical micellar concentration,
is passed through the saturated adsorption column. The organic dye
(or contaminant) desorbs through the bed into the regenerant solution, and gets
solubilized in the micelles. A concentrated solution containing organic solutes is
produced, for disposal or recovery of the surfactant and the solute. The residual
surfactant in the carbon bed is washed by flushing with water. Since the surfactant is
nontoxic and biodegradable, the flush stream can be safely disposed without any
risk of environmental hazard.

There are several well-established methods for the regeneration of spent com-
mercial activated carbon (CAC) that can be classified in three broad groups:
thermal, chemical, and biological regeneration (Perrich 1981). In spite of being
the most widely used regeneration technology, thermal regeneration has an impor-
tant energy demand since temperature must be kept above 1100 K. Moreover, the
carbon needs to be removed from the bed and transported to the hearth furnace,
where the organics are volatilized and carbonized. The process is labor intensive,
energy inefficient, and time consuming. Also, considerable amount of carbon
(5—-15%) is usually lost by attrition, burn-off, and washout (Miguel et al. 2001).
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Chemical regeneration can be carried out by desorption of adsorbates using specific
solvents or by decomposition of adsorbed species using oxidizing chemical agents.
Extraction with solvents requires further purification of the solvent, and it is only
recommended when a valuable product is recovered (Wedeking et al. 1987).
Oxidative chemical regeneration is usually accomplished by wet oxidation
(WO) under either subcritical or supercritical conditions. Although these tech-
niques have been successfully applied to a number of adsorbates, regeneration
efficiency depends on the solubility of the sorbed substances and the effect of
pressure on the chemical structure of carbon. Also, such a large investment in
high-pressure equipment makes the method rather expensive (Mishra et al. 1995).
Biological regeneration is usually slow and requires biodegradable adsorbed spe-
cies which is not the case in many water pollutants (Scholz and Martin 1998).
Because of these drawbacks, a number of other alternative CAC regeneration
methods are subject of current investigation. Among them, steam regeneration
(Kim et al. 2001), catalytic oxidation (Matatov-Meytal and Sheintuch 1997),
microwave regeneration (Fang and Lai 1996), electrochemical methods (Zhang
2002), or extraction with supercritical fluids (Ryu et al. 2000) can be highlighted.

4.1 Basics of Surfactant-Enhanced Carbon Regeneration

In SECR, a concentrated surfactant solution is passed through the saturated carbon
bed. The adsorbed organic solute desorbs and is solubilized in the micelles formed
by the surfactant. Micelles are self-assembled aggregates that typically consist of
50-200 monomer units. The micelle has a hydrophobic interior that favors the
solubilization of the organic molecules. The concentrated surfactant solution may
have a large solubilizing capacity for the organic. Therefore, a much smaller
volume of surfactant solution can be used than the volume of the water originally
treated for aqueous-phase applications. After the organic is removed from the
carbon, water is used to rinse residual surfactant from the carbon. An advantage
of SECR over solvent regeneration is the relatively innocuous nature of surfactants
from an environmental point of view. Thus, the product of the rinse step can be
directed to the normal sewage treatment system, since it contains only surfactant.
The regenerated carbon would then be ready for reuse for liquid-phase operations.
If the carbon is being used for gas-phase applications, the carbon can be dried after
the rinse step before reuse. A schematic of the SECR process is shown in Fig. 4.1.

4.2 Experimental Study of Desorption

The effects of pH and concentration of different surfactants (both cationic and
anionic) on the percentage desorption of chrysoidine and eosin are studied. Before
each desorption study, the amount of each dye adsorbed on a known amount (1.0 g)
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Fig. 4.1 Schematic of the different stages of the SECR process

of activated carbon is measured. This is done by keeping 1.0 g of activated carbon
and 250 ml of a solution of dye with a concentration of 5000 mg/L in a glass bottle
and agitated by a shaker for 12 h at room temperature. The amount of dye adsorbed
per gram of activated carbon is calculated by measuring the concentration of dye
solution before and after adsorption. After filtration, the carbon is dried in an oven.
For the desorption study, 1.0 g of carbon with adsorbed dye is mixed with 250 ml of
the desorbing medium. Distilled water at different pH and both the anionic and
cationic surfactant at various concentrations (CPC, TTAB, AOT) are used as the
desorbing medium. The amount of desorbed dye is estimated from the mass balance
as in the case of adsorption study.

In this section the efficacy of SECR technique is discussed in terms of percent-
age of chrysoidine and eosin desorption from activated carbon. The use of different
surfactant has been explored and compared with the conventional regeneration
techniques (e.g., changing the pH of the solution).

4.2.1 Desorption Kinetic Model

It has been proposed that the desorption rate at any instant would be proportional to
the driving force, i.e., difference between the initial (at t = 0) amount of the
adsorbed dye and the dye concentration in the solution, at any time t. The dye
concentration in the solution, in turn, would be related to the amount of the dye still
remaining adsorbed through a mass balance. This is mathematically represented by
the following equation.
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dq
— = — ki 4.1
o = do — kq) (4.1)
where, a and k are the constants (k# 1); go and g are the amount of adsorbed dye
present per gm of CAC at time r = 0 and at any time ¢ = ¢, respectively. The
expression for the adsorbed dye remaining in the adsorbent at any time ¢ can be
obtained by integrating Eq. (4.1) as follows,

q= % [1— (1 = k)e ] (4.2)

Using Eq. (4.2), the expression of the percentage desorption at any time is
expressed as,

D =100 x (k;—l) (11— (4.3)

The values of k and a can be determined from the experimental data under
various operating conditions.

4.3 Effect of pH

The effects of pH without adding any surfactants on the percent desorption of dyes
are studied and shown in Figs. 4.2 and 4.3 for chrysoidine and eosin, respectively.
At lower pH, active sites are protonated and adsorption of dyes is restricted to the
active site of charcoal as discussed earlier. Thus with the decrease of pH, desorption
increases. From Fig. 4.2, it has been found that after 50 min of operation, desorption
of chrysoidine increases from about 0.18 to 1.6% when pH decreases from 11.2 to
2.7. Chrysoidine changes its original red color when pH of the solution changes
from acidic to basic. Therefore, it is appropriate to desorbs chrysoidine by setting
the pH as acidic (in order to maintain its color). From Fig. 4.3, it may be observed
that after 40 min of operation, desorption of eosin increases from about 0 to 46.5%
when pH increases from 2 to 12. The desorption kinetic is described by Eq. (4.3).
The value of k varies within 1.01-1.2 for chrysoidine and that of 1.01 to 1.7 for
eosin in a pH range of 2-12. On the other hand, a varies from 4.89 x 1072 to
8.67 x 1072 (min~") for chrysoidine and 7.4 x 1072 to 7.8 x 107> (min~") for
eosin in the same pH range. It may be noted here that the continuous curves in both
the figures are the fitting obtained from Eq. (4.3) and the symbols are the experi-
mental data. The 7* values of all the fits are more than 0.98.
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4.4 Effect of Different Surfactants
4.4.1 Desorption of Chrysoidine

Figures 4.4, 4.5, and 4.6 show the variations of percent desorption of chrysoidine
using SDS, TTAB, and CPC, respectively, at various concentrations higher than the
corresponding critical micellar concentrations (CMC). CMC of SDS, TTAB, and
CPC are 2.33, 1.345, and 0.322 g/L (Rosen 1978), respectively. Desorption
increases with increase in surfactant concentration and also with operating time
for all the cases. In case of SDS (anionic surfactant), desorption is only about 1.7%,
whereas for TTAB and CPC (cationic surfactant), desorption increases up to about
35% and 24%, respectively, for the feed surfactant concentration of 2000 mg/L
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within 50 min of operation. It may also be observed from Figs. 4.4, 4.5 and 4.6 that
desorption is more for TTAB (cationic surfactant) and least for SDS (anionic
surfactant). Therefore, a suitable cationic surfactant may be a better agent for
desorption of chrysoidine dye from activated charcoal.

Better performance of cationic surfactants (TTAB and CPC) compared to
anionic one (SDS) may be explained as follows. During adsorption, chrysoidine
dye gets adsorbed on the surface or inside the pores of activated charcoal. Activated
charcoal itself is negatively charged. Micelles of the cationic surfactants, TTAB
and CPC, are positively charged, and there is high possibility of cationic surfactant
getting adsorbed on the surface of negatively charged activated charcoal by
replacing the adsorbed dye. Some dyes may still get solubilized inside the hydro-
phobic core of the aggregated surfactant molecule (micelles). On the other hand,
micelles of anionic surfactant (SDS) are negatively charged, and therefore it is
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unlikely that micelles are adsorbed on charcoal as such due to electrostatic repul-
sion. Therefore, when activated charcoal adsorbed with chrysoidine dye is exposed
to SDS solution, dye molecules remain on the surface of the adsorbent. These
results in very less dye desorption for anionic surfactants. The desorption kinetic
using the surfactants is described by Eq. (4.3). For each feed surfactant concentra-
tion, the constants & and a are estimated using curve fitting the corresponding
experimental data. The value of k is found to be 1.02 for SDS, 1.35 for TTAB,
and 1.3 for CPC. The values for a varies in a narrow range from 0.13 to 0.0.3 for
SDS, 0.03 to 0.04 for TTAB, and 0.04 to 0.07 for CPC corresponding to various
feed surfactant concentrations. The continuous curves in Figs. 4.4, 4.5, and 4.6 are
the fitting obtained from Eq. (4.3) and the symbols are the experimental data. The
values of all the curves in Figs. 4.4, 4.5, and 4.6 are more than 0.99.

4.4.2 Desorption of Eosin

Effects of different concentrations of CPC, SDS, and AOT on the desorption of
eosin are presented in Figs. 4.7, 4.8, 4.9, and 4.10. In this case, the concentrations of
surfactants are greater than their CMC. CMC of AOT is 0.246 g/L (Rosen 1978).
Like chrysoidine, desorption of eosin increases with surfactant concentration and
operating time. For CPC (cationic surfactant), desorption is only 23%, whereas for
SDS and AOT (anionic surfactant), desorption increases up to 70% and 63%,
respectively, for feed surfactant concentration of 2000 mg/L. It is found from
Fig. 4.8 that desorption may be up to 78% for SDS concentration of 5000 mg/L
after 40 min of operation. Whereas, for 5000 mg/L of AOT, desorption is about
80% (Fig. 4.9). The comparison of the different techniques of desorption of dye is
presented in Fig. 4.10. It is clear from the figure that at higher pH, desorption is only
about 46% after 40 min. A comparison of the effectiveness of the three surfactants
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at the same concentration level is also shown in Fig. 4.10. After 40 min of
operation, dye desorption is about 22% for CPC (2000) mg/L, whereas, for both
SDS and AOT (2000 mg/L), it is about 70% and 63%, respectively. It is evident
from figure that apart from the last point (40 min), desorption is more for SDS
compared to AOT. Therefore, a suitable anionic surfactant may be a better agent for
desorption of eosin dye from activated charcoal.

Better performance of anionic surfactant (SDS and AOT) compared to cationic
one (CPC) needs further discussion. During adsorption, negatively charged eosin
dye gets adsorbed on the surface or may be inside the pores of activated charcoal.
Activated charcoal is negatively charged. The cationic surfactant, CPC micelles are
positively charged, and they themselves get adsorbed on the surface of negatively
charged activated carbon, although some dyes still get solubilized inside the
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hydrophobic core of CPC micelles. On the other hand, micelles of anionic surfac-
tant (SDS) are negatively charged and unlikely to get adsorbed on charcoal.
Therefore, with SDS or AOT micelles, the dye molecules desorbed from the surface
of the adsorbent and get solubilized in the micelles of the anionic surfactants. This
result in superior dye desorption characteristics substantially. For each surfactant
feed concentration, the constants k and a are estimated from the corresponding
experimental data. The value of a is found to be 12.23 x 1072 (minfl) for CPC,
4.14 x 1072 (min~ ") for SDS, and 6.17 x 1072 (min~ ') for AOT. The values for
k vary in a range from 1.10 to 1.26 for CPC, 2.26 to 4.64 for SDS, and 1.25 to 4.27
for AOT corresponding to various feed surfactant concentrations. The continuous
curves in Figs. 4.7, 4.8, and 4.9 are the fitting obtained from Eq. (4.3), and the
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symbols are the experimental data. The /* values of all the cases in Figs. 4.7, 4.8,
and 4.9 are more than 0.99.

4.4.3 Desorption of Congo Red

Figure 4.11 shows the variations of the percentage desorption of Congo red using
CPC, SDS, and AOT at 2500 mg/L (higher than the corresponding critical micellar
concentrations (CMC)). CMC of CPC, SDS, and AOT are 350, 2307, and 1182 mg/
L at 25 °C temperature in aqueous medium, respectively. In case of CPC (cationic
surfactant), desorption is only about 2%, whereas for SDS and AOT (anionic
surfactant), the desorption increases up to 40 and 65%, respectively, for a feed
surfactant concentration of 2500 mg/L. Better performance of anionic surfactants
(SDS and AOT) compared to cationic one (CPC) needs discussion. During adsorp-
tion, anionic Congo red (at pH 7.0) gets adsorbed on the surface or may be trapped
inside the pores of activated carbon. During desorption, CPC micelles are positively
charged and get adsorbed on the negatively charged surface of activated carbon
(pHzpc = 6.6), although some dye molecules may still get solubilized inside the
hydrophobic core of CPC micelles. Therefore, solubilization of dye in the CPC
micelle is less. On the other hand, micelles of the anionic surfactants (SDS and
AOT) are negatively charged and are unlikely to get adsorbed on the activated
carbon. Due to strong hydrophobic attraction between micellar core and dye
molecules, the adsorbed dye gets solubilized in the micelle. This result in better
dye desorption characteristics using anionic surfactants. From Fig. 4.11, it is
observed that performance of AOT is better than SDS.

The extent of dye solubilization in the micelles depends on the concentration of
the micelles which depends on the CMC of surfactant. As stated earlier, AOT has a
much lower CMC than SDS. Therefore, it is expected that the micellar
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concentration is more in case of AOT at a feed surfactant concentration of
2500 mg/L. Therefore, dye solubilization capacity of AOT micelles is more
than those of SDS at same surfactant feed concentration. The desorption study is
carried out using a number of surfactant concentrations in the range of
500-1000 mg/L. The kinetic data are then fitted to Eq. (4.3), and the parameters
k and a, of these three surfactants, are estimated separately. The average value of a
is found to be 4.34 x 107> (min™") for CPC, 5.23 x 10~* (min™") for SDS, and
8.23 x 1072 (min~") for AOT. The values for k vary from 1.35 to 1.66 for CPC,
2.36 to 3.44 for SDS, and 2.66 to 4.12 for AOT corresponding to various feed
surfactant concentrations. The continuous curves in Fig. 4.11 represent the fit
obtained from Eq. (4.3) and the symbols are the experimental data. The r* values
in all the cases are more than 0.99.
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Chapter 5
Nanofiltration of Dyes

Abstract Membrane separation process is perhaps one of the promising alterna-
tives in water treatment over adsorption, being a greener mode of separation.
Nanofiltration of dye-contaminated wastewater is a potential and viable membrane
separation technology to effectively remove dyes from the water stream. Various
nanofiltration systems (different flow configurations and types of membrane) are
discussed, and the filtration efficiencies are compared. Besides, a simple transport
phenomenon-based model is presented to explain the experimental observations
and the underlying mechanisms.

Keywords Nanofiltration « Membrane separation ¢ Diffusion « Textile effluent o
Cross flow system

Membrane-based separation processes are gradually emerging as technically sig-
nificant and commercially viable process in the treatment of wastewater. The major
applications of the pressure-driven membrane processes — reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF) — include separa-
tion, purification, and fractionation of various process streams (Cheryan 1986).
Nanofiltration is somewhere between reverse osmosis and ultrafiltration
(Table 5.1), considering the driving force and the rejection of organic components
in aqueous solutions (Rautenbach et al. 1996).

The less energy consumption in NF (compared to RO) makes its use more
frequent for the treatment of various industrial effluents. The advantages of NF
over other conventional separation processes are (i) generally less energy intensive,
(ii) operable under ambient temperature, (iii) no phase change, and (iv) usually
causes no damage to the species under processing. Considering these advantages,
the process can play a major role in replacing many of the conventional separation
processes. Both NF and RO are widely used in the textile industries. These
processes have the potential to remove the dyestuff and allow the reuse of auxiliary
chemicals for dyeing.

The textile dyeing industry demands large quantities of water, and hence, the
different steps of dyeing processes result in large amounts of wastewater streams.
Membrane filtration is used for recycling processes in textile industry for a long
time. Reverse osmosis was widely used to treat the textile dyehouse effluent
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Table 5.1 Pressure-driven membrane processes

Transmembrane pressure (kPa) Molecular weight cutoff (g/mol)
Ultrafiltration 200-1000 > 1000
Nanofiltration 1000-2000 > 200-1000
Reverse osmosis 20004000 < 200

(El-Nasher 1980; Brandon et al. 1981; Treffry-Goatley et al. 1983; Porter and
Goodman 1984; Buckley et al. 1985).

Brandon et al. (1981) and Porter and Goodman (1984) used dynamically formed
zirconium oxide-polyacrylate membrane in tubular form to treat textile dyehouse
effluent and observed more than 95% of dye recovery. El Nasher (1980) studied
economic feasibility of reverse osmosis to treat dye-containing effluent. Goatley
et al. (1983) designed a pilot plant with two stages consisting of RO membranes.
These RO membranes were applied in desalination of brackish water (first stage)
and seawater (second stage), respectively. The retentate was recycled in the second
stage in order to obtain higher water recoveries. Nowak et al. (1986) studied cross
flow ultrafiltration of an actual textile dye bath in a tubular membrane and reported
up to 97% dye removal (of molecular weight greater than 780). Schrig and Widmer
(1992) performed the nanofiltration of a mixture of dye salt and sodium chloride in
a spiral wound module. Desizing wastewaters from the bleaching and dyeing
industry were treated by NF in the work of Chen et al. (1997). Permeate flux and
COD retention were investigated in relation to transmembrane pressure drop,
temperature, and feed solution concentration. Yazhen et al. (1999) used
nanofiltration for the treatment of textile dye plant effluent. The process was proved
to be potential in treating the synergistic as well as industrial dye solutions. Yu et al.
(2001) applied nanofiltration for the desalting and concentrating the aqueous dye at
a dye-producing plant. The process was continuous and not labor intensive and
produced a high-purity product of consistent quality. Dhale and Mahajani (2000)
reported a combined process of nanofiltration and wet oxidation to treat dye bath
waste stream. About 99% of color rejection was reported in nanofiltration, and the
retentate was treated by wet oxidation process. In the work of Van der Bruggen
et al. (2001), different samples from the wastewater treatment sequence of a textile
factory were filtrated with different nanofiltration membranes. The study showed
nanofiltration to be a realistic method in the textile industry for direct treatment of
dye baths as well as treatment of the activated sludge effluent. In this process, the
flux decline due to adsorption of organic material on the membrane decreased the
membrane capacity by up to 73%. However, the process water flux reached a stable
value in all experiments. In a separate study by Marcucci et al. (2001), the
possibility of reusing the textile wastewater using pilotscale membrane-based
separation processes has been analyzed. The pretreatment step for the nanofiltration
or reverse osmosis process involves a sandbed or microfiltration.

Wide applications of NF in the treatment of textile wastewater were reported in
recent works (Voigt et al. 2001; Frank et al. 2002; Akbari et al. 2002; Koyuncu
2002). Voigt et al. (2001) used new TiO,-NF membranes in order to treat only the
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colored parts of the wastewater and to recycle the hot permeate as process water in
the textile finishing process. The pilot plant was tested with 30 types of different
colored wastewater over a period of 6 weeks to detect optimal parameters for the
filtration with a focus on high flux and low operating costs. In another work, a
two-step NF was applied to remove color for the recycling of an industrial waste-
water (Frank et al. 2002). This process was able to recover 90% of the waste stream
and 99.8% reduction of color content. In the work of Akbari et al. (2002), a
nanofiltration membrane was developed by UV photografting. The grafted mem-
branes were evaluated for the removal of five different dyes with an aim to reuse
water in the process house. Dye retention was higher than 97%. In another study,
nanofiltration was used to recycle the reactive dye bath effluents (Koyuncu 2002).
Three reactive dyes and NaCl were used in the experiments to prepare the synthetic
dye and salt mixtures. Effects of feed concentration, pressure and cross flow
velocity on the permeate flux, and color removal were investigated.

5.1 Theoretical Description of Membrane Filtration
of Dyes

An unsteady state mass transfer model is developed for single component
(Chakraborty et al. 2004a) as well as the two-component (Pastagia et al. 2003a)
system.

5.1.1 Single Component System

In the batch cell, the dye solution is pressurized over the membrane surface to
facilitate the water to pass through the membrane. Considering an overall compo-
nent balance in the cell results,

v% = ()A[Co — Cp] (5.1)

where V is the solution volume, Cy, is the concentration in the batch cell, A is the
surface area of the membrane, Cy is the initial concentration, C,, is the permeate
concentration, and vy, is the permeate flux. The initial condition for Eq. (5.1) att =0
and Cy, = Cy. On nondimensionalization, Eq. (5.1) becomes,

ng<
dr

= Pey(7) 7 {1 —cj] (5.2)

where 7 is the nondimensional time and Pe,, the nondimensional permeate flux. The
dimensionless quantities are defined as,
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Cyo = Cu/Co; T=1tD/R?; Pey(7) = vy(7) RID; C, = Cp/Cy; and y = AR/V. The
nondimensionalized initial condition of Eq. (5.2) is

atr = 0,Cp* = 1 (5.3)

The mass transport through the porous membrane is represented by the Darcy’s
law as,

Vw = Ly(AP — Ar) (5.4)

where Anr = (my — ) (5.5)

For a dilute dye solution, osmotic pressure can be expressed using Van’t Hoff’s
relationship,

7 = (RT/M,)C (5.6)

where R, is the universal gas constant, M,, is the molecular weight, and T is the
temperature in Kelvin. For crystal violet of molecular weight (M) 408 Da, the
osmotic pressure can be expressed as,

7=6072 C=a.C (5.7)

The above value of a is obtained by taking the temperature to be equal to 298 K.

The membrane-solute system is characterized by a parameter real retention (R,),
which is constant for a particular membrane-solute combination (Opong and
Zydney 1991) that is defined as,

Ri=1-Cp/Cn (5.8)

where Cp, and Cy, are the permeate and membrane surface concentration of the
solute, respectively. Using Eq. (5.8), Eq. (5.2) can be expressed in terms of C,,* as,

dc’
dr

=yPey(7)[1 = C}(1 —R))] (5.9)

where C:l is the dimensionless membrane surface concentration (C,,,/Co).
Using Eq. (5.4) and (5.7), the permeate flux can be obtained from Eq. (5.4) in its
nondimensional form as,

Pey(t) = p[1 — aCy] (5.10)

where = L, (AP)R/D and a = aCoR,/AP.

In order to solve Eq. (5.9), the membrane surface concentration (C,,) has to be
estimated. This is done by taking a component balance in the thin concentration
boundary layer above the membrane surface as,
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oc oc_ dC

In the nondimensional form, the above equation can be expressed as,

oc* oc*  9’c*

PR T T (5.12)

where C” is the dimensionless concentration (C/Cy), y* is the dimensionless dis-
tance (y/R) from the membrane surface, and R is the radius of the batch cell. The
initial and boundary conditions for Eq. (5.11) in nondimensional terms are
expressed as,

C*=latr=0 (5.13)

C* = Cyraty™ =6* (5.14)
oc*

o + PeyR.C* =0aty* =0 (5.15)

where & is the dimensionless concentration boundary layer thickness (8/R). It has
to be noted that Eq. (5.12) is coupled with C,* and Pe,, and therefore has to be
solved in conjugation with Egs. (5.2) and (5.10). Considering an integral method of
solution, the following parabolic concentration profile is assumed within the con-
centration boundary layer,

Cc* = v Y 5.16
=a, +a = + a3 5 (5.16)

where a1, a,, and a5 are constants. The above concentration profile must satisfy the
following conditions,

aty* =0, C* = C*1(7) (5.17)
oc

ayt =6%, S5 =0 (5.18)

aty* =6, C* = C*(x) (5.19)

Using conditions in Eq. (5.17), (5.18), and (5.19), the concentration profile in
Eq. (5.16) can be expressed as,

C*=Ck—(Ckt—-Cy) [2 (f;) - <§:)21 (5.20)
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Substituting %)C: in Eq. (5.15), a relationship between 5,C *b, and C*m can
y*=0

be obtained,

2 C 1
*=—"1(1-2t 5.21
ﬁRr< C*)l —aC* (5:21)

Considering a derivative with respect to 7 results into the following equation,

@—fl( )

2 1 2 * *2 _ 5ok CF
where f; = w1 oo (Andfr = = +*0;Cm ZC;,[C,, .
BR: | Ck(1 — aC%) BR, Ci2(1 - aC?)

faC °C*
ay*, 5}2*’

from Eq. (5.20) and are presented,

ocC* dc* 2y* y* ds*  y* y*\ /dC* dCr
- m = 1__ C*_c* -z 2__ m b
o dr |57 ( 5*)( n=Co) dr  &* ( 5*) ( dr dr)

dC;t dcC}:
-+ f(Cn - O (5.22)

The expressions o and % for substitution in Eq. (5.12) are calculated

(5.23)
oc* 2 2y*
T —(Crﬁ—ci)(g—%) (5.24)
2 ~ok
and 2 — (cx— )2, (5.25)

ay*2

Substituting these derivatives in Eq. (5.12) and considering a zeroth moment

integral across the boundary layer thickness (from O to 5" and replacing 4 = by
Eq. (5.22), the following simplified expression is obtained,
ac: C 5* dcy C 25%
M 4+ V.76 M L=
dr 3 3 dt 3 3
(5.26)
2(Cn - Cv)
+ Pey, (C - Cy ) 11157*
. o - _dcy
Equation (5.26) can be simplified by substituting the expression of y from
T

Eq. (5.10) and Pe,, from Eq. (5.10), and an implicit expression describing the
*
m) is obtained.

transient nature of C,* (
T
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5.1.2 Solution Strategy

Equation (5.26) along with Egs. (5.2), (5.10), and (5.21) is solved using fourth-
order Runge-Kutta method. The initial condition for Eq. (5.26) is Cm* =latz=0,
but this condition makes Eq. (5.32) indeterminate. Therefore, an asymptotic solu-
tion of Eq. (5.26) is sought at the limit, 7 —0.

Ast— 0 Cb* —>1 C *—> 1 5* — 0,f1—>f10,f2—>f2 0 and Pew—> Pewo
where f1p = =5 1 —73/20 = 7%, (1 gand Peyo =p(1—a).

Assuming (Cy, —Cb ) = Z, Eq. (5.26) becomes,

dcy 1,z (z+c}) o (dck
dct 202+ CEVR = 22(Z+ CY)R, (U0 ) i — 287 U Ry (45
dr 2f, Z(Ci+2)
% +T Pey, Rr

(5.27)

As 7 — 0, Z — 0, applying L’Hospital’s rule in Eq. (5.27), the following
expression is derived,

dC 2f dCy
acy| R 2R —-(d—:) LR (),
. =l = e
=0 3Pe§v0 + 3Pewo R:
which can be simplified as,

dac* 3 1
‘ m =R -a’QR 1) -1 -a)y  (5.29)

dr | _, 4 2

The solution of the above equation is,
1

c* _1+[ RS (1 —a)Z(ZRr—l)—Eﬂ(l —a)y|t (5.30)

Since Eq. (5.30) is an asymptotic solution of C* in the limit 7—0, a small value
of 7 is selected to evaluate C;%. This selection of 7 in the present case is 10~ It is
observed that using this value of 7, C;': value is close to 1.0. A still smaller value of ¢
brings C; more close to 1.0, but the calculation time in the optimization program
(discussed later) increases considerably. Therefore, the initial value of 7 is chosen
as 107®, and the corresponding value of C* is evaluated from Eq. (5.30). This
served as the initial condition to Eq. (5.27). A large value of 7 and the corresponding
value of C as initial condition result in numerical instability. The numerical
solutions provide the variations of CIT1 and Pe,, with time and, consequently, the
profiles of the permeate concentration, C,, (from Eq. 5.8), and the permeate flux, v,,,
as a function of time. However, the parameters, diffusivity (D) and real retention
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(R,), should be known, a priori. In this work, D and R, values are optimized with
respect to the experimental profiles of v,, and C, for all experiments (single
component crystal violet), using “direct complex search algorithm” (the optimiza-
tion subroutine BCPOL from IMSL Math library of FORTRAN 90). The BCPOL
library routine uses a function comparison to determine the minimum point of the
n variable function. A set of 2n points is introduced in the function, and at every
iteration, a new point is calculated which replaces a bad point x; having the
maximum function value among the 2n points. The new point is computed from
the recursive relation:

xx = c+re(c—x;)

where ¢ = ﬁ > x; and r, (r. > 0) is the reflection coefficient. When xy is a best
i#

point, which means for f (x) [f (x;) for i = 1,. .. ., 2n], an expansion point is
computed x, = ¢ + b(xx—c), where b(b > 1). If the new point is a worst point, then
the complex would be contracted to obtain a better new point. If the contraction step
is unsuccessful, the complex is shrunk by moving the vertices halfway toward the
existing best point. Whenever a new point generated is beyond the bounds, it will be
set on the bound. This procedure is carried out until f{xp.s)- f(X,ors:) 1S less than
some given tolerance.

In the present system of aqueous crystal violet (single component), the opti-
mized value of D obtained is 1.82 x 107'° m?/s and that for R, is 0.99. The value of
D obtained from the Wilke-Chang equation (Treybal 1981) is found to be in the
same order, i.e., 3.72 X 107 m?/s.

5.1.3 Two-Component System

The theoretical model developed for the two-component system of the reactive dyes
is the extension of the single component model described in the earlier section.
Henceforth, Cibacron Black B (molecular weight 924.5 Da) is referred as compo-
nent 1, and Cibacron Red RB (molecular weight 855.5 Da) is referred as component
2. The material balance for component 1 in the unstirred cell is written as,

dCy
V
dt

= Vw(t) A [Co] — Cpl] (531)

where A is the surface area of the membrane. The initial condition of Eq. (5.31) is
Cp1 = Cop at t = 0. Similarly, the material balance for component 2 in the cell leads
to,
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dc
VTM = VW(I) A [C()z — sz] (532)

Subject to the initial condition, Cy,, — Cqp att = 0, Eq. (5.31) is nondimensionalized
as,

*
‘%’1 - Pew(f)y[l - c;‘l} (5.33)
and the dimensionless form of the initial condition is at 7 = 0 and C;; = 1.0, where
C {f ; = Cp1/Cpy and 7 = tDo/R?. Dy is a reference diffusivity, which is used to define
dimensionless time irrespective of D; and D, (diffusivity of component 1 and
2, respectively). The value of Dy selected for the present system is 2.5 x 10" m?/s,
Pe,, = voRIDy, C;‘l = Cp,1/Coy, and y = AR/V. Similarly, the nondimensional form of
Eq. (5.32) is,

dCy, _
dr

Pe,(7) 7 [1 - c;,g} (5.34)

where Cyf; = Cpy/Cop and C;‘z = Cp2/Copo. The dimensionless initial condition is at
7=0and C}}, = 1. For a multicomponent dilute solution, Darcy’s equation (Eq. 5.4)
can be rewritten as,

v =L, (AP - ZAn:,) (5.35)
i=1

where n is number of components and ZAm =Am +Amy +Ans+ oo
i=1

+ Az, For a dilute solution, the osmotic pressure can be estimated using Van’t Hoff’s

equation (Egs. 5.6 and 5.7). Using Egs. (5.7) and (5.8), the following expression for the

mixture osmotic pressure can be obtained:

i=n

ZAH[ =Am +Am, = ay (le — Cpl) +ap (Cm2 - sz)
i=1

= a1Co1Ct Ry + a2CnCrls R (5.36)

Using Eq. (5.36) for component 1, Eq. (5.33) can be written as,
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dCy, "
il yPey(t)[1 — Ck (1 —Ryy)] (5.37)

*

dc
Similarly for component 2, d:z =yPey(7)[1 = C}y(1 — Rp)] (5.38)

Using Egs. (5.8) and (5.36), Eq. (5.35) can be written in terms of nondimensional
membrane surface concentrations,

Pey(7) = p|1 — aiCly — aaCrly | (5.39)
where f = L,(AP)R/Dy, ay = a,Co R,1//AP, and a, = a,CooR,»/AP. The material

balance for component 1 in the thin concentration boundary layer near the mem-
brane surface is given

oC, oc, e

by — — vy — = D| —— 5.40
Yo Ty =P oy (340)
In the nondimensional form, the above equation can be expressed as,
ocy ocr D, o°CY
€l pe, 261 D1 OC (5.41)
ot oy*  Dg 0y*2
Equation (5.40) has the following initial and boundary conditions:
Ci=Cypatr=0 (542)
At the edge of the boundary layer, C; = Cyp; aty = & (5.43)

At the membrane surface, the net convective flux is equal to the net diffusive
flux, which leads to the interface boundary condition as,

o,

vw(cl—cp1)+Dla—y 0 at y=0 (5.44)

Equations (5.42-5.44) can be nondimensionalized as,

Ci*=latr=0 (5.45)
Cl* :Cbl*aty* :51* (546)

D, OC}
17(‘) ai; +PeyRoCF =0 ar y* =0 (5.47)

Similarly the Eqgs. (5.40), (5.41), (5.42), (5.43), (5.44), (5.45), (5.46), and (5.47)
are developed for component 2. Considering an integral method of approach, the
concentration profile for component 1 and component 2 is evaluated as described by
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Egs. (5.16), (5.17), (5.18), (5.19), and (5.20). Now, substituting aacy‘: from the

parabolic concentration profile in Eq. (5.47), a relationship between & 1*, C *;,1, and C
*ml is obtained,

2\ (D Cc 1
5 * = — (1 -=2 5.48
=) ) () (e ) o

2 D C* 1
Similarly, for component2, &* = 2 (1- 22 = =
ﬁRrZ DO C 1-— aIle — a2Cm2

(5.49)
Derivative of Eq. (5.48) with respect to 7 can be expressed as,
d(S* dcy: ac’ ac’
7fla( b Con) 25+ F2a(Cinis Conas € )2 + 3 (Con s Gz G ) =22
dr dr dt
(5.50)
where

fo=() (o) (e
B R/ \Do 011C::11 — wCry)
fo = ( ) ( 1) Chia (Chy — CE)) 4+ C (1 — o Cfy — anCYy)
“ 7 \BRu C:;%(1 —aCEy — anCy)’

; _( 2 )(D)( o0 (Ch = Ch) )
o Dy
t \BRa ) \Do) \C¥2 (1 — ay C%, — anCE,)?

Similarly, the derivative of the Eq. (5.49) with respect to 7 can be expressed,
after algebraic simplification,

dC dc* dC*
= f1a(Con1>Coa) dbz +£5(Conis Conas Cr) dml +f6(Conts Conzs Coa)—2 e

(5.51)
2 D, 1
h b = - an D ;
where, f4, (ﬂRQ) (Do) <C:ﬂ(1 —aCr — 612C:12)>
/5= Q'z ><D2>< e )
5= Da 2)
R ) \Do C:rklz(l — (xlcgkﬂ — OIZC;Z)

fo = < 2 ) <lﬁ> Cro122(Crp = i) + Cip (1 = ai Oy — auCry)
PR ) \Dg (1= CEy — axCE,)’

d&z
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From Eq. (5.20), the derivative of C*| with respect to 7 and y" is inserted in
Eq. (5.41) (and also taking help of Eqs. 5.48 and 5.50) and integrated across the
boundary layer thickness &, The simplified equation is,

dC::l 7f8f9 7f3a 10

= 5.52
dr fafo —F3df's ( )
Subject to the initial condition, atz = 0, C*ml =1.0.
Similarly the governing equation for C",,,, is obtained,
dCIT]Z :f7f10 _fifs (553)
dr fafo = Fsd's
Subject to the initial condition, at z = 0, C 2 = 1.0.
The functions in the right-hand side of Egs. (5.52) and (5.53) are,
2 D
= — | = 5.54
fr=tut (recrr) (o) (5.54)
3PeyCk R dcy, 1 Dy (dCy,
— m — 3Pey, — f. — — == 5.55
Js="cx _c* v —fagy (Pewc;;erJ <D0) ( ) 3
. . 2 D,
= — | = 5.56
fo=tot (o) (B2) (5.56)

3Pey,C¥ R dcy, 4 Dy (dC,
= rm?  3pe, — - =2 5.57
Tro ck, —Cp o Sy Pe,C*,Rn ) \Do) \ dz (5:57)

5.1.4 Solution Strategy

Equations (5.52), (5.53), (5.37), and (5.38) along with Egs. (5.48) and (5.49) are
solved simultaneously using IVPRK (FORTRAN 90, IMSL Math library) routine.
The result gives C*pl, C*pz, and Pe,, (consequently Cp;, Cp, and vy,) as a function of
time simultaneously, provided the parameters like diffusivities (D; and D,) and real
retentions (R;; and R,,) are known, a priori. It can be seen from Egs. (5.55) and
(5.57) that fg and f;( are indeterminate because C *ml, C *bl, C *mz, and C *bz tend to
be 1.0 as 7z approaches zero. So an asymptotic solution is found to initiate the
integration. The asymptotic solutions of Eqs (5.52) and (5.53) can be computed as
follows: assuming CX, — C¥ = Z; and C¥, — C, = Z5, as © — 0, each of C,,,;,
sz*, C,,l*, Cbz*—> 1.0, and Z;, Z,— 0. Now applying L’Hospital’s rule to
Eq. (5.52),
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‘dCffll

_dfsfo = faaf 10l
I 0 (5.58)

7—0 B dlf7f9 _f33f5|-:—»()

Differentiating the numerator of the right-hand side of Eq. (5.58) with respect to
Z; and Z, and taking the limiting value (at ¢ — 0), the following expression is
obtained:

Pii = [3POfOR — 3PS — O fO(Pely) — Yo ) (D1 (Pdy) |+
1 6ftrl 6 1a) 6\l €Y PeOR,l D w!

6R:1 (D2 6 (D2 219 (D2\ . o Dlz)2
o — o op \ D ) (Pewr) = ewr)
Ro \Do) Rua\Dy Pe R \Do Pe erRrZ

(5.59)

Similarly, differentiating the denominator of the right-hand side of Eq. (5.58)
with respect to Z; and Z, and taking the limiting value (at ¢ — 0), the following
expression is obtained:

N 20 /D, 20 (Dz) 4 <Dlpz)

0 0 6

_ N N " 5.60
22 f23f6 Oer ( > PeY er Pe erer Dg ( )

where Pe,, f1.0, fou's 20, and £ are the value of Pey, fia, f>as f4, and f, respectively,
at 7 — 0, ie., Z; and Z,— 0.

=Bl — a1 — )] (5.61)

0) (ﬁ (5.62)

(%) (ﬁ (5.63)

(179 (ﬁ) (5.64)
J(=a=a)

(5.65)

Hence, Eq. (5.58) can be expressed as,

:Pn

= 5.66
P (5.66)

acy,
dr

7—0

The solution of the Eq. (5.66) after rearrangement is expressed as follows:

Ccr =1+ (‘J{l>r (5.67)
12
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4D 6D
0 0 0 £0 0,70 0 1 2
where f, = 3Pe Rufg — 3Peyf¢ — Peyyfe x |:fla +D0P€&Rr1] DoRn (R —1)—
2Dy {fo L 4D ] and £, = 200 ¢ 2Df9, 2D, f? 4DiD;
DoR2 [ ' DoPe" Ry 270" DoPelRy - DoPe)Ri  D2Pe® RiiRy

The asymptotic solution of Eq. (5.53) can be found in the similar way like that of
Eq. (5.58). Applying L’Hospital’s rule to Eq. (5.53),

_ dV7f1o _f5f8|rH0
7—0 dlf7f9 _f3af5|1~>0

(5.68)

act,
dr

The solution of Eq. (5.68) after simplification is represented as,

Cr=1+ Qﬁ)r (5.69)
14

4D, 6D,
DoPedRy]  DoR:

where f15 = 3Ped Roof 5 — 3P f9 — Pl yfY x [fﬂj +

ZDIQ/ 0 4D2
DoRyy [ * " DoPe’ Ry
optimized using the same optimization technique discussed in the numerical solu-
tion of the single component system (using an optimization subroutine BCPOL/
DBCPOL from IMSL Math library of FORTRAN 90) overall experimental condi-
tions. Here the experimental flux (vy) and the permeate concentration profiles of
component 1 and 2 (Cp,; and Cp) are matched with the profiles estimated from the
model, in order to estimate the parameter values.

The values of the diffusivities of reactive black dye and reactive red dye
(presented in Table 5.2) are in the same order of magnitude as found from the
Wilke-Chang equation (Treybal 1981). 95% confidence interval for each regressed
parameter is also evaluated which gives a range of values that has a specified
probability of containing the parameters being estimated (Constantinides and
Mostoufi 1999). The optimized values of the parameters and their confidence
intervals are presented in Table 5.2.

(R,-2 - 1)_

} and f14 =f1». The parameters D1, D, R,1, and R, values are

5.1.5 Cross Flow System

In the cross flow system, where the steady state is attained quickly (within a few
minutes from start-up), stagnant film theory is used to explain the data. At steady
state, the expression for estimation of the permeate flux based on film theory
equation is given by,
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Table 5.2 Model parameter  pyrameter Parameter value with 95% confidence interval
;/;lltl:;for the two-component R, (0.9982 + 0.00003)
R, (0.9988 + 0.00002)
D, (m?*/s) (4.8788 + 0.4784) x 107"°
D, (m*/s) (6.2835 + 0.5692) x 10~ '°
. =G
v =kin |2 e (5.70)

where the superscript “s” indicates the steady-state values of various quantities and
k is the mass transfer coefficient. The permeate (C,) and membrane surface
concentration (C,,) are related by the definition of the real retention (Eq. 5.8). For
the case of laminar flow regime, the mass transfer coefficient is calculated from the
Leveque relationship defined by,

N
Sh=1.86 (ReScf) (5.71)

where Re = ”"#de and Sc = p"—D; up is the cross-sectional average velocity in the
channel; and p, u,D are the solution density, viscosity, and the solute diffusivity,
h I;and p,pu,D the solution density ty, and the solute diffi ty

respectively.

5.2 Experiments in Unstirred Batch Cell

5.2.1 Single Component System

Figure 5.1 shows the variation of permeate flux with time for different feed
concentrations of crystal violet at different pressures. It is evident from the figure
that the permeate flux decreases with time of operation. This is due to the concen-
tration polarization phenomenon. During the experimental run, the membrane
surface concentration increases. This leads to an increase in the osmotic pressure
near the membrane-solution interface and, thereby, a decrease in the available
driving force (i.e., transmembrane pressure) resulting in a reduction in permeate
flux. It may be observed from the figure that the decline in flux at the end of the
operation is about 15% from its initial value for the feed concentration of 19.87 mg/l
and 550 kPa pressure. At higher feed concentration, the solute buildup on the
membrane surface is more, resulting in larger reduction in the permeate flux. On
the other hand, for a fixed feed concentration of 19.87 mg/l, the increase in flux with
operating pressures 415, 550 and 690 kPa is evident in the figure. It can also be
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Fig. 5.1 Variation of
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observed that at a fixed pressure (550 kPa), permeate flux decreases with the feed
concentration (hollow circle, square, and the cross symbols).

Figure 5.2 shows the variation in the observed retention (Ry = 1-C,/Cy) of
crystal violet with pressure difference at a fixed feed concentration. It may be
observed from the figure that at higher pressure, the permeate concentration
increases leading to a decline in observed retention. At higher pressures, membrane
surface concentration increases, thereby increasing the convection of the solute
through the membrane. Thus, permeate concentration increases resulting in a
reduction in observed retention. It may be noted that for a feed concentration of
17.6 mg/l, retention is about 67% for crystal violet at 415 kPa pressure at the end of
operation. As pressure increases to 690 kPa, retention decreases to about 35%
(at the end of the run). Therefore, a lower operating pressure results in a higher
retention of crystal violet but at the cost of the flux.

Figure 5.3 shows the variation of observed retention of methylene blue with time
at different feed concentrations at an operating pressure of 415 kPa. It is clear that
the retention of methylene blue decreases with time for a fixed pressure and
concentration. The retention is more for lower feed concentration. This trend is
similar to the experimental results with crystal violet. Interestingly, it may be
observed that at the end of operation, methylene blue retention [(1-C,, / Cy)] is
20% (for 14.31 mg/l feed concentration) and 15% (for 23.5 mg/l), whereas for
crystal violet, the maximum observed retention (for Co = 17.6 mg/1) is about 67% at
the same pressure of 415 kPa (Fig. 5.2). Therefore, the present membrane retains
more crystal violet compared to methylene blue.

As discussed in the theory section, the model equations (Eqs. 5.2, 5.10, 5.21, and
5.26) are solved to determine the model parameters, namely, D and R,, by optimiz-
ing the experimental permeate flux and concentration profiles. These values of the
parameters are then used to estimate the values of the permeate flux and concen-
tration at different operating conditions.
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Figure 5.4 shows the variations of permeate concentration of crystal violet with
time at different feed concentrations for a transmembrane pressure of 690 kPa. The
symbols are the experimental data, and the continuous lines are the model estima-
tions. It is observed from the figure that initially the permeate concentration
increases rapidly and gradually thereafter, for a fixed feed concentration. Concen-
tration polarization leads to a buildup of the solute particles over the membrane
surface, enhancing the solute permeation by convection through the membrane.
Therefore, initially the permeate concentration increases rapidly. During extended
operations, the flux due to backward diffusion from the membrane surface toward
the bulk solution becomes competitive with the convective flux through the mem-
brane, and an increase in permeate concentration becomes gradual. It may also be
observed from the figure that the permeate concentration is higher for higher feed
concentrations. At higher feed concentrations, the concentration polarization is
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more severe leading to an enhanced convective flux through the membrane, and
hence, permeate concentration increases.

Figure 5.5 shows the variation of permeate concentration of crystal violet with
pressure difference at a fixed feed concentration. The symbols are the experimental
data, and the continuous lines are the model estimations. It may be observed from
the figure that with increase in operating pressure difference for a fixed feed
concentration, the permeate concentration increases at any point of time of opera-
tion. Increase in the operating pressure leads to more severe polarization, and
membrane surface concentration increases. Increased pressure also facilitates the
convective flux through the membrane due to availability of enhanced driving
force. As a result, the permeate concentration increases with pressure.

Figure 5.6 presents the profile of membrane surface concentration (C,,) in the
batch cell for different feed concentrations at a fixed pressure. As observed from the
figure, the membrane surface concentration increases with feed concentration at a
particular time. The concentration polarization increases with feed concentration,
resulting in higher osmotic pressure and, thereby, increasing the value of C,,. It is
also evident from the figure that for a fixed feed concentration, C,, increases steeply
with time and gradually thereafter. This is because of the fact that as C,, increases,
the back diffusion from the membrane surface also increases (due to the increase in
concentration gradient) and the difference between convective flux away from the
membrane (to permeate) and diffusive flux from the membrane surface to the bulk
of the solution decreases. Therefore, increase in C,, with time becomes gradual.

The concentration boundary layer profile for different feed concentrations is
shown in Fig. 5.7. For a fixed feed concentration, boundary layer thickness
increases steeply with time initially and gradually thereafter. Also, for higher
feed concentrations, concentration boundary layer thickness is more at a fixed
time. These trends are explained by the concentration polarization phenomenon
as discussed in the preceding paragraph.
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The variation of permeate flux with time for different feed concentrations of
crystal violet at a transmembrane pressure of 690 kPa is presented in Fig. 5.8. The
symbols are the experimental data, and the continuous lines are the model estima-
tions. It is evident from the figure that the permeate flux decreases with time of
operation. As explained earlier, during the experimental run, the membrane surface
concentration goes on increasing due to the concentration polarization phenome-
non. This leads to an increase in osmotic pressure near the membrane-solution
interface and, thereby, decreases in the available driving force (i.e., the transmem-
brane pressure). This leads to a decline in flux. It may be observed from the figure
that decline in flux at the end of the operation is about 15% from its initial value for
the feed concentration 17.66 mg/l.

Experiments were also carried out at 276, 415, 550, and 690 kPa, and the curves
obtained in each case show the same trend. From Fig. 5.8, it may also be observed



172 5 Nanofiltration of Dyes

Fig. 5.7 Development of 1.2,
nondimensional |
concentration boundary 1.1 3

layer with time at a fixed
pressure in the batch cell
(Reproduced from
Chakraborty et al. (2004)
with permission from

5*x 10°

Elsevier)
08 AP = 690 kPa
’ L 1:Co=6.44 mg/l
07l 2: Cy = 11.48 mg/l

3: Cp=17.66 mg/l

600 1200 1800 2400 3000 3600

Time (s)

Fig. 5.8 Comparison
between the experimental
and estimated permeate flux
profiles in the batch cell at a
fixed pressure (Reproduced
from Chakraborty et al.
(2004) with permission
from Elsevier)

Permeate flux (L/m2.h)

AP =690 kPa
36 1 oredicti
Muodel prediction
3 ?\'}-‘mhlil\':] xperimental data
2 O Cy6.44 mgl
28 4 C=l1.48 mgll
B O CGl17.66 mgl
24

0 600 1200 1800 2400 3000
Time (s)

that flux decline is severe for higher feed concentrations due to the increased effect
of concentration polarization.

The variation of permeate flux values of crystal violet with transmembrane
pressure at a fixed feed concentration (17.66 mg/l) is presented in Fig. 5.9. The
symbols are for the experimental data, and the continuous lines are the model
predictions. It is clear from the figure that the flux is higher for higher operating
pressure. With increase in operating pressure (at a fixed feed concentration), the
driving force across the membrane increases leading to an enhancement of perme-
ate flux.
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Fig. 5.9 Comparison 63LC
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different operating
pressures (Reproduced from
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5.2.2 Two-Component System

The selective permeation rate of crystal violet and methylene blue through the
membrane, as discussed earlier, necessitates the study of the fractionation of the dye
mixture (Chakraborty et al. 2003c). The concentration level achieved after the
fractionation in nanofiltration process is indeed very low, and an economic recovery
for reuse may not be possible for the dyes selected herein. But the study is general in
nature, and the fractionation concept probed herein ensures its applicability for a
variety of operational setups involving costly dyes for which the economics of the
reuse may be favorable.

The effect of pressure on dye fractionation in terms of observed retention is
shown in Fig. 5.10, with feed concentration 10 mg/l each. At 415 kPa, average
retention for methylene blue is 30% and that of crystal violet is 53%. At 276 kPa
pressure, R, for crystal violet is 60% and that of methylene blue is 40%. These
observations corroborate the fact that the observed retention of a species decreases
with increase in pressure. It is apparent that the permeate stream is richer (compared
to feed) in methylene blue.

The comparison between the experimental flux profiles at 415 kPa of single
component and the mixture at the same overall feed concentration level is presented
in Fig. 5.11. It is clear from the figure that in between two single component
systems, the permeate flux for methylene blue is higher than that for crystal violet.
The mixture of crystal violet and methylene blue (10 mg/1 each) is also presented in
the figure. The flux profile for the mixture lies in between the flux profiles of
methylene blue and crystal violet. Since methylene blue has a molecular weight
(373 Da) lower than the MWCO of the present membrane (400 Da), the flux value
for methylene blue is expectedly higher than that for crystal violet (molecular
weight: 408 Da).
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Fig. 5.10 Variation of
observed retention of
crystal violet and methylene
blue with time from a
mixture of 10 mg/l each in
the batch cell (solid lines are
guides for the reader’s eyes)
(Reproduced from
Chakraborty et al. (2003)
with permission from
Taylor & Francis Ltd)
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It is observed during the experiments that the steady state in the cross flow
(CF) system is attained within a few minutes from the start of the operation.
Therefore, the steady-state values of the permeate flux and concentration are
reported for the cross flow nanofiltration experiments. The effect of various oper-
ating conditions, viz., the applied pressure differences, feed concentrations, and the
cross flow velocities, was observed on the permeate flux and the observed retention
of crystal violet and methylene blue. The variations of observed retention of crystal
violet with operating pressure at different cross flow velocities are presented in
Fig. 5.12. It may be observed that the observed retention increases with cross flow
velocities due to minimization of concentration polarization. Interestingly, it may
be noted that even for Cy = 20 mg/l, the observed retention for crystal violet was
more than 90% for all operating pressures and cross flow velocities which is a
marked improvement over the batch cell experiments (Fig. 5.2).

The variations of permeate flux of crystal violet with operating pressure for
different combinations of feed concentration and cross flow velocities are presented
in Fig. 5.13. As expected, the permeate flux increases with pressure for any
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combination of feed concentration and cross flow velocity. Also, the permeate flux
follows the expected trends with feed concentration at a fixed operating pressure,
i.e., flux decreases with feed concentration. At a fixed feed concentration, flux
increases with cross flow velocity due to reduction in concentration polarization.
However, the difference is marginal as observed from the figure because the surface
concentration on the membrane cannot rise to a high value, due to the effect of the
cross flow on the membrane surface.

The film theory is used to explain the results of cross flow nanofiltration
experiments. The parameters D and R, obtained from the profile optimization of
the batch cell data (D = 1.82 x 107'" m?/s; R, = 0.99) are used initially for the
prediction of the permeate flux and permeate concentration in the cross flow
nanofiltration. Figures 5.14 and 5.15 show the comparison between the experimen-
tal and the predicted values of the permeate flux and permeate concentration,
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Fig. 5.14 Prediction of the
steady-state permeate flux
in CF NF from film theory
using D and R, obtained
from the batch cell results
(Reproduced from
Chakraborty et al. (2004)
with permission from
Elsevier)
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respectively, at different conditions of feed concentrations and cross flow veloci-
ties. From the figures, it is observed that the predicted flux values are within £15%
to the experimental results, whereas most of the permeate concentrations lie beyond
+15%.

In an alternative approach, the current set of cross flow data is used to obtain
values of D and R,, in situ, specifically for the cross flow runs. In this method,
Egs. (3.102) and (3.11) are solved, and the parameters (D and R,) are estimated by
optimizing the experimental values of the flux and permeate concentration of the
cross flow system only (using the same optimizer BCPOL of IMSL library). The
optimized value of D obtained is 8.51 x 101 mz/s, and R, is 0.96, and interest-
ingly the value of diffusivity is in the same order of magnitude with the result
obtained from the batch cell data and that estimated from the Wilke-Chang equa-
tion. Using these D and R,, the permeate flux and concentration values are measured
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Fig. 5.16 Prediction of the
steady-state permeate flux
in CF NF from film theory
using D and R, obtained
from the optimization of CF
experimental data
(Reproduced from
Chakraborty et al. (2004)
with permission from
Elsevier)
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using the film theory. The results are shown in Figs. 5.16 and 5.17. From Fig. 5.16,
it can be observed that the predicted permeate fluxes are still well within the +15%
limit. From Fig. 5.17, it can be observed that most of the permeate concentrations
(apart from three experimental data) lie within +15%. The changes in the permeate
flux values are marginal using the new D and R, (see Figs. 5.16 and 5.17). But it is
observed from Fig. 5.17 that there is a marked improvement in the prediction of
permeate concentration, compared to that in Fig. 3.18. Since the same membrane
and solute-solvent system are used in both the batch and cross flow experiments,
D and R, obtained from both the systems should be close. The prediction of the
permeate flux is equally good in both the set of these parameters (Figs. 5.14 and
5.16). This indicates that the membrane surface concentration is close enough in
both cases. Therefore, the deviation for the prediction of permeate concentration is
due to the value of R, (refer Eq.3.9). The R, value obtained is 0.96 using cross flow
data, and it is 0.99 using batch cell data. Because of this difference, the predictions
for the permeate concentration presented in Fig. 5.15 have more deviation from the
experimental data. Since, the optimized values of the parameters, namely, D and R,
are obtained using the experimental flux and permeate concentration data, mea-
surement inaccuracies will certainly affect their estimations. Therefore, the devia-
tions in Fig. 5.15 may be due to the inaccuracies in the measurement of the
permeate concentration values at around 1 mg/l level. An instrumental error of
about 7% (average) is observed during the measurement of concentrations of 1 mg/l
level, shown in Table 3.2.

Figure 5.18 represents the variation of selectivity of methylene blue (between
the two dyes) with cross flow velocity at two different operating pressure levels,

o /<‘o
namely, 276 and 415 kPa. The selectivity (S) is defined as S = M

(/o] ot i

0 lerystal violet

The figure reveals two trends. First, the selectivity of methylene blue increases
with cross flow velocity at any pressure, and second, for a fixed cross flow velocity,
selectivity increases with the operating pressure difference. The first trend can be
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explained by the fact that the membrane surface concentration decreases with cross
flow velocity, and therefore, more of methylene blue permeates through the mem-
brane, whereas the crystal violet is retained by the membrane due to size exclusion
(crystal violet has molecular weight 408, whereas the membrane is a sharp
400 molecular weight cutoff). Thus, it can be said that the effect of increase in
the cross flow velocity will be more on the permeate concentration of methylene
blue compared to that of crystal violet. This would result in a relative increase of the
permeation of methylene blue resulting in an increase in its selectivity. Similarly
increase in pressure at a fixed cross flow velocity results in relative increase in the
permeation of methylene blue compared to crystal violet and a subsequent increase
in selectivity results. The selectivity can be as high as 6.0 for AP = 415 kPa, for a
cross flow velocity of 42 cm/s. Therefore, with a suitable selection of membrane,
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operating pressure and cross flow velocity, fractionation of a specific dye from a
dye mixture would be possible and may be used in practice.

The variation of permeate flux with pressure for a 50:50 mixture (16 mg/l each)
at cross flow velocity of 14 cm/s is presented in Fig. 5.19. The effect of the cross
flow velocity at a particular pressure of 276 kPa is presented in the figure. The figure
indicates an increase in permeate flux with pressure as expected. It may be noted
that the permeate flux increases with cross flow velocity due to reduction in
concentration polarization. But the increase in flux values with cross flow velocity
is not much, as the osmotic pressure of the present dye solution is not significant.

5.3 Nanofiltration of the Textile Effluent

Nanofiltration study is performed with the textile effluent containing the mixture of
the reactive dyes (Chakraborty et al. 2003a). The concentrations of the dyes in the
effluent are brought to a lower range prior to the NF study. In this study, the reactive
black dye (Cibacron black B) is denoted by 1, and the reactive red dye (Cibacron
red RB) is denoted by 2.

Figures 5.20 and 5.21 represent the variation of observed retention (Ry = 1-C,/
Cy) with time of dye 1 and 2, respectively, at different conditions of feed concen-
tration and operating pressures. For dye 1 the expression for the observed retention
is Rg,; = 1—C,,1/Cy,; and that for dye 2 is Ry, = 1—C,»/Cy. It is observed from
the figures that for a fixed feed concentration, initially retention decreases sharply
which becomes gradual during extended operation. This can be explained by the
phenomena of concentration polarization which is discussed earlier in the predic-
tion of permeate concentration profile of single component crystal violet.

It must be pointed out here that in the case of a batch cell, the membrane surface
concentration will keep on increasing. Thus, a steady state, as far as the permeate
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concentrations are concerned, will never be attained. It may also be observed from
the figure that at same feed concentration (25:15 mg/l), R, is lower for higher
operating pressure (square and triangle symbols in the figure). At higher operating
pressure, permeate concentration is more due to an enhanced convective flux
through the membrane (because of higher driving force), and permeate concentra-
tion increases with a decrease in Ry,.

At a fixed applied pressure difference, permeate concentration increases with
increasing feed concentrations (Cyp). For example, at a pressure of 276 kPa, the
permeate concentrations of dye 1 after a time of 1200 sec. are 2.30 mg/l and
1.50 mg/l, respectively, for feed concentrations of 25:15 mg/l and 13:7 mg/l,
respectively. But the change in retention values with feed concentrations is not
apparent here (R ; is 0.907 and 0.873, respectively). As (Ry = 1-C,/Cy), hence, the
effect of feed concentration (Cy) is normalized, therefore, in spite of a higher
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permeate concentration, retention value is sometimes higher for the higher feed
concentration compared to the lower feed concentration.

Figure 5.22 shows the COD removal (%) with time for the same conditions of
feed concentration and operating pressures as in Figs. 3.23 and 3.24. As COD is
directly proportional to the concentration, the profile of the removal of COD shows
the same trend as in Figs. 5.20 and 5.21. It is observed from the figure that at a feed
concentration of 25:15 mg/l and operating pressure of 276 kPa, the maximum
removal of COD can be up to 90% after a time of 1230 s from the starting of the
experiment.

Figure 5.23 shows the variation of flux with time for the same conditions of feed
concentrations and operating pressures as in Figs. 5.20 and 5.21. It is observed from
the figure that the permeate flux decreases with time of operation. At 276 kPa, the
permeate flux for a 25:15 mg/l feed concentrations is about 3.97 x 10~° m*/m?.s
after 5 min of operation. The flux value decreases to about 3.86 x 10~° m*/m’.s
after 55 min of operation. As the operating feed concentrations are of low range, the
decrease in the permeate flux values is not substantial, and the curves appear almost
flat. From the figure, it is observed that permeate flux is higher for higher operating
pressure (due to the enhancement in the driving force) if feed concentration remains
same. With increase in feed concentration, permeate flux decreases, which is the
expected trend.

5.3.1 Estimations from Model for Two-Component System

Using the values of the four parameters presented in Table 5.2, the governing
equations (Egs. (3.45), (3.46), (3.74), (3.75), (3.84), and (3.85)) are solved as
described in the theory section, and the system performance is simulated. Fig-
ures 5.24 and 5.25 show plots of permeate concentration of dye 1 and dye 2 with
respect to time at operating pressure of 276 kPa and 550 kPa, respectively. The
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symbols represent the experimental data, and the continuous lines are the model
predictions. It is clear that as feed concentration increases, permeate concentration
also increases. At higher feed concentrations, the concentration polarization is more
severe leading to an enhanced convective flux through the membrane and the
permeate concentration increases.

Figure 5.26 shows the effect of concentration ratio of dye 1 and 2 in feed on the
permeate concentration at constant pressure of 415 kPa. From the figure, it can be
observed that the permeate concentration increases with time. This is due to the
concentration polarization as explained earlier. With increase in feed concentration
of one of the components, the permeate concentration of that component also
increases. For example, in curves 2 and 4, the feed concentration of component
2 increases from 10 to 15 mg/l. This leads to an increase in osmotic pressure at the
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membrane-solution interface leading to an enhancement of concentration polariza-
tion. Therefore, membrane surface concentration of this component increases
leading to an increase in convective flux of this component through the membrane.
Therefore, permeate concentration of component 2 increases as shown by curves
2 and 4 as the feed concentration of component 2 increases from 10 to 15 mg/l.
Since feed concentration of component 1 is kept constant in these two cases,
permeate concentration profiles of component 1 are almost overlapping as shown
in curve 1 and 3. In curves 3 and 5, feed concentration of component 1 is increased
from 10 to 20 mg/1, keeping the concentration of component 2 at the same level of
15 mg/l. This results in corresponding increase in permeate concentration of
component 1 as evident from the curves 3 and 5.

Figure 5.27 shows the permeate concentration profiles of dye 1 and 2 estimated
from the model, at various operating pressures keeping the initial feed concentra-
tion ratio constant (10:10 (mg/1)). It is clear from the figure that for a fixed operating
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pressure, permeate concentration of component 1 is more than that of component
2. This is due to the fact that component 2 has a higher real retention compared to
that of component 1.

For a fixed pressure, permeate concentration increases with time because as the
time of filtration increases, the concentration polarization becomes severe (as the
membrane surface concentration increases with time as shown in Fig. 5.28). This
leads to an enhancement of convective flux through the membrane, and conse-
quently permeate concentration increases. Figure 5.28 represents the effect of the
operating pressure on the membrane surface concentration profiles of dye 1 and
2, estimated from the model. It can be observed from the figure that membrane
surface concentration increases with time for a fixed feed concentration and oper-
ating pressure. This is due to the more accumulation of solute particles over the
membrane surface with time, which in turn increases the concentration polarization.

Figure 5.29 shows the effect of concentration ratio of dye 1 and dye 2 in the feed
on the membrane surface concentrations at constant pressure of 415 kPa. This figure
shows that the membrane surface concentration increases with time due to concen-
tration polarization as described earlier. With increase in feed concentration of one
of the components, the membrane surface concentration of that component
increases. For example, in curves 2 and 4, the feed concentration of component
2 increases from 10 to 15 mg/l. This leads to an increase in osmotic pressure at the
membrane-solution interface leading to enhanced concentration polarization.
Therefore, membrane surface concentration of component 2 increases as shown
by curves 2 and 4. Since feed concentration of component 1 is kept constant in these
two cases, membrane surface concentration of component 1 is almost invariant as
shown in curves 1 and 3. In curves 3 and 5, feed concentration of component 1 is
increased from 10 to 20 mg/1, keeping the concentration of component 2 at the same
level of 15 mg/l. This results in corresponding increase in membrane surface
concentration of component 1 as evident from curves 3 and 5.
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Figures 5.30 and 5.31 shows the variation of permeate flux with pressure
difference for the same feed concentration as in Figs. 5.24 and 5.25. The symbols
represent the experimental data, and the continuous lines are the model estimations.
It is clear from the figure that the flux is higher for higher operating pressure
because of an increased driving force (at a fixed feed concentration).

Figure 5.32 presents the permeate flux profile estimated from the model, for a
fixed concentration level at different operating pressure differences. This figure
reveals two trends. First, the flux profiles are higher in values for higher operating
pressures. At higher operating pressure, the driving force across the membrane for
solvent transport increases resulting in higher flux values. Second, for same pres-
sure difference, flux decreases marginally with time of operation. As time of
operation progresses, the membrane surface concentration also increases
(as shown in Fig. 5.28) due to concentration polarization. This leads to an increase
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in osmotic pressure and slight decrease in available driving force across the
membrane. Therefore, the permeate flux declines (although marginally) with time
of operation.

Figure 5.33 shows the effect of feed concentration on permeate flux. As the total
feed concentration increases, there is a decrease in permeate flux. This is due to the
fact that as total feed concentration of solutes increases, there is increase in
membrane surface concentrations (C,,; and C,,») which in turn increases the total
solution osmotic pressure, resulting in a decrease in the available driving force and
subsequently the permeate flux.

The variations of observed retention (R,) of both dyes, COD removal, and
permeate flux are observed at various conditions of operating pressure and cross
flow velocities. Figures 5.34 and 5.35 represent the variation of observed retention
of the two dyes with pressure difference for two different feed concentrations
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(25:15 and 13:7 mg/l, respectively) and three different cross flow velocities (14, 21,
and 28 cm/s). For the cross flow cell, the retentions mentioned are the steady-state
value since the system reaches steady state in a very short time. In these Figs.,
hollow and solid symbols represent dye 1 and 2, respectively. From the figures it is
observed that R, decreases with increase in applied pressure for a particular feed
concentration and cross flow velocity. At higher pressure permeate concentration is
more (as explained earlier) resulting in lower retention. From the figure it is also
clear that as the cross flow velocity increases, R increases, for same feed concen-
tration and applied pressure. As cross flow velocity increases, concentration polar-
ization (CP) on the membrane surface decreases; hence membrane surface
concentration decreases leading to a decrease in permeate concentration. It may
be observed from Fig. 5.34 that at a pressure of 276 kPa and bulk velocity of 28 cm/s,
retention can go up to 95% and 93% for the two dyes, respectively.

Figure 5.36 shows the percentage removal of COD with pressure at three
different cross flow velocities for effluent feed mixture at two different feed
concentrations. With increase in pressure at constant cross flow velocity, observed
retention of dye decreases, and hence, COD of permeate increases, and therefore,
percentage removal of COD decreases. For a feed concentration of 13:7 mg/l, a
maximum of 94% of COD has been removed at a pressure of 276 kPa and cross flow
velocity of 28 cm/s.

The variations of permeate flux with operating pressure for different combina-
tions of feed concentrations and cross flow velocities are presented in Fig. 5.37. It is
noted from the figure that the trend in the flux profile of two-component dye mixture
is similar with that of the single component system. With increase in operating
pressure (at a fixed feed concentration), the driving force across the membrane
increases leading to an enhancement of permeate flux. Also, the permeate flux
follows the expected trends with variation in feed concentration at a fixed operating
pressure, i.e., flux decreases with increase in feed concentration (solid and hollow
circle).
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At a fixed feed concentration, flux increases with cross flow velocity due to
reduction in concentration polarization, although the difference is marginal as
observed from the figure (hollow circle and triangle). A summary of the results of
each experiments conducted in cross flow nanofiltration is presented in Table 5.3.

5.4 Nanofiltration of the Textile Effluent in Hollow Fiber
Membrane System

A textile effluent was collected from a nearby industry containing four reactive
dyes: Cibacron yellow (CIB Y), Cibacron red (CIB R), Cibacron black (CIB B), and
basic blue (BB 3). The characterization of the effluent is presented in Table 5.4.
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Table 5.3 Properties measured for the textile effluent during NF in the cross flow cell

% Color
removal
Coq: | uo, AP Conductivity x % COD |Dye |Dye
Coz (cm/s) | (kPa) | Stream 1073 mQ/ecm TS, ppm removal 1 2
25:15 | 14 276 | Feed 19.9 1.17 x 10* |90 89.1 {92.0
Permeate | 13.8 1.02 x 104
Retentate | 20.5 125%x 104
25:15 |21 276 | Feed 19.8 1.18 x 10* [929 90.3 |91.45
Permeate | 13.6 1.02 x 104
Retentate |20.3 1.25 x 104
25:15 |28 276 | Feed 18.9 123 x10% [92.63 94.6 |93
Permeate | 16.6 1.03 x 10*
Retentate | 19.1 127 x 104
25:15 | 14 415 | Feed 14.48 123 x 10* |854 86.7 [84.5
Permeate | 13.23 1.06 x 10 *
Retentate | 14.6 127 x10%
25:15 |21 415 | Feed 9.41 516 x 10° | 89.13 89.4 |88.7
Permeate | 7.96 406 x 103
Retentate | 9.53 597 x 103
25:15 |28 415 | Feed 9.28 458 x 10° [90.27 91 |89.3
Permeate 7.42 3.85x 103
Retentate | 9.56 462 %x10°
25:15 | 14 550 | Feed 6.91 341 x 10° | 80.54 79.1 |79.7
Permeate | 5.55 3.07 x 103
Retentate | 6.98 357x10°
25:15 |21 550 |Feed 437 205 %103 |84.86 827 |85
Permeate 3.57 142 x 103
Retentate | 4.48 198 x 103
25:15 |28 550 | Feed 1.49 9.0x 107 854 87 [883
Permeate | 1.46 6.10 x 102
Retentate 1.12 9.80 x 102
13:7 |14 276 | Feed 1.25 147 x 10° [90.37 90.8 |87.6
Permeate | 1.018 7.60 x 102
Retentate | 1.272 1.65 x 103
137 |21 276 | Feed 1.18 178 x 10° [91.32 92.6 |88.2
Permeate | 0.942 8.10 x 102
Retentate | 1.185 970 x 102
137 |28 276 | Feed 0.881 3.80 x 102 |93.77 93.9 |92.1
Permeate | 0.661 1.90 x 102
Retentate | 0.872 420 % 102
13:7 |14 415 | Feed 0.614 3.10x 102 | 87.5 88.5 [84.2
Permeate 0.497 50x 10!
Retentate | 0.646 3.60 x 102

(continued)
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Table 5.3 (continued)
% Color
removal
Coq: | uo, AP Conductivity x % COD |Dye |Dye
Coz (cm/s) | (kPa) | Stream 1073 mQ/cm TS, ppm removal 1 2
13:7 |21 415 Feed 0.455 120 x 102 [89.9 90.5 |86.8
Permeate | 0.342 8.0 x 10"
Retentate | 0.466 1.15 x 10 2
13:7 |28 415 Feed 0.332 L.15x 102 [91.3 914 |89.3
Permeate | 0.244 75% 10"
Retentate | 0.342 1.20 x 102
13:7 |14 550 | Feed 0.199 540 x 102|725 74.1 |67.4
Permeate | 0.146 3.40 x 102
Retentate | 0.204 6.50 x 102
13:7 |21 550 | Feed 0.252 1.03 x 10° [81.2 79.3 |77.1
Permeate | 0.179 8.50 x 102
Retentate | 0.266 1.15x 107
13:7 |28 550 | Feed 0.162 570 x 102 |85.1 86.1 |80
Permeate | 0.105 3.60 x 102
Retentate | 0.174 620 x 102
Reproduced from Chakraborty et al. (2003a) with permission from Elsevier
Table 5.4 Effluent Effluent characteristics Quantity
characteristics of textile plant pH 12103
Conductivity, mS/cm 14 +£1.2
Total dissolved solids (TDS), g/l 10 £ 0.2
Total solid (TS), g/l 13.4 £ 0.3
Salinity, g/l 8.1+0.2
COD, mg/1 1400 £ 120
CIB yellow (551 Da), concentration, mg/l 67.0 £ 2
Cibacron red (854 Da), concentration, mg/1 2400 £ 5
Cibacron black (923 Da), concentration, mg/l 204.0 £ 4
Basic blue (360 Da), concentration, mg/l 93.0+2
Salt content (equivalent NaCl), mg/1 9096 + 20

Three NF hollow fibers (780 Da, 440 Da, and 360 Da MWCO) having polysulfone
as the base polymer are used for textile effluent treatment. Experiments are conducted
using transmembrane pressure drop of 104 kPa and cross flow rate 20 1/h. The
permeate flux profiles are shown in Fig. 5.38. It is observed that in all cases, steady
state is reached within 20 min. The steady-state permeate flux is about 4.7, 3.4, and
2.5 1/m>h for 780 Da, 440 Da, and 360 Da MWCO membrane, respectively. These are
in direct consequence of the pore size of the membrane. Average pore size of these
three membranes also decreases in that order. Various physicochemical properties of
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the permeate (textile effluent) are also shown in Table 5.5 for these membranes. It is
observed from this table that COD values of the filtrate are within permissible limit
(250 mg/l) for 440 Da and 360 Da MWCO membrane. Permeate concentration of
different dyes is less than 1 mg/l for 440 Da and 260 Da MWCO membranes. In case
of 780 Da MWCO membrane, the permeate concentration of dyes is above 3 mg/l.
The zeta potential of the 780 Da MWCO membrane is less negative than 440 Da and
360 Da MWCO membrane. Hence, charge-charge repulsion is less (between nega-
tively charged membrane surface and dyes) in 780 Da MWCO membrane than other
two NF membranes. In case of TDS and TS, the trend is clear with the MWCO of the
membrane. As the pore size of the membrane increases, more solids are permeated.
Permeate conductivity and salinity depends upon the surface charge of the membrane.
More negative membrane surface shows better percentage of rejection of salinity and
conductivity. For example, 360 Da membrane shows 68% and 54% rejection of
conductivity and salinity, whereas 780 Da MWCO membrane shows 45% and 36%
rejection of conductivity and salinity.

Antifouling capacities of different NF membranes are quantified in terms of FRR
and FDR values. A good antifouling membrane shows high FRR and low FDR.
From Fig. 5.39, it is observed that 440 Da and 360 Da MWCO membranes have
almost same FRR value around 88%. These two membranes show higher FRR
value than 780 Da membrane. It is also found that 440 Da and 360 Da membranes
show lesser FDR (around 20%) value than 780 Da MWCO membrane. Thus,
considering the characterization of permeate quality and antifouling characteriza-
tion, 440 Da and 360 Da MWCO membranes exhibit comparable performance.
Considering throughput of the process, 440 Da membrane performs better and
results 40% more steady-state permeate flux compared to 360 Da membrane.
Thus, 440 Da MWCO membrane is selected for studying the effects of operating
conditions.
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Fig. 5.40 Flux decline profile for NF of textile effluent using 440 Da MWCO hollow fiber
membrane

The profiles of permeate flux for various operating conditions are presented in
Fig. 5.40. Effects of both transmembrane pressure drop (TMP) and cross flow rate
(CFR) are evident from these figures. It is observed from Fig. 5.40 that steady state
is reached within 20 min during filtration. Two trends are observed from this figure.
For a fixed TMP, the permeate flux increases with the cross flow rate. With increase
in cross flow rate, the concentration of solute deposited on the membrane surface
decreases due to forced convection, leading to lowering in concentration polariza-
tion and increase in permeate flux. For example, at 104 kPa pressure drop, the
permeate flux increases from 3.8 to 4.4 1/m*.h. When cross flow rate increases from
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10 to 30 1/h, at 138 kPa, the corresponding increase in permeate flux is from 5.4 to
5.9 I/m>.h. At a fixed CFR, the permeate flux increases with TMP. This is due to
increased driving force. At 30 1/h CFR, the permeate flux increases from 2.2 t0 5.9 I/
m2.h, when the TMP increases from 69 to 138 kPa.

Quality of permeate after NF at different operating conditions is presented in
Table 5.6. Dye rejection (%), conductivity, TDS, TS, and COD are presented in this
Table. It is observed from this Table that the rejection of dyes is almost 99% in all
the cases due to size exclusion (440 Da MWCO) and charge-charge repulsion. COD
of permeate increases with TMP, due to enhanced forced convection. For example,
at fixed CFR (30 I/h), the COD value increases from 165 to 348 mg/l, when TMP
increases from 69 kPa to 138 kPa. At same TMP, CFR has marginal effect on COD
in permeate. Thus, with a feed containing COD of 1400 mg/l, 76-90% COD
reduction is obtained for different TMP and CFR in 440 Da MWCO membrane.
TS and TDS of permeate increase with TMP due to same reason, and permeation of
solids through the membrane pores is increased. At same TMP, CFR has insignif-
icant effect on TS and TDS in permeate. With feed TS of 13.4 g/l, 51-58% TS
reduction is achieved with permeate concentration in the range 5.65 g/1-6.64 g/1, for
various operating conditions. Conductivity and salinity of permeate increase with
TMP, as expected at constant CFR. At higher TMP, convective flux through the NF
membrane dominates resulting to reduction in rejection and increase in salt perme-
ation. At higher TMP, highest salt recovery is obtained. It is observed that 48—55%
salt recovery is attained under the range of operating TMP and CFR studied herein.
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Chapter 6
Hybrid Treatment Method of Industrial
Effluent

Abstract It can be envisaged that a series system using two technologies can be
advantageous in improving the overall efficiency and performance. Two proposed
configurations were studied in this chapter: (1) adsorption followed by
nanofiltration and (2) advance oxidation followed by nanofiltration. Quantitative
comparison of the performance of both of these hybrid methods is elaborated in
detail in this chapter.

Keywords Hybrid process * Advance oxidation « Adsorption ¢ Nanofiltration

Depending on the nature of the effluent and the type of solute to be removed, better
separation can be achieved by integrating two or multiple processes. Dhale and
Mahajani (2000) used an integrated process including nanofiltration (NF) and wet
oxidation to treat a disperse dye bath waste. The dye bath waste stream has
undergone NF for recovering reusable water from the permeate stream, thus
reducing fresh water consumption and minimizing effluent discharge. The concen-
trate obtained from the membrane unit had a high COD content, which is then
treated by wet oxidation (WO) process. In another study, a combination of coag-
ulation, adsorption, and ultrafiltration is used for the treatment of a primary effluent
containing organic mineral and dissolved and suspended matter (colloids)
(Abdessemed and Nezzal 2002). Microfiltration (MF) or ultrafiltration (UF) was
adequate for producing disinfected water suited for different applications. How-
ever, direct filtration on membrane was limited by the fouling phenomena, which
led to a substantial and continuous decrease of the permeate flux during filtration at
constant pressure. In this context, coupled treatment processes such as
electrocoagulation-NF (Aouni et al. 2009), MF-NF (Tahri et al. 2012), coagulation-
flocculation-NF (Ellouze et al. 2012), ozonation-coagulation (Lin and Lin 1993),
chemical-biological oxidation (Rodrigues et al. 2009), and biological treatment-
ozonation (Kunz et al. 2001) are explored.

On the other hand, coagulation and adsorption made it possible to remove the
colloidal fraction that played a significant role in membrane fouling. It was
observed that coagulation significantly improved the ultrafiltration performances.
In the study of Lin and Wang (2002), treatment of high-strength phenolic waste-
water was investigated by a novel two-step method. The two-step treatment method
consisted of chemical coagulation of the wastewater by metal chloride followed by
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further phenol reduction by resin adsorption. The combined treatment was found to
be highly efficient in removing phenol from the aqueous solution and was capable
of lowering the phenol concentration considerably. The effectiveness of a com-
bined reduction-biological treatment system for the decolorization of
non-biodegradable textile dyeing wastewater was investigated by Ghoreishi and
Haghighi (2003). In this treatment system, a bisulfite-catalyzed sodium borohydride
reduction followed by activated sludge technique was used in order to remove the
color at ambient temperature and pressure.

A hybrid treatment process involving adsorption followed by MF has been
reported by the authors (Karmakar et al. 2015). The process involved two steps:
in the first step, the dye was adsorbed by activated carbon, and in the second step, a
multichannel ceramic MF membrane was used to separate the dye-loaded activated
carbon particles, resulting in high throughput. The major advantage of this process
was high filtration rate at low operating pressure, and the hazardous reactive dyes
were strongly bound to the adsorbent preventing subsequent leaching into the
environment under normal conditions (Al-Degs et al. 2008). Baudin et al. (1997)
used a combination of adsorption and ultrafiltration for the treatment of surface
water in 12 full-scale drinking water treatment plants in Europe. Later on, Meier
et al. (2002) used a combination of adsorption and NF for the treatment of severely
contaminated wastewater. Powdered adsorbent was injected into the feed of a NF
unit and removed from the concentrate subsequently by a thickener. The adsorbent
in the feed had a positive effect on permeate quality, permeate flux, and fouling
layer in the NF unit. In comparison to reverse osmosis, the combination process had
higher maximum recovery rate and lower operating pressure and energy consump-
tion, resulting in lower treatment costs. In another work (Pigmon et al. 2003), the
combination of adsorption and ultrafiltration was used in the treatment of colored
wastewaters. In this process, adsorption was carried out in batch reactors using
activated carbon cloth (ACCs). Adsorption was carried out to uptake the low
molecular weight compounds (mainly dyes), while ultrafiltration was used for
removing the large-sized compounds (macromolecules, colloids, and turbidity).
The membrane filtration step allowed a great removal of turbidity (about 98%),
whereas adsorption onto ACC provided the decolorization of the stream with a high
adsorption capacity. The continuous process of adsorption onto ACC and ultrafil-
tration resulted in successful discoloration with a high permeate flow rate.

In this chapter, efficiency of a combined process is demonstrated for removal of
dye from textile effluent involving both adsorption and NF. Aqueous synthetic
solutions of two typical dyes: crystal violet (CV) and methylene blue (MB) are
selected for the primary study. Later on, the process scheme is applied to the
treatment of an industrial effluent containing a mixture of two reactive dyes,
collected from a textile dyehouse. Experiments are performed to observe the effects
of various process parameters in detail. Theoretical models are also developed and
used for prediction of the process outputs in each step of the combined process for
both single component and two-component systems. The model parameters are
estimated, which is important for the industrial design of such a process scheme.
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Fig. 6.1 Comparison of removal of crystal violet using two schemes: (i) direct NF and (if)
adsorption followed by NF

Typical dye concentration in an industrial effluent is usually in the range of
70-200 mg/l. It is observed that if this solution undergoes directly through a
membrane-based process like NF, flux declines rapidly due to concentration polar-
ization. The permeate quality also deteriorates. Hence, adsorption is selected to be
the first step in order to reduce the bulk dye concentration. An adsorbent prepared
from sawdust is used. The aqueous effluent after adsorption is passed through a NF
unit, where the remaining dye content is separated and the water from the NF unit
can safely be discharged into the environment. Separation of the dyes as well as
recovery and reuse of the associated chemicals (mainly salt) and minimization of
the process wastewater are the prime objectives of this study.

The efficiency of the proposed method is explained using Fig. 6.1. In this figure a
comparison is made among the various methods for dye removal, using a synthetic
solution of crystal violet (CV) with initial concentration of about 150 mg/l. These
figures are for an overview of the importance of the proposed separation scheme,
the details of which are discussed in Chap. 4.

For comparison, only adsorption is carried out for dye separation. In this method,
the concentration of dye decreases to about 13 mg/l within the first 1 h, for a typical
adsorbent dose of 1 g/l. Thereafter, the rate of concentration decay becomes
gradually slower, and even after 3 h of continuous adsorption, the concentration
decreases to only about 6 mg/l (dashed line in Fig. 6.1a). In the second method, only
NF is performed on the CV solution of same initial concentration. This process is
able to bring down the concentration of the feed solution to about 2.5 mg/l in only
half an hour (dash-dot line in Fig. 6.1a). However, NF of the concentrated dye
solution results in severe concentration polarization, with appreciable decrease of
the permeate flux (Fig. 6.1b). Finally, the combination of adsorption and NF is
adopted. In this process, after 1 h of adsorption, dye concentration reduces to about
13 mg/l. This dye solution is then charged to the NF unit, where concentration of
dye is brought down to about 0.75 mg/l within half an hour. The combination
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method also results in about 100% gain in the permeate flux, compared to the direct
NF (Fig. 6.1b).

Hence, the combination process is able to improve the quality of the treated
process water (in terms of the dye concentration) as well as increase the process
output (in terms of the permeate flux achieved) considerably. A process involving
both adsorption and NF and application in the treatment of a textile dyehouse
effluent with the aim of separating the dyes as well as improving the throughput
(permeate flux) is envisaged in this chapter, as shown in Fig. 6.1. The recovery and
recycling of the associated chemicals (mainly salt content) are also attempted, thus
minimizing the waste volume. The effect of various process parameters is also
studied using aqueous synthetic solution of the dyes as well as industrial wastewater
collected from a textile dyehouse.

6.1 Adsorption Followed by Nanofiltration

Main dye components are reactive red and black in the effluent obtained from M/s,
Singhal Brothers, Kolkata, India. Table 6.1 represents the characterization of
effluent. Calibration curves for estimating dye concentration are prepared using
pure dyes obtained from M/s, Dye Chem Ltd., Kolkata. Dyes are represented as dye
1 (red) and dye 2 (black) for convenience.

6.1.1 Adsorption Equilibrium

Pure dye species are used for equilibrium studies for single component and mixture
in 1:2 concentration ratio using the adsorbent charred saw dust. Equilibrium
experiments are conducted in a temperature-controlled shaker for 8 h at 298 K.

Equilibrium isotherm data for both dyes (single component) are presented in
Fig. 6.2, indicating the adsorption ability of CSD.

Isotherm constants are shown in Table 6.2. Correlation coefficient beyond 0.99
indicates suitability of both Langmuir and Freundlich isotherms for dye 1. On the
other hand, Freundlich isotherm is more suitable for dye 2. Values of Ry less than
1 indicate favorable adsorption.

Equilibrium data of dye mixture (Fig. 6.3) show the competitive adsorption of
both dyes thereby reducing adsorption of each, represented by the modified Lang-
muir isotherm using interaction parameter #; ;. Interaction parameters are opti-
mized as Hi1= 169, N2 1= 433, Ni,2 = 1574, N2 2= 1.70.
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Table 6.1 Characterization of the effluent from the textile plant
Co. Coz Conductivity x 107> | TS Salinity | COD
Feed (mg/l) |(mg/l) |pH (mQ/cm) (g | (g (mg/1)
Original |70 148 1041 | 117.7 103 98 4661
Fig. 6.2 Equilibrium 600
adsorption of the reactive |
dyes in single component
system (solid lines are 500
guides for author’s eyes)
(Reproduced from
Chakraborty et al. (2005). 400
With permission from oy
Elsevier) 50
Sh 300
E
N
>~ 200
100
0 1 1 1 L L L
0 2 4 6 8 10 12 14
Ce (mg/l)
Table 6.2 Equilibrium analysis from Langmuir and Freundlich model
Langmuir isotherm Freundlich isotherm
Dye Y() KO CR Yf n CR
Reactive red CNN 460.83 0.245 0.99 127.65 245 0.99
Reactive black B 689.65 0.338 0.98 261.31 3.15 0.94

Reproduced from Chakraborty et al. (2005). With permission from Elsevier

6.1.2 Adsorption Rate

Rate of adsorption of textile effluent (dye 1, 70 mg/l; dye 2, 148 mg/l) is carried out
in 1 1 capacity agitated vessel using 1 g of adsorbent at 2000 rpm for 30 min. 6 1
solution is collected for subsequent NF. Effects of adsorbent dose are observed by
varying the adsorbent concentration from 0.5 to 2.0 g/l. Dye concentrations are
measured spectrophotometrically (absorbance peak of dye 1 is 599 nm and that of
dye 2 is 535 nm). Figures 6.4 and 6.5 show the effect of mass of adsorbent (M) on
the concentration decay of dyes 1 and 2, respectively, adding 0.5, 1.0, and 2.0 g of
adsorbent per liter of the effluent. From the figures, it is observed that initially
increasing the adsorbent amount (from 0.5 to 1.0 g) adsorption increases consider-
ably for both the dyes. The initial rate of adsorption becomes almost independent of
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Fig. 6.3 Comparison
between the experimental
and calculated Y, values of
the dyes in mixture
(Reproduced from
Chakraborty et al. (2005).
With permission from
Elsevier)

Fig. 6.4 Effect of
adsorbent loading on the
concentration decay of dye
1 (solid lines are guides for
author’s eyes) (Reproduced
from Chakraborty et al.
(2005). With permission
from Elsevier)
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M, at higher values of M,. The dye content of the solution decreases drastically and
reaches an almost constant value. As the initial rate becomes very high, it is
practically independent of M, at higher values. An adsorbent dose of 1 gm/l is
selected for treating the rest of the effluent. Table 6.3 shows the characterization of
the effluent after adsorption.

6.1.3 Cross Flow Flat Sheet Membrane Filtration

Figures 6.6 and 6.7 represent the variation of the steady-state permeate concentra-
tion of dyes 1 (C}, 1) and 2 (C,, »), respectively, with operating pressure at different
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Table 6.3 Characterization of the effluent after adsorption

Co.1 Coz Conductivity x 10> |TS | Salinity | COD
Feed (mg/) |(mg/) |pH (m&/cm) (eMn | (mg/l)
After 11.9 11 10.56 |116.5 107 196.93 489
adsorption

Fig. 6.6 Variation of
permeate concentration of

dye 1 with pressure and 0.5}¢
cross flow velocity (solid
lines are guides for author’s
eyes) ~ 04t
21’]
. 03¢ Cross flow velocity
G“ —o— (.14 n's
—A— (.21 m's

—=—0.28m's

250 300 350 400 450 500 550
AP (kPa)

cross flow velocities. Both the figures show the same trend, i.e., the permeate
concentration increases with the operating pressure. Permeate concentration
increases with transmembrane pressure drop due to enhanced convection, and it
decreases with cross flow velocity due to reduction in concentration polarization.



206 6 Hybrid Treatment Method of Industrial Effluent
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Effects of transmembrane pressure drop and cross flow velocity are apparent
from Fig. 6.8. However, these effects are insignificant due to lower osmotic
pressure at ppm level of feed concentration.

Table 6.4 presents the results in concise form. The combined treatment results in
dye and COD removal beyond 99% and more than 88% of salt recovery for all
operating conditions. Dye concentration in permeate is less than 1 mg/l in all cases.
There is no color present in permeate with a COD less than 23 mg/l, much less
compared to permissible limit, 250 mg/l.
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Table 6.4 Properties of the final effluent: NF after adsorption

Dye
concentration
in the
permeate
(mg/l)
Ug AP Conductivity x 1073 % COD % Salt Dye Dye
cm/s |kPa | (mQ/cm) TS mg/l removal recovery 1 2
14 276 | 108.2 9.77 x 10* | 99.70 88.91 0.19 |0.40
21 276 91.45 9.79 x 10* 99.71 89.26 0.17 |0.25
28 276 92.63 9.82 x 10* |99.73 89.86 0.16 |0.18
14 415 85.4 9.94 x 10* | 99.59 91.29 045 |0.57
21 415 89.13 9.93 x 10* |99.58 90.86 044 |0.52
28 415 90.27 10.05 x 10* | 99.62 92.18 0.37 |0.49
14 550 80.54 10.06 x 10* |99.51 92.15 0.51 |0.80
21 550 84.86 9.85 x 10* 1 99.52 90.23 048 |0.79
28 550 85.4 10.04 x 10* |99.58 90.85 042 |0.57

Reproduced from Chakraborty et al. (2005). With permission from Elsevier

6.1.4 Direct Nanofiltration

Textile effluent is subjected to direct NF and results are summarized in Table 6.5
indicating more than 98% removal of COD. Average concentration of dyes 1 and
2 in permeate is 2.3 and 1.7 mg/l, respectively.

6.1.5 Comparison of Adsorption Followed by Nanofiltration
and Direct Nanofiltration

Performance of direct NF (process 1) and adsorption followed by NF (process 2) is
presented in Table 6.6. Dyes 1 and dye 2 are removed by 96% and 98% in process
1, but they are removed by more than 99% by process 2. Dye concentration in
permeate is more than 1 mg/l in process 1, but it is less in combined process. Salt
recovery and COD reduction are almost at the same extent in both cases. Process
2 leads to significant throughput (permeate flux) than only NF. For example, at
415 kPa and 14 cm/s cross flow velocity, permeate flux in combined method is
twice (23 L/m? h) that of only NF (11.4 L/m? h) due to membrane fouling. Since
solids concentration is more in direct NF, membrane fouling (irreversible fouling)
is more than the combined one, leading to significant flu decline in long term.
Figures 6.9, 6.10, and 6.11 show a comparative study of dye removal using
different methods. It is clear from Fig. 6.9 that dye 1 is degraded quickly to 12 mg/1
within 30 min and slowly thereafter and finally to 7 mg/1 after 3 h. Using direct NF,
concentration of dye is reduced to 2 mg/l. Effect of concentration polarization is
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Table 6.5 Properties of the final effluent: Direct NF

Dye
concentration
in the
permeate
(mg/)
Ug AP Conductivity x 1073 % COD % Salt Dye Dye
cm/s |kPa | (mQ/cm) TS mg/l removal recovery 1 2
14 415 | 105.8 9.27 x 10* |99.59 86.79 1.98 |1.65
21 415 | 108.9 9.54 x 10* |99.58 89.53 1.96 |1.35
28 415 |109.95 9.64 x 10* |99.62 90.46 1.83 |1.21
14 550 | 110.62 9.69 x 10* | 98.45 91.05 3.63 |2.77
21 550 | 1103 9.67 x 10* | 98.81 90.77 246 |1.96
28 550 | 109.75 9.62 x 10* |99.03 90.28 1.95 |147

Reproduced from Chakraborty et al. (2005). With permission from Elsevier

Table 6.6 Comparison of the performance of the two processes: Adsorption followed by NF
(Proc. 1) and direct NF (Proc. 2)

% COD % Salt Permeate flux
% Dye removal removal recovery (L/mz.h)
Proc. |Proc. |Proc. |Proc. |Proc. |Proc.
Proc. 1 Proc. 2 1 2 1 2 1 2
up AP Dye |Dye |Dye |Dye
cm/s | kPa 1 2 1 2

14 415 993 199.6 |97.1 989 |99.6 [99.1 |913 |[86.8 |22.9 114
21 415 99.4 199.6 |97.2 [989 199.6 99.0 [909 [89.5 [23.6 |12.8
28 415 99.5 |99.7 1974 994 (996 |993 [922 |90.5 |253 13.2
14 550 (993 995 |94.8 |98.1 |99.5 984 [922 |91.0 |[32.8 |13.1
21 550 1993 |99.5 [96.5 (987 |99.5 |98.8 [90.2 [90.8 |344 |153
28 550 1994 [99.6 [97.2 |/99.0 [99.6 |99.0 |90.8 [90.3 |37.0 |16.9

Reproduced from Chakraborty et al. (2005). With permission from Elsevier

significant in direct NF due to higher concentration of dye leading to decline in
permeate flux. In case of adsorption followed by NF, dye 1 is reduced to 12 mg/l
after adsorption and thereafter to 0.45 mg/l after NF. Similar behavior for dye 2 is
presented in Fig. 6.10. Enhancement in permeate flux is shown in Fig. 6.11 and it is
twice that of NF only.
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Fig. 6.9 Comparison of the
three methods for the
removal of dye 1 from
industrial effluent

Fig. 6.10 Comparison of
the three methods for the
removal of dye 2 from
industrial effluent
(Reproduced from
Chakraborty et al. (2005).
With permission from
Elsevier)
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6.2 Advanced Oxidation Processes (AOP)
Followed by Nanofiltration

In advanced oxidation process (AOP), hydroxyl radicals are generated by Fenton’s
reagent, and their power is augmented by ozone and UV radiation degrading dyes
into carbon dioxide and water (Weinberg and Glaze 1997; Arana et al. 2001; Rathi
et al. 2003; Kuo 1992; Lunar et al. 2000; Robinson et al. 2001; Kang et al. 2002;
Pérez et al. 2002). Hydrogen peroxide reacts with ferrous sulfate producing hydro-
gen radicals and conversion of Fe** to Fe** is the limiting step. Hence, AOP is fast
initially and becomes slower due to scarcity of Fe** ions (Neyens and Baeyens,

2003).

A combination of advanced oxidation process (AOP) using Fenton’s reagent and
NF is proposed to treat a textile effluent containing two dyes (Cibacron red
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Fig. 6.11 Variation of
percentage flux increment
with pressure and cross flow
velocity in the combination
method (cross flow
velocities are, 1-14 cm/s,
2-21 cm/s and 3-28 cm/s)
(Reproduced from
Chakraborty et al. (2005).
With permission from
Elsevier)

(CR) and Cibacron black (CB)). Effects of concentration of various reagents on
degradation of dye were explored during AOP. A detailed study was carried out to
observe the effect of the process parameters during NF, namely, applied pressure
and cross flow velocity on the process outputs such as dye concentration in
permeate, COD removal, permeate flux, and salt recovery. NF operations were
carried under laminar flow regime. In case of AOP followed by NF, concentration
of CR drops to 15 mg/l and CB falls to 23 mg/l within first 30 min for 556 mg/1 of
FeS0,4-7H,0 and 3240 mg/I of hydrogen peroxide during AOP. After application of
NF to the AOP-treated effluent, dye concentrations fell below 1 mg/1 at 552 kPa and
689 kPa transmembrane pressure. In scheme 2, after application of NF as the first
step, CR concentration varied between 5 and 13 mg/l and CB concentration varied
between 6 and 18 mg/l. The permeate in NF in step 2 contained less than 1 mg/l of
dyes at 552 and 689 kPa for all cross flow velocities studied herein. The NaCl
recovery in permeate is almost 92-99% in both schemes. COD values of finally
treated effluent were well within permissible limit, i.e., 250 mg/l, and were in the
range of 61-68 mg/l.

The textile effluent used in the present study was collected from a textile
dyehouse, located in Kolkata, India. The effluent contained a mixture of two
reactive dyes: reactive red (Cibacron red, molecular weight 855.5 g/mol) and
reactive black (Cibacron black, molecular weight 924.5 g/mol). The effluent was
characterized in terms of dye concentration, conductivity, pH, salt content, COD,
and total solid (TS) content and is presented in Table 6.7. In the subsequent
sections, the two dyes (reactive red and reactive black) would be denoted by CR
and CB, respectively.

AORP is conducted in 500 ml batch at 30° C, 50 rpm, without sunlight for 3 h.
Range of concentration of hydrogen peroxide is from 2160 to 4320 mg/I and that for
ferrous sulfate is 278 to 556 mg/1. Sludge is separated using a 0.2 micron microfilter.
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Table 6.7 Characterization  Effjyent characteristics Quantity
of the effluent from the textile -
plant CR, concentration 78 mg/1
CB, concentration 165 mg/l
PH 11.1
Conductivity x 107> 118.0 mS/m
Total solids (TS) 0.85 x 10° mg/l
COD 4840 mg/1
TDS 77.1 mg/l
Salt content (equivalent NaCl) 76.8 mg/l
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Fig. 6.12 Effect of FeSO,.7H,0 on degradation of CR and CB in AOP

The clear effluent is treated by 400 MWCO NF membrane (permeability 2 x 10~ "'
m/Pa.s). The operating pressures of NF are 552, 690, and 828 kPa and cross flow rates
corresponding to Reynolds number 688, 1032, and 1362 in laminar regime. Dye
concentration profiles during AOP are presented in Fig. 6.12 that shows a sharp
reduction initially and a slower decline thereafter. Initially concentration of Fe®*
more leading to fast degradation that slows down due to limited regeneration of Fe**
in long run. Dye 1 is degraded by 37%, 87%, and 92% after 3 h corresponding to
ferrous sulfate concentration 278, 417, and 556 mg/l (at HO, concentration of
2160 mg/l). Corresponding degradation of dye 2 is 18%, 61%, and 78%.

Effect of H,O, is shown in Fig. 6.13. After 3 h, degradation of dye 1 increases
from 37 to 53% as H,O, concentration increases from 2160 to 4320 mg/l
(at 278 mg/1 of FeSO,.7H,0). Corresponding figures for dye 2 are 46-55%.
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Fig. 6.13 Effect of HO, on degradation of CR and CB in AOP

Ferrous sulfate reacts with hydrogen peroxide to generate hydroxyl radicals
which in turn degrades the dye according to the following reactions (Neyens and
Baeyens 2003).

Fe’" + H,0, — Fe’™ + OH* + OH~ (6.1)

RH + OH* — H,0 + R* (6.2)

The above equations suggest that the rate of generation of hydroxyl radicals is a function
of the ferrous sulfate and hydrogen peroxide concentration. However, the molar
concentration of hydrogen peroxide more than that of ferrous sulfate in this study,
so the change of ferrous sulfate concentration is more dominant on the dye degradation.
This effect is evident from the observations presented in Figs. 6.12 and 6.13.
Concentration of dye 1 and dye 2 is reduced sharply to 15 and 23 mg/l within the
first 15 min of AOP using concentration of ferrous sulfate and hydrogen peroxide
556 and 2160 mg/l, producing significant amount of sludge. Reduction of dye
concentration is gradual thereafter. Supernatant of AOP is subjected to NF (under
laminar flow condition) for half an hour after clarified by MF (refer to Table 6.8 for
properties of microfiltered effluent). Steady-state permeate flux for all operating
conditions is shown in Fig. 6.15. Permeate flux varies with transmembrane pressure
drop almost linearly due to enhanced driving force. However, the effect of transmem-
brane pressure drop is more dominant compared to cross flow velocity in the range of
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Table 6.8 Characterization
of effluent after AOP which
was used for NF

Fig. 6.14 Variation of CR
and CB concentrations with
operating pressure in
permeate in NF

Fig. 6.15 Variation of
permeate flux with
operating pressure in NF

213
Effluent characteristics Quantity
CR concentration (mg/l) 15 mg/l
CB concentration (mg/l) 23 mg/l
PH 8.7
Conductivity x 1073, mS/m 118.5 mS/m
Total solids (TS), mg/I 0.78 x 10° mg/l
COD (mg/l) 151 mg/l
TDS (mg/1) 76.9 mg/l
Salt content (equivalent NaCl) (mg/1) 76.8 mg/l
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Table 6.9 Characterization of effluent at the end of AOP followed by NF

Pressure | Cross flow Conductivity x % NaCl TDS COD

S. No. | (kPa) velocity (m/s) 1073 (mS/m) recovered | (mg/l) |(mg/l) |pH

1 552 0.46 116.1 97.5 75.7 62 8.61
2 -do- 0.69 115.1 96.2 75.0 61 8.58
3 -do- 0.91 113.8 94.7 74.2 60 8.6

4 689 0.46 116.9 98.5 76.2 66 8.63
5 -do- 0.69 116.1 97.5 75.7 63.2 8.62
6 -do- 0.91 115.1 96.3 75.0 63 8.62
7 828 0.46 117.5 99.2 76.6 69 8.65
8 -do- 0.69 116.9 98.5 76.2 67 8.64
9 -do- 0.91 116.0 97.4 75.6 64.5 8.61

operating Reynolds number selected in this study. It may be observed that permeate
flux is significantly less compared to pure water flux due to concentration polarization.

Dye concentration of permeate after NF is presented in Fig. 6.14. It is clear that
for all operating pressures below 828 kPa, concentration of both dyes is below
1 mg/l. At 828 kPa, dye concentration exceeds only in case of lower cross flow
velocity (0.46 m/s). Actually, concentration polarization is favored at higher trans-
membrane pressure and lower cross flow velocity, thereby increasing the concen-
tration of solute (dye in this case) at the feed-membrane interface leading to more
permeation of solutes. From this study, suitable operating conditions for this stage
of NF are 828 kPa pressure and 0.91 cross flow velocity.

Properties of filtrate (using actual effluent) from NF are shown in Table 6.9
corresponding to various operating conditions. Variation of pH, COD, and salt
recovery is narrow over different operating conditions. Reduction of COD is about
98% (from 4840 to 62 mg/l) and salt recovery is about 97%.

6.2.1 Two-Stage Nanofiltration

The steady-state permeate flux and permeate concentration after first stage NF are
shown in Figs. 6.16 and 6.17 for all operating conditions. Since dye concentrations
in feed are more, the permeate flux is almost reduced by half compared to pure
water flux. Concentration of dyes varies from 5 to 18 mg/l at 828 kPa.
Corresponding figures for second stage NF are shown in Figs. 6.18 and 6.19,
respectively. It is observed from Fig. 6.18 that permeate flux increases from 30 to
40 L/m* h at 828 kPa and 0.91 m/s in second stage compared to first stage NF. This
is due to reduction in dye concentration. On the other hand, concentration of both
dyes is less than 1 mg/l except 0.46 m/s after the second stage of NF. 828 kPa
pressure and 0.91 m/s cross flow velocity can be selected as operating conditions in
both stages of NF so that the dye concentration in permeate is less than 1 mg/l.
Properties of filtrate after the second stage of NF are shown in Table 6.10. The
salient features of this table are as follows: (1) pH of the effluent does not need to
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adjust in two-stage NF; (2) final COD is in between 64 and 70 mg/l and hence
within the limit of permissible value (250 mg/l); and (3) recovery of NaCl is
92-94% and hence the filtrate can be directly recycled back in upstream processes.

6.2.2 Comparison of AOP Followed by Nanofiltration
(Scheme 1) and Two-Stage Nanofiltration (Scheme 2)

As the extent of dye removal is considered, both schemes are comparable. But, in
Scheme 2, the pH of the solution does not change and hence can be recycled back.
Similarly, salt recovery is also better in Scheme 2, and since the pH of filtrate does
not change, it can be directly recycled in upstream process thereby reducing the
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Table 6.10 Characterization of effluent at the end of double-stage NF

SL. Pressure Cross flow conductivity x % NaCl

No. (kPa) velocity (m/s) 107> (mS/m) recovered TDS COD pH
1 552 0.46 112.1 92.6 73.0 64 10.9
2 -do- 0.69 111.2 91.6 72.4 64 10.9
3 -do- 0.91 110.3 90.5 72.0 63 10.8
4 689 0.46 113.6 94.4 74.0 67 10.9
5 -do- 0.69 112.9 93.6 73.4 64.5 10.9
6 -do- 091 112.5 93.1 73.3 63.5 10.9
7 828 0.46 114.2 95.2 74.4 71.5 11.0
8 -do- 0.69 113.6 94.4 74.0 66 10.9
9 -do- 0.91 113.0 93.6 73.5 64.5 10.8
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operating cost of the plant. This scheme is a step toward achieving zero discharge

plant.
EFFLUENT

Scheme 1 Scheme 2
, A 4
ADVANCED OXIDATION

| NANOFILTRATION | PROCESS

y A 4
| NANOFILTRATION | | NANOFILTRATION

Dye concentration Dye concentration
below the permissible below the permissible
level level

6.3 Adsorption Followed by Microfiltration

A low-energy intensive alternative to two-stage NF is a hybrid process comprising
adsorption followed by MF. This was tested using a synthetic solution containing
four reactive dyes brown, yellow, red, and black. Basic properties of these dyes are
shown in Table 6.11. MF was tested in a tubular 19 channel ceramic membrane
(length and diameter of each channel were 0.2 m and 0.03 m) with water perme-
ability 4 x 10710 m/Pa.s and effective filtration area 4.8 x 102 m?. Concentration
of each dye was about 50 mg/l (Pearce et al. 2003; Arami et al. 2005; Selcuk
et al. 2005).

Commercial granulated activated carbon was used for adsorption of the dyes in
solution phase.

The range of transmembrane pressure drop selected in this work is based on the
typical operating range of microfiltration. The cross flow rate varied from 50 to
100 L/h considering the output capacity of the pump used for the filtration
experiment.

The adsorption isotherm result for Langmuir and Freundlich isotherm are
presented in Table 6.12.
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Table 6.11 Chemical structure and physical properties of the reactive dyes

Molecular
Amax | Weight Molecular

Dye Chemical structure (nm) | (g/mol) volume (A%)
Reactive 416 | 634.57 498
yellow
s oy O

NaO;SOH,CH,CO,S OCH,
Reactive 0 596 |991.82 578
blackS | Na0,SOCH,CH, - _:;'@N:N /SO,Na

é HO
H,N

NaO,SOCH,CH, - §-@N N’" SO,Na
Reactive ¢l 531 |808.48 667
red 24 N)\IN /@

<Iso,Na al%y \N)\ﬁ

* L
NaOyS SO;Na

Reactive 405 557.30 798
brown 10

HOOC

NaOy

Adsorption of reactive dyes with variation in pH and salt concentration are
presented in Fig. 6.20, respectively. It is evident from Fig. 6.20 that maximum
adsorption occurs at lower pH in the range 2-5. Extent of adsorption in this pH
range is also uniform. This result is in accordance with the observations reported by
Al-Degs et al. (2008). The value of pHypc of commercial activated carbon is 9.0,
and pKa values of the reactive dyes are in the range of 4.4-5.5 (Al-Degs et al.
2008). At lower pH the sulfonate groups of the dyes were protonated making it
-SO3H, which makes the dye solution almost neutral or slightly positive. Therefore,
it is likely that electrostatic interaction dictates repulsion or marginal interaction
between the dye molecules and positively charged adsorbent surface, resulting to
lower adsorption. On the other hand, in this pH range, the adsorption is maximum
and close to 100%. This clearly indicates that electrostatic interaction is not the sole
mechanism of facilitation of adsorption of reactive dyes on the activated carbon
surface. Strong hydrogen bonding between the dyes and carbon surface and hydro-
phobic interaction between them may be the reason of enhanced adsorption at lower
pH range (Newcombe et al. 1996; Newcombe and Drikas 1997; Al-Degs et al.
2008). At higher pH above 9, both dye molecules and the adsorbent possess
negative charge and electrostatic repulsion plays an important role, leading to
lower adsorption. At pH 11, the adsorption of various dyes is in the range of
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Table 6.12 Values of Langmuir and Freundlich isotherm constants
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Langmuir constants Freundlich constants
K Om K¢ (mg' "1, Separation factor
Dye (Umg) |(mg/g) |R* |g™") n_ R R
Reactive yellow |0.92 152 0.99 |50.7 4.5 10.68 | 0.001-0.1
dye
Reactive brown | 0.85 147 1.0 |472 44 10.69 | 0.001-0.11
dye
Reactive red 0.77 135 1.0 |39.8 4.1 10.68 | 0.001-0.12
dye
Reactive black | 0.67 130 0.99 |39.1 4.1 10.61 |0.0012-0.13
dye
Reproduced from Chakraborty et al. (2005). With permission from Elsevier
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Fig. 6.20 Effect of (a) pH and (b) salt concentration on adsorption of reactive dyes on activated
carbon (Reproduced from Karmakar et al. (2015). With permission from Taylor & Francis Ltd)

80-85%. This also confirms that electrostatic interaction is not the sole mechanism
of adsorption. In between pH 4 and 6, the dye molecules are practically neutral, and
hence their adsorption onto the carbon surface (positively charged) is not facilitated
by electrostatic interactions, thereby decreasing the extent of adsorption.

From Fig. 6.20b, it can be seen that with increase in salt concentration in the
feed, the adsorption of reactive dye decreases marginally at pH 4.5. At this pH, the
adsorbent is positively charged and the dye molecules are almost neutral. There-
fore, there is a competitive adsorption between the negatively charged chloride ions
and almost neutral dye molecules. However, chloride ions being much smaller in
size, this phenomenon leads to slight decrease in dye adsorption. With the increase
in salt concentration from 80 to 120 g/l, the percentage decrease in adsorption of
dyes by activated carbon is 0.5-0.8%, which is negligible.

Figure 6.21a—d represent the permeate flux profiles corresponding to different
dye solution having initial concentration of 50 mg/l (before adsorption) with
adsorbent dose 1 g/l at pH 4.5. Activated carbon particles, being larger in size
(average diameter is 14 pm) compared to pore size of the membrane (0.2 pm),
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Fig. 6.21 Profiles of permeate flux under cross flow recycle mode (dye concentration, 50 mg/l).
(a) Reactive yellow dye, (b) reactive black dye (c) reactive red dye, (d) reactive brown dye
(Reproduced from Karmakar et al. (2015). With permission from Taylor & Francis Ltd)

deposit on the membrane surface forming a cake type of layer almost at the start of
the experiment. For example, at TMP at 104 kPa, the pure water flux was 150 L/m>.h.
At the same TMP, the measured flux at the beginning is 110 L/m”.h for yellow
dye, 95 L/mZ.h for black, 100 L/m>.h for red, and 128 L/m?.h for brown reactive
dye. These data confirm the instantaneous growth of cake layer of carbon particles
on the membrane surface. These figures exhibit the expected trends that the
permeate flux increases with TMP due to increase in driving force and with
cross flow velocity due to increase in the shearing effect imposed by forced
convection induced by feed cross flow. For example, in case of reactive yellow
dye, at 35 kPa TMP, the steady-state flux is 40 L/m”.h at a flow rate of 50 I/h and
that for 69 kPa and 104 kPa is 56 L/m”.h and 88 L/mz.h, respectively, at the same
cross flow rate. Thus, the increment in steady-state flux is around 40% for 69 kPa
and 120% for 104 kPa (compared to TMP 35 kPa). Similar trends are observed for
other dyes. These data clearly confirm that within the range of TMP used in this
study, the filtration is not pressure independent. Pressure-independent cake filtra-
tion may occur at higher TMP. Also with the increase in cross flow rate from 50 1/
h to 100 1/h, the increment in permeate flux is around 15%, 11%, and 15% for
35, 69, and 104 kPa, respectively. However, the axial pressure drop was in the range
of 7-10 kPa only for the cross flow rates considered herein. This shows improvement
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in mass transfer with cross flow and reduction in the cake layer resistance against the
solvent flux.

From Fig. 6.21b, it is also observed that the permeate flux for reactive black dye
is the lowest among all the dyes corresponding to identical set of operating
conditions. This is because, the molecular size of reactive black dye is the highest
among the dyes, as evident from their molecular weight and volume as shown in
Table 6.11. Thus, the effective size of the adsorbent particles loaded with the
adsorbed dyes is more for reactive black, leading to enhanced thickness of the
cake layer, thereby lowering the permeate flux. For example, at 104 kPa TMP and
100 1/h cross flow rate, the steady-state permeate flux is 90 L/m”h for reactive
black. Under the same operating conditions, the permeate flux is 105, 95, and
125 L/m?.h for reactive yellow, red, and brown dyes, respectively. The trend is
similar for other operating conditions.

As observed in Fig. 6.21c, the steady-state flux for reactive red under all
operating conditions is less than that of reactive yellow but more than that of
reactive black. The variation of flux values is marginal. This is due to the difference
in molecular sizes of the dyes (refer to Table 6.5 for the molecular weight and
volume of dyes). Increasing cross flow rate from 50 to 100 1/h, the permeate flux
increases from 36 to 44 L/m>.h (22%) at 35 kPa, 52 to 69 L/m2h (33%) at 69 kPa,
and 79 to 92 L/m%h (16%) at 104 kPa. The enhancement of permeate flux with
cross flow rate is due to the reduction of thickness of the cake layer at higher cross
flow rate, imparting more shear force on the cake layer as described earlier. At
higher TMP, the enhancement due to increase in cross flow rate of identical
magnitude leads to reduced increment (16% compared to 33%) indicating that the
cake layer becomes more compact imparting extra resistance to the permeation of
the solvent at higher TMP. In Fig. 6.21d, the flux profiles of reactive brown are
presented. The permeate flux for reactive brown is the highest among four dyes.
The molecular size of this dye is the lowest (refer to Table 6.5).

The permeate flux profiles of various dyes are shown in Fig. 6.22 at dye
concentration of 150 mg/l (before adsorption). At enhanced feed concentration,
additional dye particles are adhered to the surface of activated carbon making it
more bulky, offering more resistance to the solvent flux during its passage through
cake layer formed by adsorbents. This leads to decrease in permeate flux compared
to that at 50 mg/l dye concentration before adsorption under all operating condi-
tions as shown in Fig. 6.21. However, since the particle size of the dyes is quite
small compared to that of activated carbon, the decrease in flux is marginal. For
example, at 104 kPa TMP and 100 1/h cross flow rate, the steady-state permeate flux
of reactive yellow is 100 L/m*h at 50 mg/l dye concentration before adsorption.
Under the same operating conditions, the permeate flux is reduced to 94 L/m”.h at
150 mg/l dye concentration before adsorption. This trend is similar for all other
operating conditions for all dyes.

In the adsorption-MF hybrid process, the dyes are removed in the adsorption step
and dye-loaded adsorbents are removed by MF. Thus, the removal of dyes occurs in
the first step itself, and hence their removal is independent of the operating
conditions of MF.
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Fig. 6.22 Profiles of permeate flux under cross flow under cross flow recycle mode (dye
concentration, 150 mg/l). (a) Reactive yellow dye, (b) reactive black dye, (c) reactive red dye,
(d) reactive brown dye (Reproduced from Karmakar et al. (2015). With permission from Taylor &
Francis Ltd)

However, adsorbent dose plays an important role in dye removal. Removal of all
dyes is more than 99% at 50 mg/l feed concentration at 1 g/l dose of adsorbent as
shown in Fig. 6.23a. Under the same loading of adsorbent, the removal of dyes at
feed concentration 150 mg/l (before adsorption) is more than 99% except reactive
black (79-80%) and red (85-86%). The molecular weight and hence the size of
reactive black and red are the highest (991 and 808 g/mol, respectively, in
Table 6.5) among the four dyes. Thus, less number of dye particles at higher
concentration (150 mg/l) is adsorbed on the adsorbent compared to those
corresponding to 50 mg/l as shown in Fig. 6.23b. On the other hand, for other
dyes with molecular weight less than that of reactive yellow (molecular weight
634 g/mol), the size of the dye molecules is such that even at 150 mg/l feed
concentration, the adsorption is complete. However, the trial runs indicate that
slight increase in adsorbent dose to 1.5 g/l leads to complete removal of these two
reactive dyes even at concentration 150 mg/1 as evident from Fig. 6.23b. The other
quality parameters of the feed are pH 4.2, conductivity 106.3 mS/cm, and total
dissolved solids 72.5 g/l. These values for the permeate are 4.2, 44 mS/cm and
31 g/l, respectively.
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Fig. 6.24 Profiles of (a) permeate flux and (b) VCF under batch mode of cross flow filtration
(Reproduced from Karmakar et al. (2015). With permission from Taylor & Francis Ltd)

In the batch mode, the permeate is not recycled back to the feed tank. As a result,
the feed concentration increases due to decrease in feed volume during filtration.
The volume concentration factor, VCF (% where Vj is defined as the initial feed
volume and V" is defined as the volume of the feed after a certain time “t”), increases
with time. Since the feed concentration increases in time, the permeate flux never
attains a steady state under the batch mode. The profiles of permeate flux for all the
dyes at 50 mg/l feed concentration and at 1 g/l adsorbent dose are shown in
Fig. 6.24a. The striking feature of this figure compared to that under total recycle
mode (Fig. 6.21) is that the flux decline is more prominent in this case. The decline
is sharp up to 50 min for reactive black and it is up to 20 min for reactive brown. As
the filtration progresses, the concentration of solutes (adsorbents) increases in the
feed, resulting to more deposition of them on the membrane surface, leading to a
thicker cake layer. Since the cake layer grows in time, the resistance against the
solvent flux also increases and finally permeate flux declines to a substantial extent.
For example, in case of reactive black, the permeate flux declines by about 20%
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(127 to 103 L/m>.h) within 140 min. However, the profiles of flux decline for
different dyes reveal an interesting trend. Permeate flux decline is steeper in case of
dyes of higher molecular weight. Flux decline for reactive brown having the lowest
molecular weight (557) has the most gradual decline (from 127 to 120 L/m*h in
120 min). Bulkier dyes (higher molecular weight) make the adsorbent-dye agglom-
erate larger in size, thereby forming a thicker cake layer, and hence the flux decline
is more. Flux decline is greater for reactive black > red > yellow > black in that
order, and the molecular weight and volume of the dyes also decrease in the same
order (refer to Table 6.5). A profile of VCF and bulk concentration of activated
carbon is presented in Fig. 6.24b. It was observed from this figure that VCF attains
the value 3.3 within 2.5 h of operation in batch mode. At the same time, the bulk
concentration also increases up to three times the initial feed concentration. Similar
trends (including numerical values) are observed for other dyes. This is due to the
fact that the adsorbent particles are mainly filtered in MF.
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Chapter 7
Micellar-Enhanced Ultrafiltration (MEUF)

Abstract Typically, the micelles are charged globular particles formed due to
agglomeration of surfactant molecules when present above a critical concentration
in water. Due to the charge interactions, micelles act as excellent binding agent to
the dye molecules, thus solubilizing it. Even in case of uncharged dyes, nonionic
surfactant micelles can solubilize it inside the micelle core. Once the low molecular
weight dyes are solubilized by the micelles, the micelle-dye complex can be
effectively separated by an open membrane (large pore size, large molecular weight
cutoff), thus producing high throughput of clean water per unit pressure drop. This
chapter deals with various types of dyes and surfactant combination in different
membrane separation systems, analyzing its performance and relative separation
efficiencies.

Keywords Micellar-enhanced ultrafiltration « Micelle ¢ Ultrafiltration « Gel layer »
Surfactant

Micellar-enhanced ultrafiltration employs surfactant micelles to solubilize inor-
ganic and organic pollutants from the effluent stream and subsequently filtered
using an open membrane to restrict the micelle-pollutant complex in the permeate
stream. Micelles being large in size can be removed along with the solubilized
organic contaminants using a relatively porous membrane at lower operating
pressure. More than 90% removal efficiency along with high throughput can be
attained by using pollutant-specific surfactant (or mixed surfactant system) and
high permeability membrane, depending on the charge and other physical proper-
ties of the contaminants. Since more open-sized membranes are used, the process is
energy efficient. After the separation of the waste from the effluent/process stream,
recovery of surfactant is also possible. Therefore, MEUF may be an alternative to
overcome the limitations of the RO and NF processes (De and Mondal 2012).
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7.1 Micelle Formation and Solubilization

Surfactant molecules are amphiphilic in nature having a hydrophilic (head) and
hydrophobic (tail) part. The hydrophobic part is generally a long-chain hydrocarbon
or aromatic ring. The head part of the surfactant is hydrophilic due to presence of
some electrophilic or nucleophilic groups. In aqueous solution, and at low concen-
tration, surfactant molecules are present in monomer form. The concentration
above which surfactant molecules are dynamically associated (~50—150 monomers)
to form molecular aggregates (micelles) is called critical micellar concentration
(CMC). Depending on the nature of the surfactant and solvent, the aggregates may
form micelles, reverse micelles, microemulsion, vesicles, monolayers, and bilayers
(Scamehorn and Harwell 1989). This configuration allows the removal of the
hydrocarbon chains from the aqueous environment, while the hydrophilic groups
are still exposed to the polar solvent.

When surfactants are present in aqueous solutions at concentration above the
critical micellar concentration (CMC), they are in two possible states; one is
monomer and the other is aggregated form of monomers called micelles. As the
total concentration of surfactant is increased beyond the CMC, almost all of the
added surfactants increase the micelle concentration. In MEUF, the surfactant
concentration is designed to be far above the CMC, so that free monomer consti-
tutes only a very small fraction of the total surfactant in solution.

Organic or inorganic compounds may dissolve or solubilize within micelles at
four different locations: (1) in the hydrocarbon core, (2) in the palisade layer or
region between the hydrocarbon core, (3) adsorbed on the micelle surface, and
(4) in the polyoxyethylene shell of micelles composed of nonionic surfactants
(Elworthy et al. 1968; Rosen 2004; Mukherjee 1979). Organic solute species tend
to solubilize preferentially in the region within the micelle which are similar
chemically and polarity to these molecules. Micelles composed of ionic surfactants
have a high charge, and counterions (opposite charge to the surfactant, generally
metal ions, oxyanions, phosphates, ferrocyanides, etc.) will bind to the surface of
the charged micelle. Multivalent counterions will bind in higher proportion to the
surfactant compared to the monovalent counter ions. Higher is the valence state,
greater is the binding (Purkait et al. 2005a).

Solubilization into micelles can be viewed conceptually as being similar to
extraction of a dissolved organic from an aqueous phase into an immiscible
extraction phase. In MEUF, the extractant phase (micelles) is dispersed in the
aqueous phase. As the surfactant concentration is increased (micelle concentration
is increased) in a stream containing organic pollutant, the fraction of the organics
solubilized in micelles increases and the fraction present as unsolubilized species in
the water decreases. As an approximation, the ratio of the concentration of pollutant
in solubilized form to that in unsolubilized form is proportional to the surfactant
concentration constituting micelles. If the surfactant is well above the CMC and the
vast majority of the organic solute is solubilized in micelles, the concentration of
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the unsolubilized organic is approximately inversely proportional to the surfactant
concentration (Dasan et al. 1988).

Solubilization, in a broad sense, encompasses both co-micellization and
hydrotropy, as it involves the preparation of a thermodynamically stable isotropic
solution of a solute. Several practical applications are encountered related to
solubilization system, such as drug formulation (Attwood and Florence 1983),
paints and cosmetics (Gillberg 1984), catalysis of chemical reactions (Fendler
and Fendler 1975), separation of close boiling compounds (Armstrong 1985),
modified fuels (Gillberg and Friberg 1978), etc.

7.2 Selection of Surfactant

For the selection of a surfactant in MEUF, some of the desirable characteristics are:
(1) high solubilization capacity for the solute; (2) formation of large micelles, such
that large membrane pore size resulting high throughput can be used; (3) low
monomer concentration (so little surfactant is wasted); (4) minimal phase-
separation problems (macroemulsion formation, precipitation, gelling, etc.);
(5) The Krafft point temperature for ionic surfactant should be very low. Nonionic
surfactants do not have a specific temperature effect on property curve; and
(6) CMC of the surfactant should be as low as possible.

One desirable characteristic of a surfactant is a long hydrocarbon chain, since it
results in large micelles, high solubilization, and low monomer concentrations.
Anionic surfactants are restricted to hydrocarbon chain lengths of about 12 carbons
or less if the process is to be applied at room temperature. The Krafft temperature is
above room temperature for longer hydrophobic groups, so the surfactant precip-
itates and MEUF is ineffective (Rosen 2004).

Nonionic surfactants forming micelles can have high solubilization capacities
(per mole of surfactant) and have low monomer concentration in micellar solutions.
These surfactants would appear to be good candidates for use in MEUF. The
solubilization capacities of the nonionic surfactants are not very high compared
to that of anionic or cationic surfactants because of their high molecular weights.
Since surfactants are sold on a weight basis rather than on a molar basis, nonionic
surfactants are not economically attractive for use in MEUF (Dunn et al. 1985).

Ionic surfactants generally have much lower Krafft temperatures than those of
nonionic surfactants of corresponding hydrophobic group size. Therefore, ionic
surfactants with large hydrophobic groups can be used in MEUF, resulting in large
micelles, high solubilization capacities, and low monomer concentrations. Ionic
surfactants do not pose significant environmental risks (Boethling 1984). In gen-
eral, ionic surfactants are the surfactants of choice in MEUF.
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7.3 Applications of MEUF

MEUF is a nondestructive separation technique used to separate a dissolved
material from a stream. This can be applied to a situation where the purified stream
produced is the main goal or to a situation where the aim is the concentration of
some valuable product for further downstream purification. Wastewater cleanup
would be an example of the need to purify an aqueous stream for emission or reuse.

The pollutants those can be removed most effectively from wastewater using
MEUF are, in general, are least soluble in water Saraf and Bhagwat (1995).
However, if the solubility is low enough, not enough pollutant could dissolve in
the stream to reach toxic levels and cause a problem. Therefore, there is a solubility
range where MEUF can be useful in pollution control.

So far, MEUF is used to separate different organics (Boethling 1984; Saraf and
Bhagwat 1995; Alesson et al. 2001a, b; Sabaté et al. 2002; Syamal et al. 1997;
Adamczak et al. 1999), chromate (Gzara and Dhahbi 2001), and dye (Purkait et al.
2003, 2004) using different surfactants. A review of literature related to MEUF also
reveals that a number of studies have been carried out to remove multivalent metal
ions from aqueous medium (Akita et al. 1999; Tung et al. 2002; Juang et al. 2003).
However, most of the researches are focused on the MEUF of single component,
and few researchers reported the MEUF of multicomponent system (Baek et al.
2003a, b; Jadhav et al. 2001). Competition due to difference in binding power of
different compounds plays an important role during the MEUF of multicomponent
system.

Untreated polluted water contains a large number of metal ions (Cu2+, cr * Zn2+,
Sr**, Ca**, Pb®*, Ni**, Mn?*, Co**, As>*, Fe®*, etc.), anion (oxyanions, phosphates,
ferrocyanide, etc.), and organic compounds like phenol, f-naphthol, p-nitrophenol,
m-nitrophenol, catechol, o-chlorophenol, aniline etc. MEUF is particularly effec-
tive for removal of single components, such as cd* (Ke et al. 2007), Mn?* (Juang
et al. 2003), Zn** (Rahmanian et al. 2010), Cu®* (Liu and Li 2005), Cr** (Witek
et al. 2006), pd** (Ghezzi et al. 2008), Auv*t (Akita et al. 1997), etc., for simulta-
neous removal of Ni** and Co*" (Karate and Marathe 2008) and Ni** and Zn**
(Channarong et al. 2010).

Removal of very small amounts of organic substances in water is removed
effectively by MEUF (Dunn et al. 1985, 1987; Gibbs et al. 1987; Adamczak et al.
1999; Sabaté et al. 2002; Syamal et al. 1997). Generally, dissolved organics are
present along with heavy metals from industrial wastewater. Simultaneous removal
of phenol or orthocresol and zinc or nickel ions using MEUF is reported by Dunn
et al. (1989) and Witek et al. (2006).

Removal of more than one anionic pollutant such as chromate, nitrate, perman-
ganate, etc., using MEUF has been performed (Baek et al. 2003a, Baek and Yang
2004; Purkait et al. 2005a, b). Separation of a mixture of anionic and cationic
pollutants can be treated by mixed micelle system. Micelles of cationic surfactants
solubilize the anionic pollutants, while the anionic surfactants solubilize the cat-
ionic pollutants.
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7.4 Micellar-Enhanced Ultrafiltration of Dye

Removal of eosin dye by cationic micelles is reported in the subsequent sections.
The experiments were conducted in a typical batch filtration unit using a 1 kDa
MWCO polyamide with an effective membrane area of 13.4 m?. The permeability
of the membrane is estimated using distilled water and they are 3.57 x 10~'! m/Pa.
s. Variation of eosin retention is conducted with and without surfactant is presented
in Fig. 7.1 for different transmembrane pressures varying from 276 to 552 kPa and a
typical dye concentration of 0.01 kg/m>.

In both the cases, it is observed that the retention decreases with time. As the
filtration progresses, more solutes will be deposited on the membrane surface
leading to an increase in the membrane surface concentration (concentration polar-
ization). This results in an increase in the convective transport of the solutes to the
permeate side, thereby increasing the permeate concentration and subsequently
decreasing the observed retention with time. For higher operating pressure, at the
same time instant, retention is low. This is due to the fact that at higher operating
pressure, the convective transport of the solutes through the membrane is high
leading to higher value of the permeate concentration, lowering observed retention.
It can be observed from the figure that for dye solution without surfactant, the
observed retention varies from 10 to 26% at the end of the operation under different
operating pressures. When surfactant is used, the retention of the dye has been
significantly increased, as shown in the figure to about of 68—74%, at the end of the
experiment. This clearly indicates that the dyes are solubilized within the surfactant
micelles, which are subsequently rejected by the ultrafiltration membrane.

Variation of the permeate flux with and without surfactants is shown in Fig. 7.2.
Two trends can be observed from this figure. First, in both cases, the permeate flux
declines over the time of operation, and, second, the permeate flux is more at higher
operating pressure. As discussed earlier, due to concentration polarization, the
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Fig. 7.2 Variation of the
permeate flux with time at 36
different operating pressure
differences. Feed eosin
concentration is 10 x 1072
kg/m® and CPC
concentration is 10 kg/m®
(Reproduced from Purkait
et al. (2004). With
permission from Elsevier)

1,2, 3 Fesin only
- 4, 5, 6 CPC+ Liosin mindure
14 Xl
A 25 35K

L "'"‘"'*"“‘"‘lmiﬂv&-..‘__' 36 414 W

o

Permeate flux (L/m2.h)

0 500 1000 1500 2000 2500 3000 3500
Time (s)

membrane surface concentration increases with time. This increases the osmotic
pressure at the membrane solution interface and therefore reduces the driving force
for the permeating solution. This leads to a decline of the permeate flux with the
time of operation. For example, in the case of filtration of eosin only, the permeate
flux decreases from about 33.5 L/m*.h (at 180 s) to 31 L/m*h (at 2200 s) at 414 kPa.
This indicates flux drop of about 7.5% during 40 min of operation. For the case of
MEUF of eosin and CPC mixture, the permeate flux drops from 28.8 L/m”h
(at 180 s) to 20.9 L/m2h (at 3400 s.) at 414 kPa. Therefore, the flux of the micelle
containing mixture drops about 27% during 57 min of operation. At the same
instance of time, increase in operating pressure simply increases the driving force
across the membrane; thus, flux is more at higher pressure. For example, in case of
filtration of only eosin, at the end of the experiment, the permeate flux is 20.5 L/m?.h
at 276 kPa pressure and it is 31 L/m?h at 414 kPa. This indicates about 51% increase
in flux when pressure increases from 276 to 414 kPa. On the other hand, in case
of MEUF of eosin and CPC mixture, the permeate flux increases from 16.6 L/m>h
to 20.9 L/m>h at the end of the experiment, while pressure increases from 276 to
414 kPa, indicating about 26% increase in flux.

It is also evident from the figure, that the permeate flux is more for only dye
solution compared to that with the surfactants. By addition of surfactants above the
critical micellar concentration, the surfactant micelles form aggregates, generating
a deposited layer over the membrane surface. This increases the resistance against
the solvent flux through the membrane. This results in a decrease in the permeate
flux compared to that of the dye solution alone. For example, at 276 kPa pressure,
the permeate flux is about 16.6 L/m>.h at the end of the experiment for eosin and
surfactant mixture, whereas, for eosin only it is about 20.5 L/m>h.
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7.4.1 Effects of Operating Pressure and Feed CPC
Concentration on the Permeate Flux and Observed
Retention of Eosin

Effects of the operating pressure and different dosage of feed CPC concentration for a
fixed eosin concentration of 10 x 10> kg/m> on the permeate flux are presented in
Fig. 7.3. Figure 7.3 represents the flux data at the end of experiment. The figure shows
that the permeate flux decreases with feed CPC concentration at a fixed operating
pressure. For example, at 276 kPa pressure, flux decreases from 20.9 L/m”h to about
12.6 L/mh when CPC concentration increases from 5 to 25 kg/m>. This trend may be
explained by the increase in resistance against the solvent flux due to micellar
aggregates as described in the preceding section. At the constant CPC concentration,
flux increases with pressure. For example, at CPC to eosin ration 2500 (i.e., feed CPC
concentration 25 kg/m3), flux increases from 12.6 L/m%h to 15.3 L/mz.h, while
pressure increases from 276 to 414 kPa. This occurs due to increase in the effective
driving force.

The effect of operating pressure on the observed retention as a function of CPC
to eosin concentration ratio at the end of the experimental duration is shown in
Fig. 7.4. From the figure, it can be observed that for a fixed pressure, eosin retention
increases with CPC concentration. With increase in surfactant concentration, the
micelle concentration in the solution increases. This results in more solubilization
of eosin in CPC micelles, thereby increasing the retention of eosin. For a fixed CPC
to eosin ratio, the retention of eosin increases with decrease in operating pressure.
This may be due to the fact that at higher operating pressure, micelles may become
compact and therefore solubilization capability of the micelles decreases (Dunn
et al. 1987; Syamal et al. 1997). Therefore, less amount of dye is solubilized in the
micelles at higher operating pressure, and the permeate concentration is more
leading to a decrease in observed retention of eosin at higher pressure. It can also
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be observed from Fig. 7.4 that at a fixed pressure, the increase of eosin retention is
fast for lower CPC to eosin concentration ratio and is gradual as this ratio increases.
Beyond a ratio of 2000, the increase in eosin retention is marginal. Therefore, lower
operating pressure and a ratio of feed concentration of CPC to eosin of 2000 may be
considered as optimum for maximum removal of eosin.

7.4.2 Effects of Feed Eosin Concentration on the Observed
Retention of Dye at Fixed CPC Concentration

In this case, the surfactant concentration is kept fixed at 10 kg/m3 , and
eosin concentration is varied as 5 X 10_3, 10 % 10_3, 20 x 10_3, 30 x 10_3,
and 40 x 10~? kg/m®. The experiments are conducted at a relatively low pressure
of 276 kPa as lower pressure is a favorable operating condition for higher retention
of eosin as shown in Fig. 7.4. In Fig. 7.5, the variation of retention of eosin with
CPC to eosin ratio at the end of 1 h of operation at 276 kPa pressure is presented for
both the combinations of surfactant and dye mixture. This figure reveals important
information regarding the ratio of CPC to dye to obtain maximum solubilization of
the dye in the surfactant micelles. Curve 1 in the figure indicates that the dye
concentration is fixed and CPC concentration is gradually increased, whereas the
curve 2 indicates that the CPC concentration is fixed and the ratio is varied by
varying the concentration of dyes. Although the CPC to eosin ratio is in the same
range in both the cases, the retention of dye is more in the first case compared to that
in the second case. In the first case, since CPC concentration is increased, concen-
tration of micelles increases and more dye will be solubilized in the micelle. In the
latter case, the micelle concentration is fixed (as the surfactant concentration is kept
constant) and dye concentration is gradually increased. Since the concentration of
micelle is constant in this case, the solubilization capacity of dye is also constant.
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Hence further increase in dye concentration only results in an increase of
unsolubilized dye concentration which will be increasing the permeate concentra-
tion and hence reduces the observed retention of dyes. In essence, it can be
concluded from this figure that in order to determine an optimum surfactant-to-
dye ratio to get maximum removal of the dye, the ratio should be changed by
varying the surfactant concentration (keeping dye concentration fixed) to calculate
the concentration of CPC required for a given dye concentration.

Retention of CPC at the end of the experimental run is presented in Fig. 7.6 for
both the combinations of CPC and dye mixture at different pressures. It is observed
from the figure that for the case of constant eosin concentration (10 x 107> kg/m?),
retention of CPC is in the range of 94-98% with varying CPC to surfactant ratio.
There is an increasing trend of observed retention of CPC with CPC to eosin ratio.
Since all the feed concentrations of surfactants are much above CMC, the micelles
formed are retained by the membrane, and the free surfactants at the concentration
of CMC pass to the permeate stream. Hence, with the increase in feed CPC
concentration (Cp), permeate CPC concentration (Cp) remains around the CMC
0.322 kg/m3 ) value, and therefore, the ratio C,/C, decreases and observed retention
increases with CPC to eosin ratio. In case of constant CPC and varying dye
concentrations, a constant CPC retention of about 97.5% is obtained. This is
because the permeate surfactant concentration remains at CMC and the observed
retention of CPC remains unaltered although CPC to eosin ratio has been increased
by addition of more dyes at constant feed CPC concentration.

7.4.3 Flux Decline Mechanism

To analyze the flux decline data of the dye-containing micellar solution, 1/ vi, is
plotted against time for different pressures. Figure 7.7 shows this plot for initial



236 7 Micellar-Enhanced Ultrafiltration (MEUF)

Fig. 7.6 Variation of CPC
retention with CPC to eosin 99 L
ratio (Reproduced from _
Purkait et al. (2004). With X gl
permission from Elsevier) Q
& 97
Qo
3 96}
g 95} { Pressure (kPak
= 1,3:276; 2: 414
% 9—1— L 1, 2: Constant eosin concentration (10 x 1073 kg m’)
o with varying CPC concentration
93 3: Constant CPC concentration (10 kg/m”)
with varying cosin concentration
92 . . L L .
0 500 1000 1500 2000 2500

CPC to eosin ratio

Fig. 7.7 Variation of /v,

with time at different
pressure. Feed eosin PE
concentration is 10 x 1073 -
kg/m® and CPC ‘=
concentration is 10 kg/m3 =
(Reproduced from Purkait E
et al. (2004). With <
permission from Elsevier) ¢

e 276 kPa

o 345kPa ®

—

414 kPa 4
[‘ 1 ' L 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500

Time (s)

CPC concentration of 10 kg/m® and Fig. 7.7 shows for initial CPC concentration of
20 kg/m>. In both the figures, there is a distinct time zone, beyond which the
increase in the curves is linear. This time point is 180 s in both the figures, and
the same trends are observed for the experiments with CPC concentrations, 5 and
25 kg/m>, under various operating conditions. The linear increase of 1 / va with time
confirms the growth of a gel-type layer over the membrane surface. Below 180 s,
the curve increases nonlinearly and changes its slope after 180 s. This behavior of
flux decline data is therefore assumed to be due to pore blocking. The short-term
flux decline data for a typical operating condition are shown in Fig. 7.9. The figure
shows that the flux drops sharply and gradually thereafter. Once the membrane is
cleaned after the experiment, the permeability of it is again checked and it is found
that the permeability remains almost unchanged. This prompts to the assumption
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that the initial flux decline is due to a pore blocking mechanism which is reversible
in nature.

7.5 Theoretical Analysis

Flux decline is the major problem in UF. Various models have been developed to
analyze and predict UF flux behavior during separation/fractionation of macromo-
lecular solute. All of them can be classified into three broad categories: (a) osmotic
pressure controlled model, (b) gel polarization model, and (c) resistance in series
model. According to resistance in series model, the flux decline is due to the
combined effects of (1) fouling of the membrane (reversible and/or irreversible
pore blocking) (Boerlage et al. 1997; Wiesner and Chellam 1999) and (2) concen-
tration polarization over the membrane surface (Madsen 1973; Kishihara et al.
1989; De et al. 1997). But in gel polarization model, the decrease in flux is due to
the hydraulic resistance of deposited gel layer over the membrane surface (De et al.
1997; Karode 2000). On the other hand in osmotic pressure controlled model, flux
decline is due to the decrease in effective transmembrane pressure drop which
occurs as the osmotic pressure of the retained solution increases (Wijmans et al.
1984; Sreenivas et al. 2002). In a typical membrane filtration process, the flux drop
due to osmotic pressure, pore blocking, and gel layer growth may coexist. The
model for the quantification of flux decline due to these is available in the literature
(Song 1998). That model assumes the solutes as hard spheres and pore blocking is
an irreversible process. However, the micelles may not behave as hard spheres and
the pore blocking may be reversible leading to a departure from the applicability of
the referenced model.

As described earlier (refer to Figs. 7.7 and 7.8), the flux decline can be divided
into two distinct regions: first, the short-term flux decline due to the reversible pore
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blocking for a period ¢ < 180 s and long-term flux decline due to the growth of a gel
type of layer over the membrane surface for a period of # > 180 s. In both the time
domains, the theoretical development of flux decline is presented below.

It may be noted that there may be an additional resistance due to the osmotic
pressure buildup from the bulk concentration to the gel layer concentration leading
to a decrease in the operating pressure difference (Elimelech and Bhattacharjee
1998). The osmotic pressure of the micellar solution increases marginally beyond
the critical micellar concentration, unlike the solutions of non-aggregating solutes
(Rosen 2004; Clint 1992). The osmotic pressure corresponding to the critical
micellar concentration for CPC is about 2 kPa. The osmotic pressure difference
corresponding to the concentration difference between the bulk and the gel layer
will be very small (compared to the operating pressures in the range of 276-414 kPa
for the experiments reported in this work). Moreover, the calculated value of the
resistance due to osmotic pressure turns out to be about 2—4% of the overall
resistance after pore blocking for all the experiments. Therefore, the effect of
osmotic pressure difference in the subsequent equations is insignificant with refer-
ence to flux calculations and is not included.

7.5.1 Short-Term Flux Decline: Reversible Pore Blocking
(t<180s)

The initial flux decline data for various operating conditions have been observed to
be best fitted in a logistic type of curve as follows:



7.5 Theoretical Analysis 239

_ (=0

w = , 7.1
1 —bect (7.1)

where va, (= LpAP) is pure water flux and b and ¢ are the parameters to be
estimated. Equation (7.1) can be expressed in terms of resistances as

AP vg, (7.2)
Vy = = , .
WlR + Rra(0)] 14 R0

where the membrane permeability is related to the hydraulic resistance of the
membrane as Lp = /4% and the dimensionless resistance due to pore blocking is

given as

b

R;B :m(l

—e (7.3)

The significances of the parameters “b” and “c” in Egs. (7.1 and 7.3) can be
stated as follows. The flux value at the end of pore blocking or the magnitude of the
resistance due to pore blocking depends on “b.” The rate of flux decline or the rate
of the growth of the resistance due to the pore blocking is dictated by the value of
“c.” The forms of Eqgs. (7.1 and 7.3) also predict zero slope at the end of the pore
blocking cycle (about 3 min) as supported by the experimental evidence presented
in the next section.

7.5.2 Long-Term Flux Decline: Growth of Gel-Type Layer

(t > 180s)
1av AP
vy = -2 = , (7.4)
Adr y(Rm + Rpp, 180 + Rg(T))
where 7=¢— 180
Equation (7.4) can be arranged as
AP W
Vi = = v ’lfe(l (75)
/4Rm(1 + R*pp. 180 +R:) 1+ (m)

The gel layer resistance is expressed as (Geankoplis 1997)



240 7 Micellar-Enhanced Ultrafiltration (MEUF)

(7.6)

where « is the specific gel resistance. The specific cake resistance (assuming gel
characteristics to be the same of a cake) « is obtained from the Kozeny-Karman
equation (Zihao et al. 1996) in terms of gel forming particle properties,

V%) (7.7)

where &,, p,, and d, are the gel porosity, density, and diameter of the gel forming
particles, respectively.
In nondimensional term, the gel layer resistance can be written as

al co—=Cme \%4

R; = v (7.8)

Using Egs. (7.5 and 7.8), Eq. (7.4) can be integrated to obtain the expression of
cumulative volume as

/14 2Av, T—1
V= 1808 ’ (7.9)
p
(X(C() - Ccmc)
AR, (1 + R:B,ISO)
From Egs. (7.8 and 7.9), the nondimensional gel layer resistance can be
expressed as a function of time as

Ry = (14 R5 150) [( 1+ 2AVw,13()ﬂTH (7.10)

Using Egs. (7.4 and 7.9), the flux decline due to gel layer growth can be obtained
after simplification:

where f§ =

! + (7.11)
— = agr, .
Vi V%u, 180



7.5 Theoretical Analysis 241

where ¢ = % From the slope of 1/ vi, versus 7 for a given set of operating
conditions, namely, AP and ¢y, the specific cake resistance a can be determined as
shown in the subsequent sections.

The growth of the gel-type layer can be obtained by doing a simple mass balance
in the gel layer, and the expression of gel layer thickness is given as

(CO - Ccm(f)v(t)

Lz = A(l — sg)pg

(7.12)

7.5.3 Determination of the Constants in Short-Term Flux
Decline

The constants b and ¢ in Eq. (7.1) are evaluated by matching the flux and derivative
of the flux between the short- and long-term flux decline at 180 s.

By matching the flux values at + = 180 or 7=0, the following equation is
obtained:

V(1 —b) 1
w = 7.13
1 —be 180 v, 150 ( )

By matching the derivatives of the flux at + = 180 or =0, the following
equation is obtained:

agp meso _ be(1— )10 e~ 180¢
2 B (1 _ be—lxoc)Z

(7.14)

For a given operating conditions (AP and c,), using the experimental value of
flux at 180 s (v,,130) and the determined value of @, Eqs. (7.13 and 7.14) are solved
iteratively and the constants b and ¢ are estimated.

7.5.4 Total Resistance

At any point of time, the total resistance (R,) is defined as,

for 1 < 180, R (1) =1+ Rp(1) (7.15)
for 1> 180 or 7> 0,R (1) = 1 +Rp 150 + R} (7) (7.16)
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7.5.5 Determination of the Specific Resistance
of the Gel-Type Layer

It has already been discussed that the straight-line portion is 1/ vﬁ, versus time plot
due to the formation of gel-type layer. From the each set of experiments (i.e., the
operating pressure and feed CPC concentration), the slope of 1 /vfL Versus
t (Eq. 7.11) is calculated. The specific gel-type layer resistance « is obtained as
a=slope/¢. Next, the specific gel-type layer resistance is correlated with the
operating conditions as

a = ag(AP)" (co)™, (7.17)

where ag=1.897 x 10°, ny=1.464, and n, = — 0.553.

7.5.6 Determination of the Constants in the Reversible Pore
Blocking Model

The constants b and ¢ are evaluated for every operating condition by matching the
flux and its time derivative at ¢t = 180 s. For each operating condition, the specific
cake resistance is evaluated from Eq. (7.17), and using the experimental flux value
at t = 180 s, Egs. (7.13 and 7.14) are solved iteratively to estimate the constants
b and c. The correlations of these two parameters with the operating conditions are
presented below:

b = bo(AP)" (co)™ (7.18)
and ¢ = c¢1(AP)"(co)", (7.19)

where by=0.030, n3=0.161, and n, =0.283 and c; =18.523, ns= — 0.524, and
ne =0.080.

7.5.7 Determination of the Gel Concentration of CPC
Micelles

UF runs are conducted at a constant stirring speed of 500 rpm and various feed CPC
concentrations of 3.125, 6.25, 12.5, 25, 50, 100, and 150 kg/m3 keeping feed dye
concentration constant (10 x 1072 kg/m?) for all the cases. The steady-state permeate
flux has been plotted against the feed concentration and is shown in Fig. 7.10. From
the figure, it can be concluded that the gel concentration is about 340 kg/m® which is
in corroboration to the literature value (Wiesner and Chellam 1999).
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Fig. 7.10 Variation of
steady-state permeate flux
with feed CPC
concentration (eosin
concentration is constant at
10 x 1072 kg/m® for all the
cases) at 276 kPa pressure
and 500 rpm (Reproduced
from Purkait et al. (2004).
With permission from
Elsevier)
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7.5.8 Determination of the Gel Porosity

Typical spherical diameters of CPC micelles are 5 nm (Markels et al. 1994). The gel
porosity is obtained in terms of particle diameter, gel concentration, etc., from the
following expression (De and Bhattacharya 1997):

g, =1.0—10°Z¢,—2 (7.20)

where N, is the Avogadro number, M,, is the molecular weight of the micelles, ¢, is
the gel concentration, and d,, is the micelle diameter. Assuming aggregation number
to be 136 (Markels et al. 1994), the molecular weight of the CPC micelle is 48,690.
The porosity of the gel layer is found to be 0.725.

7.5.9 Analysis of Various Resistances

Having determined the model parameters, the overall flux decline has been
predicted for both short- and long-term flux decline from Egs. (7.2 and 7.4). The
matching of the calculated and experimental flux decline profiles for various
pressures, and two typical surfactant concentrations of 10 and 20 kg/m’ are
shown in Figs. 7.11 and 7.12, respectively. Similar match is found for two other
concentrations, namely, 5 and 25 kg/m’. It is evident from the figures that at any
point of operating time, the permeate flux is more for higher pressure because of
larger driving force. Also at the same pressure, the permeate flux is lower for higher
feed concentration. This is due to the fact that at higher feed surfactant
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Fig. 7.11 Variation of the
permeate flux with time at
different operating pressure
differences. Feed eosin
concentration is 10 x 1072
kg/m® and CPC
concentration is 10 kg/m®
(Reproduced from Purkait
et al. (2004). With
permission from Elsevier)
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concentration, the number of micelles is more leading to the increase in gel-type
resistance over the membrane surface. The various resistances for different oper-
ating conditions are tabulated in Table 7.1 at the end of 1 h of operation. It has been
observed that for the lower concentration of surfactants (up to 10 kg/m’), the
membrane hydraulic resistance is the maximum of the total resistance, whereas
the resistance due to the pore blocking is larger than that of the gel-type resistance.
For feed surfactant concentration for 20 kg/m?, the magnitude of the resistance due
to pore blocking becomes competitive to that of the hydraulic resistance. Feed
concentration at 25 kg/m?, the pore blocking resistance is more than that of the
membrane hydraulic resistance. This clearly indicates that at higher surfactant
concentrations, the number of the micelles increases, and, consequently, the
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Table 7.1 Comparison of different resistances with respect to the total resistance. Gel layer and
the total resistances are at the end of the experiment

Pressure Feed (kg/m®) R./R, Rpg, 180/R: R/R;
(kPa) CPC | Eosin R x 1072 m™Y | (%) (%) (%)
276 5 10 x 1072 |5.795 54.512 29.200 16.288
10 |10 x 1073 |6.709 47.086 34.229 18.685
20 |10 x 1072 [7.717 40.935 45.611 13.454
25 |10 x 107 |8.813 35.844 53.576 10.580
345 5 10 x 1072 [6.185 51.075 30.054 18.871
10 |[10x 1073 |7.568 41.741 32.357 25.902
20 |10 x 107 [8.579 36.822 45.685 17.493
25 |10 x 107 |10.063 31.392 44.123 24485
414 5 10 x 1072 |6.513 48.503 29.634 21.863
10 |10 x 1073 |8.007 39.453 32.828 27.719
20 |10 x 107% {9.308 33.938 43.988 22.074
25 [10 x 107 | 10.898 28.986 39.359 31.655

Reproduced from Purkait et al. (2004). With permission from Elsevier

reversible pore blocking is more severe and is the dominant resistance responsible
for the flux decline. On the other hand, the resistance of the gel-type layer ranges
from 10 to 30% of the total resistance for various operating conditions. Although
this resistance is the smallest among the three, it is not negligible and therefore
contributes significantly to the overall resistance. The gel layer resistance also
increases with feed concentration as can be observed from the table. This signifies
that the number concentration of the micelles increases with feed concentration
and, therefore, offers more resistance against the solvent flux.

The profiles of reversible pore blocking resistance with time for a fixed feed
composition (surfactant and dye concentrations of 10 kg/m® and 10 x 1072 kg/m°,
respectively) at various operating pressures are shown in Fig. 7.13. In this figure, it
can be observed that for a fixed pressure, the resistance for pore blocking increases
initially and levels off thereafter. The pore blocking resistance is more for higher
pressure. This indicates that at higher pressure, smaller-sized micelles are
transported by forced convection toward the membrane and block the pores to a
great extent. The pore blocking resistance at the end of 3 min for CPC to dye ratio
for various operating pressures is plotted in Fig. 7.14. It is evident that the pore
blocking resistance increases with feed CPC concentration. This indicates that the
number concentration and size distribution become wider with the initial feed
surfactant concentrations leading to more severe pore blocking.

The profiles of gel layer resistance with operating time have been plotted
in Fig. 7.15 for a fixed feed composition (surfactant and dye concentrations of
10 kg/m® and 10 x 10~ kg/m’, respectively) at different operating pressure. It is
evident from the figure that the gel layer resistance increases with time almost
linearly. The gel layer resistance is more at higher pressure. This is because the
specific cake resistance is an increasing function of pressure (Eq. 2.17), leading to
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more resistance to the solvent flux. Figure 7.16 shows the variation of gel layer
resistance with CPC to eosin ratio at the end of the experiment for different
operating pressures. The figure shows that the gel layer resistance increases
with the feed surfactant concentrations. It is noted that the experimental results
of the variation of R, with feed concentration are less conclusive (compared to Rpg
and R,), but an overall increasing trend may be observed.

The profile of the total resistance (R,") is plotted for a fixed feed composition
(surfactant and dye concentrations of 20 kg/m> and 10 x 10~ kg/m?, respectively)
at different pressures in Fig. 7.17. It can be observed from the figure that the total
resistance increases with pressure. Figure 7.18 shows the increasing trend of the
total resistance with CPC to surfactant ratio at various pressures.
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Fig. 7.15 Variation of
dimensionless gel-type
layer resistance with time at
different operating pressure
(Reproduced from Purkait
et al. (2004). With
permission from Elsevier)

Fig. 7.16 Variation of
dimensionless gel-type
layer resistance with CPC to
eosin ratio at different
pressures after 1 h of
experiment. Feed eosin
concentration is 10 x 1072
kg/m3 (Reproduced from
Purkait et al. (2004). With
permission from Elsevier)
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Having determined system parameters, Eq. (7.12) is solved to obtain the profiles
of the gel layer thickness with time. The growth of gel layer with time is shown
in Fig. 7.19 for a fixed feed composition (surfactant and dye concentrations of
20 kg/m® and 10 x 107 kg/m?, respectively) and different operating pressures.
As expected, the gel layer thickness is more at higher pressure. At a fixed pressure
of 414 kPa, the gel layer thickness is plotted against the operating time for various
feed CPC concentrations and fixed eosin concentration (10 x 107> kg/m?) and is
shown in Fig. 7.20. As discussed earlier, the gel layer grows with time almost
linearly, and at a fixed time, the gel layer thickness is more at higher feed surfactant

concentrations.
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Fig. 7.17 Variation of
dimensionless total
resistance with time at
different operating pressure
(Reproduced from Purkait
et al. (2004). With
permission from Elsevier)

Fig. 7.18 Variation of
dimensionless total
resistance with CPC to
eosin ratio at different
pressures after 1 h of
experiment. Feed eosin
concentration is 10 x 107>
kg/m® (Reproduced from
Purkait et al. (2004). With
permission from Elsevier)

Fig. 7.19 Variation of the
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permission from Elsevier)
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7.6 MEUF in Continuous Cross Flow Cell

Once the concept of the separation of dye in an unstirred batch cell using MEUF is
successfully validated, the mixture is subjected to a steady state cross flow ultrafil-
tration as this should substantially improve flux and retention. A detailed parametric
study is also conducted to observe the effects of the operating conditions on the
permeate flux and observed retention.

7.6.1 Effect of the Feed CPC Concentration on Permeate
Flux and the Retention of Both Dye and CPC

The effect of feed CPC to dye concentration ratio on the retention and permeate flux
is presented in Fig. 7.21. The concentration ratio of CPC to dye is varied by
changing the CPC concentration at a fixed dye concentration of 10 x 107> kg/m”.
The figure shows that the retention of both CPC and eosin increases with feed CPC
concentration. But beyond the ratio of 2000, the increase in retention becomes
gradual. For example, when CPC to eosin ratio increases from about 500 to 2000,
the retention increases from 69.6 to 77.8%, but retention becomes 78.2% when the
ratio increases to 2500. Figure 7.21 also shows that the permeate flux decreases with
feed CPC concentration at constant dye concentration. For example, flux decreases
from 23 L/m%h to about 16.2 L/m*h when CPC concentration is increased from
5to 25 kg/m3 (CPC to eosin ratio increases from 500 to 2500). This is due to the
resistance offered by the deposited layer of the micellar aggregates over the
membrane surface.
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7.6.2 Effect of the Feed Dye Concentration on the Permeate
Flux and Retention of Both Dye and CPC

The effect of dye concentration in feed on the retention of dye and permeate flux is
shown in Fig. 7.22. In this case, CPC to dye ratio is varied by changing the dye
concentration keeping CPC concentration constant at 10 kg/m>. It may be observed
from Fig. 7.22 that the flux and retention increase marginally with CPC to dye ratio.
Beyond the ratio of 2000, the retention remains almost unchanged. On the other
hand, the variation of the permeate flux is marginal with CPC to dye concentration
ratio. It may be noted that the major contribution of resistance against the solvent
flux comes from the CPC micelles. Since CPC concentration remains constant and
the solute concentration varies over a range between 4 and 40 x 10~ kg/m?, the
permeate flux remains almost unaltered.
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7.6.3 Effect of Pressure Drop on the Observed Retention
of Dye and Permeate Flux

Variation of the dye retention with the applied pressure is shown in Fig. 7.23. It may
be observed from the figure that the retention of dye and CPC remains almost
independent of pressure. The effect of the operating pressure on the permeate flux
has also been presented in Fig. 7.23 using 10 kg/m> of CPC and 10 x 10~ kg/m? of
eosin. The figure shows that the flux increases with pressure almost linearly within
the pressure range. This occurs due to an increase in the effective driving force.

7.6.4 Effect of Cross Flow Rate on the Observed Retention
of Dye and Permeate Flux

The effects of cross flow rate on permeate flux and observed retention of eosin dye
are presented in Fig. 7.24. It may be observed from the figure that (1) the retention
of both dye and CPC remains almost unchanged with cross flow rate which shows
the independency of the extent of solubilization with cross flow rate and (2) mar-
ginal increase in flux value with cross flow rate. This is due to the fact that the
resistance offered by the deposited layer of the micellar aggregates is slightly
lowered with the increase in cross flow rate considered herein.
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7.7 Regeneration of Surfactant from the Permeate
and Retentate Stream

To make the MEUF system more economical, it is necessary to recycle the
surfactant present both in the permeate and retentate stream before the final
disposal. Several authors have studied the precipitation method for the recycling
of sodium dodecyl sulfate (SDS) using multivalent counter ions (Scamehorn and
Harwell 1989). Air stripping method for the separation of surfactant and contam-
inant and surfactant reuse has also been reported (Lipe et al. 1996). Many
researchers performed MEUF experiments using CPC as the cationic surfactant
(Jadhav et al. 2001), but experiments for the recovery of CPC are still scant. The
present work includes the recovery of CPC by the precipitation method (Purkait
etal. 2003). A two-step chemical treatment process has been adopted to recover the
surfactant from the permeate stream. The main reactions of chemical treatment I
and II as shown in Fig. 7.25 are as follows.

7.7.1 Procedure

Recovery of surfactant from the permeate and retentate stream before final disposal
is carried out by two successive chemical treatments. A series of experiments have
been carried out to obtain the optimum ratio of KI to CPC for maximum precipi-
tation of the surfactant in chemical treatment I and the ratio of CuCl, to CPI
(cetylpyridinium iodide) in chemical treatment II for maximum regeneration of
CPC. Keeping a constant CPC concentration (same as the permeate and retentate
concentration), KI concentrations are varied. The solution is filtered with Whatman
filter papers after complete precipitation. In chemical treatment II, CuCl, solutions
are added in different concentrations to the precipitate that is obtained from
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Fig. 7.25 Schematic of the chemical reactions involved during regeneration

chemical treatment I. Percent redissolution of CPC are calculated in the same way
as in chemical treatment I.

7.7.2 Regeneration of Surfactant from Permeate Stream
7.7.2.1 Chemical Treatment I

With addition of KI, in the permeate, simultaneous production of CPI, KCl, and
HCI will start. Extent of precipitation reaction depends on the degree of dissociation
of KI. Again, degree of dissociation of KI depends on the concentration of KCI
produced by the precipitation reaction. Since KCl is more ionic than KI, dissocia-
tion of KI is restricted due to common ion effect. At KI to CPC ratio of 1.5, the
percentage CPC precipitation is maximum, and above that ratio the percentage CPC
precipitation gradually decreases due to common ion effects as mentioned above.

7.7.2.2 Chemical Treatment II

The effects of concentrations of CuCl, on the percentage redissolution of CPI have
been studied as a function of CuCl, to CPI ratio. With increase of CuCl, to CPI
ratio, the percentage dissolution of CPC increases for both the cases, and beyond
3.5 the percentage dissolution of CPC becomes gradual with CuCl, concentration.
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Table 7.2 Performance of chemical treatment I and II for a typical retentate

Retentate Solute Recovered
Retentate | solute K1/ CPC in with respect to
CPC conc. | conc. CPC precipitated | filtrate | CuCl,/ | retentate (%)
Solute | (kg/m?) (kg/m) (wifwt) | (%) (%) CPI CPC | Solute
P 10.0 0.20 1.5 94.8 90.9 3.50 90.87 |<1.0
PD 10.0 0.20 1.5 97.7 99.3 3.75 94.08 | <1.0

7.7.3 Regeneration of Surfactant from Retentate Stream

The two-step treatment process is also applied to recover CPC from the retentate
stream of phenol and potassium dichromate. Typical retentate streams of phenol
and potassium dichromate are treated with the optimum amount of KI and CuCl,
(as obtained in the last section), and the results are presented in Table 7.2. It is
observed from the table that more than 90 percent CPC can be recovered from the
retentate stream which can be reused.
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Chapter 8
Cloud Point Extraction

Abstract Phase separation of a surfactant-loaded solution happens beyond a
certain critical thermodynamic state (known as the cloud point), separating the
hydrophobic-rich phase in a nonpolar microenvironment from the aqueous super-
natant. The dye molecules are bounded to the surfactant and subsequently separated
by changing the environmental factor (temperature is commonly altered in cloud
point extraction) beyond the cloud point. This is a popular extraction method in
bioseparations but is also applicable for purification of dye solution. The chapter
discusses the effect of the various operating conditions and different surfactants on
extracting clear water from the dye solution with this technology.

Keywords Cloud point extraction ¢ Congo red ¢ Eosin dye ¢ Chrysoidine ¢
Surfactant recovery

Surfactant aggregates orient their hydrophobic tail toward their center of the
micelle core, creating a hydrophobic region in aqueous solution. Hydrophobic
and covalent organic compounds present in the aqueous solution are favorably
partitioned in the nonpolar hydrophobic microenvironment. When the solution
condition changes such as altering temperature or pressure, phase separation occurs
for the micellar solution into two isotropic phases. A coacervate phase (surfactant
rich) is loaded with the hydrophobic burden of the initial solution, while the
aqueous supernatant has a concentration of surfactant, close to surfactant critical
micellar concentration. The two phases, aqueous and surfactant rich, are usually
separated by centrifugation. The temperature above which the phases separate is
known as the cloud point temperature, and it is a function of the surfactant
concentration. The solute present in aqueous solution of nonionic surfactant is
distributed between the two phases at the cloud point temperature (Wang et al.
2003). The ability of this process to concentrate and separate nonpolar target
species from aqueous stream has been demonstrated in analytical chemistry and
separation science.
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8.1 Mechanism of Phase Separation

Although the exact mechanism via which this phenomenon occurs is unknown,
possible reports suggest:

1. The dielectric constant of water decreases with increase in temperature, reducing
the interaction between the hydrophilic portion of surfactant and water. Thus,
above the CPT, dehydration occurs in the external layer of micelles of nonionic
surfactant due to rise in temperature (Lindman and Wennerstrom 1991).

2. The phase separation above CPT may be due to micellar attraction. This is
because at lower temperature (below CPT), intermicellar repulsive force is
predominant that becomes attractive when temperature exceeds the CPT
(Lindman and Wennerstrom 1991).

3. Phase separations occur due to the competition between enthalpy (which favors
separation) and entropy (which favors miscibility of micelles in water) (Liu et al.
1996), which infers to the fact that the clouding and phase separation process is
thermodynamically reversible.

A homogeneous system is produced by driving the micelles to combine with the
aqueous phase, possibly by reestablishing the initial solution configuration.
Kjellander and his group have developed a model describing the phase separation
in nonionic surfactants — water system (Silva et al. 1998; Qiao and Easteal 1998;
Toerne et al. 2003; Inoue et al. 2003). At low temperatures, each surfactant
monomer is solvated with water molecules resulting in the hydrogen bond with
the polyoxyethylene units and the polar head. In increasing the temperature, the
system entropy is raised, which dehydrates the oxyethylene chains and sabotages
the molecular layer of water. Subsequently, the weak intra- as well as
intermolecular van der Waals forces play a significant role in the formation of the
micellar aggregate, responsible for the phase separation.

The insoluble, sparingly soluble, or highly soluble solute in water dissolves
extensively in/on the micelles of surfactant. The extent of solubilization and the
location of solubilization in the micelles of nonionic surfactant are related to one
another, but not clearly understood. Some authors have proposed that for nonionic
surfactant, the core is surrounded by a mantle of aqueous hydrophilic chains and
solubilization may occur in both the core and the mantle (Hiemenz and Rajagopalan
1997). The relative amount of solubilization in these two regions of nonionic
micelles depends on the polarity of solubilizate. Nonionic surfactants appear
relatively more hydrophobic at higher temperature, due to an equilibrium shift
that favors dehydration of the ether oxygens. As the cloud point is approached,
the solubilization of nonpolar solubilizates increases, probably due to an increase in
the aggregation number of the micelles. For polar solubilizates, solubilization
decreases owing to dehydration of the polyoxyethylene chains coiling more tightly.
These observations demonstrate that nonpolar compounds are solubilized in the
core of micelles, while polar solubilizates are located on the mantle. Both the
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temperature effects cited here are consistent with variations in the space available
for the solubilized molecules in the micelles (Hiemenz and Rajagopalan 1997).

8.2 Applications of Cloud Point Separation

The first applications of phase separation based on the physics of cloud point
phenomena was reported by Watanabe and Tanaka (1978) for the preconcentration
of Zn(Il) using 1-(2-pyridylazo) naphthol as a ligand and PONPE as extractant.
Later, this methodology was also applied to the determination of different metal
ions in different types of samples. Another application of the CPE focuses on the
isolation and purification of species of biological interest, mainly proteins. It is in
this field of bioseparations that CPE currently finds one of its main use, as evident
by the considerable volume of literature related to the extraction and purification
of membrane proteins and other biomaterials (Saitoh and Hinze 1995; Heegaard
et al. 1997). The use of CPE for the extraction of organic compounds other than
biomolecules is relatively recent (Saitoh and Hinze 1995). CPE has been evalu-
ated for the extraction of a series of chlorinated phenols from water (Fernandez
et al. 1998). Cloud point technique has been successfully employed for the
preconcentration of polycyclic aromatic hydrocarbons (Pinto et al. 1994; Garcia
et al. 1992; Ferrer et al. 1996), polychlorinated compound (Fernandez et al.
1998), and vitamins (Saitoh and Hinze 1995; Casero et al. 1999; Sirimanne et al.
1998).

8.3 Effects of Surfactant Concentration on Extraction

Surfactant solutions and different dyes are prepared by dissolving accurately
weighed amount of surfactant and dye in distilled water at different concentrations.
Each experiment is conducted in a fixed volume of different concentrations of
surfactants containing dye and salt solution at a constant temperature bath for
20 min. After complete phase separation, the experimental solution is removed
from the temperature bath and cooled for 2 min. The volumes of the coacervate
phase and concentration of dilute phase have been measured. The concentration of
the surfactant as well as the dyes is measured in UV spectrophotometer at the
maximum absorbance wavelength of 226 nm (TX-100), 223 nm (TX-114), 457 nm
(chrysoidine), 517 nm (eosin), and 499 nm (Congo red). The concentration of
chrysoidine dye is varied from 12 to 200 ppm, while it is varied from 1 to
200 ppm for eosin dye and from 1 to 555 ppm for Congo red. The experiments
are conducted with varying temperature from 70 to 95 °C for TX-100 and from
40 to 44 °C for TX-114.
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Fig. 8.1 Effect of
surfactant concentration on
extraction of dye
(Reproduced from Purkait
et al. (2006). With
permission from Elsevier)
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8.3.1 Chrysoidine

Figure 8.1 shows the effect of concentration of TX-100 and TX-114 on the
extraction of chrysoidine at 75 °C and 40 °C, respectively, at a feed chrysoidine
concentration of 100 ppm. It has been observed from the figure that for a
chrysoidine concentration of 100 ppm, extraction of the dye increases sharply
when TX-100 concentration increases from 0.005 to 0.1(M). Beyond 0.1(M),
increase in extraction efficiency becomes gradual and is constant beyond 0.15
(M). It may also be observed from Fig. 8.1 that at a surfactant concentration of
0.15(M), dye extraction is about 92% when TX-100 is used. The extraction
increases to about 99.6% when TX-114 is used at the same concentration level of
dye and surfactant.

At constant temperature and feed chrysoidine concentration, the fractional
coacervate phase volume increases (as shown in Table 8.1) with feed surfactant
concentration. This is because of the fact that the concentration of surfactant in the
coacervate phase remains nearly constant at constant temperature (Kimchuwanit
et al. 2000), and hence to maintain material balance, the coacervate phase volume
increases. Therefore, there is more surfactant in micellar form present in the
micellar-rich phase (as volume of surfactant-rich phase is more). This increases
the extent of solubilization and also the extraction efficiency. However, beyond a
surfactant concentration of 0.1(M) for TX-100 and 0.075(M) for TX-114), the
extraction becomes nearly constant. The surfactant partition coefficient (defined
as the ratio of the concentration of surfactant in the coacervate phase to that in the
dilute phase) remains almost constant with increasing surfactant concentration as
shown in Fig. 8.2. As the partition coefficient remains unchanged, the distribution
of the dye in these two phases remains almost constant. This is reflected in the near
constant values of extraction in Fig. 8.1.
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Table 8.1 Fractional coacervate phase volume and surfactant extraction data for some selective
conditions for CPE of chrysoidine

TX- | TX- Fractional Surfactant

Dye 100 114 NaCl |CaCl, |Temperature coacervate extraction
(ppm) (M) M) M) M) O pH | volume (%)
100 0.005 |.... oo o 75 5.0 |0.004 94.34
100 0.010 |.... o e 75 5.0 |0.10 97.11
100 0.030 |.... o e 75 5.0 |0.06 99.04
100 0.050 |.... o e 75 5.0 |0.10 99.41
100 0.100 |.... 75 5.0 [0.12 99.69
100 0.200 |.... oo o 75 5.0 [0.20 99.85
100 0.250 |.... e e 75 5.0 {0.23 99.88
100 o 0.075 |.... e 40 5.0 |0.15 99.62
125 |0.1 . o e 75 5.0 |0.05 99.66
25 0.1 o . S 75 5.0 [0.09 99.67
50 0.1 o o o 75 5.0 [0.10 99.69
200 0.1 o oo o 75 5.0 [0.16 99.71
200 o 0.075 |... e 40 5.0 |0.19 99.81
100 005 |... o o 80 5.0 |0.09 99.42
100 0.05 |... o . 85 5.0 |0.08 99.45
100 0.05 |... S o 90 5.0 |0.07 99.49
100 oo 0.075 | ... o 40 5.0 [0.15 99.44
100 0.10 |... o e 75 2.0 |0.18 99.98
100 0.10 |... o e 75 5.0 [0.12 99.98
100 010 |... 75 9.0 |0.11 99.98
100 0.10 |... S oo 75 12.0 |0.09 99.99
100 oo 0.075 |.... o 40 12.0 |0.08 99.03
100 010 |... 005 |... 75 5.0 |0.12 99.97
100 010 |... 0.10 |... 75 5.0 [0.11 99.97
100 0.10 |... 030 |... 75 5.0 [0.09 99.97
100 010 |... 050 |... 75 5.0 |0.08 99.97
100 0.10 |... oo 0.05 75 5.0 [0.11 99.97
100 0.10 |... o 0.10 75 5.0 |0.10 99.97
100 010 |... o 0.30 75 5.0 |0.09 99.97
100 010 |... e 0.50 75 5.0 [0.08 99.97

Reproduced from Purkait et al. (2006). With permission Elsevier

8.3.2 Eosin

For successful CPE of dye, it is desirable to use minimum amount of surfactant for
maximum extraction of dye. Figures 8.3 and 8.4 show the effect of concentration of
TX-100 on the extraction of eosin for different initial concentrations at 80 and
95 °C. It has been observed from both figures that for eosin concentration of more
than 1 ppm, extraction of dye increases sharply when TX-100 concentration
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increases from 0.05(M) to 0.1(M). Beyond 0.1(M), increase in extraction efficiency
becomes gradual. For eosin concentration of 1 ppm, close to 100% dye extraction is
possible with a TX-100 concentration of 0.05(M). For 5, 10, 50, and 100 ppm of dye
concentration, 0.2(M) TX-100 may be an optimum concentration to achieve about
98% extraction of dye. For higher concentrations, e.g., 150 and 200 ppm, about
96% extraction of eosin is achieved with 0.25(M) TX-100. It has also been observed
that for a particular TX-100 concentration, percent extraction decreases with
increase in the dye concentration. With increase in surfactant concentration, the
volume of coacervate phase increases, as the concentration of surfactant in coac-
ervate phase remains almost constant. This increase in coacervate phase volume
renders higher solubilization of dye, which explains the higher extraction of dye at
higher TX-100 concentration at constant temperature and initial dye concentration.
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Fig. 8.4 Effect of 100 - = = =
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(Reproduced from Purkait
et al. (2005). With
permission from Elsevier)
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Figure 8.4 presents the efficiency of dye extraction with surfactant concentration at
95 °C. This figure clearly indicates that the extraction efficiency increases with
temperature. For example, extraction efficiency of concentrated dye solution at
200 ppm is about 51.5% at 0.05(M) surfactant concentration at 80 °C (Fig. 8.3),
whereas it is about 67% at the same concentration level at 95 °C (Fig. 8.4). At
surfactant concentration of 0.25(M), the extraction efficiency of all the eosin
concentration used in the present experiments increases from a range of 96 to
100% (Fig. 8.3) to about 98.8 to 100% (Fig. 8.4) when temperature increases
from 80 to 95 °C. Increase in temperature leads to an increase in aggregation
number of micelles thereby increasing the extent of solubilization of dyes at
higher temperature. It may be noted from Figs. 8.3 and 8.4 that beyond a
surfactant concentration of 0.2(M), the increase of extraction efficiency of eosin
is gradual for all the feed eosin concentrations used in this study. Therefore, 0.2
(M) TX-100 may be considered as the optimum surfactant dose for efficient CPE
of eosin dye.

8.3.3 Congo Red

Similar observation is found in case of CPE of Congo red using TX-100. The results
in Figs. 8.5 and 8.6 show for different initial Congo red concentrations at 70 °C and
85 °C, respectively. It has been observed from both figures that for a Congo red
concentration of more than 35 ppm, the extraction of dye increases sharply when
TX-100 concentration increases from 0.02(M) to 0.1(M). Beyond 0.1(M), increase
in extraction efficiency becomes gradual.

It may be observed from Fig. 8.5 that for a dye concentration of 35 ppm, 100%
Congo red extraction is possible with a TX-100 concentration of 0.02(M). For
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70 ppm of Congo red concentration, 0.1(M) TX-100 may be an optimum concen-
tration to achieve about 100% extraction of dye. For higher dye concentrations, e.g.,
139, 275, and 555 ppm, with 0.25(M) TX-100, about 98.2, 97.2, and 92.3%
extractions of Congo red are achieved. The extraction efficiency of concentrated
Congo red solution of 555 ppm is about 92.3% at 0.25(M) surfactant concentration,
at 70 °C (Fig. 8.5), whereas it is about 98.4% at the same concentration level at
85 °C (Fig. 8.6). At a surfactant concentration of 0.25(M), the extraction efficiency
of all the dye concentrations used in the present experiments increases from 92.3 to
100% (Fig. 8.5) and from 98.4 to 100% (Fig. 8.6) when temperature increases from
70 to 85 °C. It may be noted from Figs. 8.5 and 8.6 that beyond a surfactant
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concentration of 0.2(M), the increase of extraction efficiency for a dye concentra-
tion more than 70 ppm is gradual for all the Congo red feed concentrations used in
this study. Therefore, 0.1(M) TX-100 may be considered as the optimum TX-100
dose for efficient CPE of Congo red up to 70 ppm. For dye concentration beyond
70 ppm, 0.2(M) TX-100 is the optimum dose.

8.4 Effects of Dye Concentration on Extraction

8.4.1 Chrysoidine

The effects of feed chrysoidine concentration on the dilute-phase chrysoidine
concentrations have been shown in Fig. 8.7. Surfactants used are 0.1(M) of
TX-100 and 0.075(M) of TX-114 for the feed chrysoidine concentrations of 12.5,
25, 50, 100, and 200 ppm. It has been observed from the figure that in both cases,
the dilute-phase chrysoidine concentration increases sharply with the feed
chrysoidine concentration. From Fig. 8.7, it may also be observed that for a
particular feed dye concentration, dilute-phase dye concentration remains much
higher when TX-100 is used. For example, for 100 ppm dye, about 92% of dye
extraction is possible when 0.1(M) of TX-100 is used at 75 °C. For the same dye
concentration, 0.075(M) of TX-114 at 40 °C increases the extraction up to about
97.5%.

As in Table 8.1, the fractional coacervate phase volume increases with feed dye
concentration at constant temperature, surfactant concentration, and pH. It is well
known that compounds, like urea, formamide, etc., increase CMC of the nonionic
surfactants in the aqueous solution because of their disruption of the water structure
(Rosen 2004). This may increase the hydration of the hydrophilic group of the
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phase dye concentration 16F | —=— TX-100,0.1(M) at 75°C
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surfactant (Rosen 2004). In the present study, the chrysoidine dye has similar active
functional group of urea. Therefore, it may be assumed that in the presence of dye
(at constant surfactant concentration), CMC of the nonionic surfactant increases.
This implies that the number concentration of the micelles decreases with dye
concentration. Therefore, increasing feed dye concentration only results in an
increase of unsolubilized dye, increasing its concentration in the dilute phase and
hence reducing the extraction efficiency. The presence of dye increases the CMC
resulting in lesser number of micelle and hence a lowering of the volume. But this
decrease is offset by the hydrating effect of the dye resulting in the formation of
larger molecules. The effective volume thus shows a small increase with the
chrysoidine concentration.

8.4.2 Eosin and Congo Red

Variations of the extraction of TX-100 with feed eosin and TX-100 concentration
are shown in Fig. 8.8 at 85 °C. It may be observed from the figure that extraction
efficiency of the surfactant increases with initial surfactant concentration for all the
dye concentrations. For example, at a feed surfactant concentration of 0.25(M), the
surfactant is extracted in the coacervate phase in the range of 98.7-99.8% for all the
eosin concentrations. Since, TX-100 concentration in the dilute phase remains
almost constant (at lower surfactant concentration just above the CMC) at constant
temperature and eosin concentration, the extraction efficiency of TX-100 increases
with feed TX-100 concentration. Beyond a concentration of 0.2(M), the increase in
extraction efficiency is gradual because of the fact that at higher surfactant
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concentration (>0.2 M), the surfactant concentration in dilute phase increases with
feed TX-100 concentration (>0.2 M). At constant surfactant concentration, TX-100
extraction increases with eosin concentration. As more eosin molecules are solu-
bilized, intermicellar repulsion decreases, increasing the micellar size and hence the
coacervate phase volume.

Same trend is observed for the CPE of Congo red and is shown in Fig. 8.9 at
70 °C. In this case, surfactant is extracted in the coacervate phase in the range of
94.7-99.41% for all Congo red concentrations at a feed surfactant concentration of
0.25(M).

8.5 Effects of Temperature on Extraction

8.5.1 Chrysoidine

The effects of temperature on the efficiency of chrysoidine extraction are shown in
Fig. 8.10 for an initial chrysoidine concentration of 100 ppm at 0.03, 0.05, 0.10,
0.20, and 0.25(M) of TX-100. It is clear from the figure that the extraction of
chrysoidine increases with temperature and TX-100 concentration. It may be
observed that the extraction of chrysoidine (for 100 ppm of feed dye and 0.25
(M) of TX-100) increases from about 93 to 97.5%, when the temperature increases
from 75 to 90 °C. Variation of chrysoidine extraction with temperature using
TX-114 at different feed dye concentrations is shown in Fig. 8.11. Same trend of
dye extraction with temperature has been observed when TX-114 is used instead of
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TX-100. It may be noted that for TX-114, the extraction of dye is marginally
improved with temperature. The extraction (for 100 ppm of feed dye and 0.25
(M) of TX-114) increases marginally from about 97.5 to only 98%, when the
temperature increases from 40 to 55 °C. Therefore, the extraction should be carried
out at an operating temperature of 40 °C for TX-114.

At higher temperature, CMC of nonionic surfactants decreases (Clint 1992).
Moreover, nonionic surfactants appear relatively more hydrophobic at higher
temperatures, due to an equilibrium shift favoring dehydration of the ether oxygens
(Hiemenz and Rajagopalan 1997). This leads to an increase in the number concen-
tration of micelles. Therefore, the solubilization capability of the micellar solution
increases with temperature leading to an increase in the dye extraction. It is also
evident from Table 8.1 that the volume of coacervate phase decreases with
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temperature. For example, at 100 ppm of dye and 0.05(M) of TX-100, fractional
volume of coacervate phase decreases from 0.10 to 0.07 when temperature is raised
from 75 to 90 °C. At an elevated temperature, the interaction among the TX-100
micelles increases leading to dehydration from the external layers of micelles
resulting in a decrease in volume of coacervate phase (Kimchuwanit et al. 2000).

8.5.2 Eosin and Congo Red

The effects of temperature on the efficiency of CPE are shown in Figs. 8.12 and
8.13 for initial eosin concentration of 10 and 150 ppm, respectively, using 0.2(M) of
TX-100. It is clear from the figures that the extraction of eosin increases and the
fractional coacervate phase volume decreases with temperature. From Fig. 8.12, it
is observed that the extraction of dye increases from 98.2 to 100% and fractional
coacervate phase volume decreases from 0.62 to 0.22, when the temperature
increases from 80 to 95 °C. Eosin molecule is ionic, but due to the presence of
three benzene rings, it shows an amphiphilic nature. The increase in extraction
efficiency or solubilization in micelles with temperature is due to the fact that the
polarity of eosin molecule decreases with temperature and shows preferentially
hydrophobic nature at higher temperature. Therefore, eosin molecules get solubi-
lized in the micelles. At higher temperature, this is augmented by the increase in
aggregation number, leading to an increase in the extraction efficiency or solubili-
zation. Similar trend is observed for higher feed concentration (150 ppm) of eosin
as shown in Fig. 8.13.

Figure 8.14 shows the variations of extraction of Congo red with temperature for
initial Congo red concentration of 139, 275, and 555 ppm using 0.04 and 0.05(M) of
TX-100. This figure also shows that the extraction of Congo red increases with
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temperature and feed TX-100 concentration. It may be observed that the extraction
of Congo red (for 139 ppm of feed dye and 0.04(M) of TX-100) increases from
93.62 t0 95.6%, when the temperature increases from 70 to 85 °C. The reason is due
to the interaction of the structural feature of the Congo red molecule as in the case
of eosin molecule.

Figure 8.15 shows the variation of fractional coacervate phase volume with
temperature. It is evident from Fig. 8.15 that the volume of coacervate phase
decreases with temperature. For example, at 200 ppm of dye, fractional volume
of coacervate phase decreases from 0.16 to 0.07 when the temperature is raised
from 80 to 95 °C. At elevated temperature, the interaction among the TX-100
micelles increases leading to dehydration from the external layers of micelles
resulting in a decrease in volume of coacervate phase. At a fixed temperature,
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fractional volume of coacervate phase increases with dye concentration. As dye
concentration increases, more dyes will be solubilized leading to an increase in
coacervate phase volume. Similar trend is observed for CPE of Congo red and is
shown in Fig. 8.16 for different Congo red concentrations using 0.1(M) of TX-100.

The variations of the extent of extraction of the surfactant with temperature are
presented in Fig. 8.17 for different feed dye concentrations. It may be observed
from the figure that the extraction of the surfactant increases initially with temper-
ature and feed dye concentration. For example, at 139 ppm dye concentration, the
efficiency of extraction of surfactant increases from 95.54 to 99.79% when tem-
perature is raised from 70 to 75 °C at 0.25(M) of TX-100. On the other hand, at
70 °C, extraction efficiency increases with dye concentration as discussed earlier.
Beyond 75 °C, the efficiency of TX-100 extraction is almost independent of
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temperature and dye concentration. The increasing extraction efficiency at higher
temperature is due to the more micellar attraction. The same trend has been
observed for TX-100 extraction with temperature and dye concentration at 0.1
(M) of surfactant. It may be observed from figure that the extraction efficiency is
more for higher feed TX-100 concentration. Since all the feed TX-100 concentra-
tions are much above the CMC and dilute phase remains slightly above the CMC,
the ratio of the surfactant concentration of dilute phase to that of the feed decreases
with increase in feed TX-100 concentration, and hence extraction efficiency
decreases with feed surfactant concentration.

8.6 Effects of pH on Extraction

The effects of the pH of the solution on the extent of chrysoidine extraction are
shown in Fig. 8.18 for 100 ppm of feed chrysoidine using 0.1(M) of TX-100 and
0.075(M) of TX-114 at 75 °C and 40 °C, respectively. Extraction of chrysoidine is
less in acidic pH and increases with pH. The lower extraction at acidic pH may be
due to the increasing ionic character of oxy group of nonionic surfactant, which
increases the CMC (Clint 1992). This leads to a decrease in the micellar concen-
tration and the aggregation number resulting in less solubilization of the dye. On the
other hand, at basic pH, CMC is lowered due to increasing hydrophobicity of oxy
groups that increase the size of the micelles as well as the aggregation number
(Rosen 2004). Therefore, dye solubilization is more at basic pH values leading to an
increase in the dye extraction and lower fractional coacervate phase volume
(Table 8.1).



8.7 Effects of Salt Concentration on Extraction 273

Fig. 8.18 Effect of pH on
extraction of dye using \’? 100 -
TX-100 and TX-114 T
(Reproduced from Purkait ) 98
et al. .(2906). With . S 961
permission from Elsevier) 2
@ 04}
2
o 92r
S 90t
5 g8 L Chrysoidine: 100 mg/I |
5 —o—TX -100, 0.1(M) at 75°C
g 86r —e—TX -114, 0.0.075(M) at 40°C
e
M 84 L L L L L
K 2 4 6 8 10 12
pH

8.7 Effects of Salt Concentration on Extraction

8.7.1 Chrysoidine

Figure 8.19 shows the variation of extraction efficiency with salt (NaCl and CaCl,)
concentration. The surfactants used are TX-114 at 40 °C and TX-100 at 75 °C. It
may be observed from the figure that the extraction of chrysoidine increases from
about 93 to 97% when concentration of CaCl, increases from 0.05(M) to 0.5(M) at
a fixed initial dye concentration (100 ppm in this case) and TX-100 concentration
(0.1 M). Beyond 0.3(M), the increase in efficiency becomes gradual. Same trend of
chrysoidine extraction has been observed with NaCl. The trend with TX-114 is
similar. The CMC of the nonionic surfactants decreases in the presence of electro-
lytes which are known to be capable of “salting out,” e.g., NaCl, KCl, CaCl,, etc.
(Clint 1992). Therefore, the number of concentration and aggregation number of
the micelles increase with the addition of NaCl and CaCl,. This enhances the
amount of solubilized dye. Beyond a salt concentration of 0.3(M), the increase in
extraction efficiency is marginal. This may be due to the marginal change of
aggregation number beyond this condition. From Fig. 8.19, it may be noted that
at the same level of salt concentration, the dye extraction efficiency is more for
CaCl, compared to NaCl. This is due to the increased micellar aggregation because
of the enhanced salting out effect of CaCl, compared to NaCl in presence of
divalent calcium salt.
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Variation of fractional coacervate phase volume with NaCl concentration is shown
in Fig. 8.20. It is clear from the figure that the fractional coacervate phase volume
decreases sharply (from 0.24 to 0.14 and 0.1 to 0.05 for 0.1(M) and 0.03(M) of feed
TX-100, respectively) with increasing NaCl concentration up to 0.2(M). Beyond
that, decrease in fractional coacervate phase volume is marginal. It has also been found
that for constant eosin and salt concentration, fractional coacervate phase volume
increases with TX-100 concentration. Decrease in fractional coacervate phase
volume with increase in NaCl concentration is due to the decrease in intermicellar
repulsion and increase in aggregation number. With the increase in NaCl concentration,
intermicellar repulsion decreases and reaches minimum at 0.2(M). Beyond 0.2(M),
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the repulsion is marginal, and hence decrease in fractional coacervate phase volume
is also very less.

Figure 8.21 shows the variation of extraction efficiency with NaCl concentration
at 80 °C. It may be observed from the figure that the extraction of both eosin and
TX-100 increases with NaCl concentration at a fixed initial eosin (200 ppm in this
case) and TX-100 concentration (0.1 M). It is also found that the extraction of both
eosin and TX-100 increases sharply (from 96.1 to 98.42% for dye and 98.32 to
99.08% for TX-100) up to 0.2(M) of NaCl, but beyond that, the increase in
efficiency becomes gradual. The increase in extraction of dye with salt concentra-
tion has already been discussed earlier.

8.7.3 Congo Red

Figures 8.22 and 8.23 show the variation of extraction efficiency with CaCl,
concentration at TX-100 concentration of 0.03(M) and 85 °C at initial Congo red
concentration of 400 and 600 ppm, respectively. It may be observed from both the
figures that the extraction efficiency of both Congo red and TX-100 increases with
CaCl, concentration. From Fig. 8.22, it is found that the extraction of both dye and
TX-100 increases sharply (from 89.45 to 93.99% for dye and from 80.14 to 85.78%
for TX-100) up to 0.2(M) of CaCl,, but beyond that, the increase in efficiency
becomes gradual. Similar trend is observed in Fig. 8.23 for higher dye concentra-
tion (600 ppm).
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8.8 Determination of Design Parameters for Cloud Point
Extraction of Congo Red and Eosin Dyes Using TX-100

CPE has been successfully used for removal of Congo red and eosin dye using
TX-100 as the nonionic surfactant (Namasivayam and Kavitha 2002; Purkait et al.
2004, 2005, 2006). In the present study, various design parameters of a CPE process
have been estimated by developing correlations for dye solubilization and fractional
coacervate phase volume with the operating conditions, namely, temperature, feed
surfactant, and dye concentration. A method is presented to calculate the feed
surfactant concentration required for the removal of dyes up to a level of 1.0 mg/L.
The developed correlations may be useful to design a cloud point extractor of a
desired efficiency.
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8.8.1 Solubilization Isotherm

In order to determine dye solubilization capacity of TX-100 at different tempera-
tures, the experimental data are used to calculate the solubilization isotherms. These
isotherm data are the basic requirements for the design of CPE system.

Figures 8.24 and 8.25 show the isotherms at different temperatures, for Congo
red-TX-100 and eosin-TX-100 system, respectively. The Langmuir-type adsorption
isotherm is successfully used in describing many adsorption processes. The same
model has been used to explain the solubilization of two different dyes in TX-100.
Equation (8.1) gives the expression of the well-known Langmuir model.

_ mnC,
" 1+ nC,

9. (8.1)

where ¢, is the moles of dye solubilized per mole of surfactant. C, is the dilute-
phase equilibrium concentration of the dye. The constants m and » are the Langmuir
constants signifying the solubilization capacity and energy of solubilization,
respectively (Namasivayam and Kavitha 2002). Values of m and n for each
operating temperatures are evaluated by regression analysis using the experimental
data. The variations of m and n with temperature are fitted to a quadratic model as
shown in Figs. 8.26 and 8.27. The expressions of m and n as function of temperature
are given below:

For Congo red-TX-100 system

m = 0.6398 — 1.682 x 107°T + 1.16 x 107*T* (r* = 0.996) (8.2)
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n = —263438.5 + 7172.2T — 46.730.98T> (r* = 0.990) (8.3)
m=12376 x 107% —3.93 x 10T + 2.1 x 107°7*(* = 0.992) 8.4)
n=—3.774 x 10° 4 8384.7T — 44.69T° (r* = 0.994) (8.5)

where T is the temperature in C.



8.8 Determination of Design Parameters for Cloud Point Extraction of Congo Red. .. 279

Fig. 8.27 Variation of the 6.0 . ; . . 180
values of m and n with —
temperature for o Egsin 1160
solubilization of eosin in S8+
TX-100 —_
) . 1140 ©
5.6 =
= a 1120 £
= 120 =
= 54t e
= 100 %
) -,
5. {80 %
5.0 = 2 60

75 80 8 90 95 100
Temperature (°C)

Presence of salts reduces the critical micellar concentration of the surfactant
(Clint 1992). Thus, the solubilization capacity of the micelles increases as the
number of micelles increases on addition of salts. Hence, the performance of CPE
increases with salt concentration. This effect is more for a divalent salt (e.g., CaCl,)
compared to a monovalent one (e.g., NaCl). In the present study, divalent CaCl, is
used as an external performance-enhancing agent for CPE of Congo red, and
monovalent NaCl is used for CPE of eosin. To incorporate the concentration of
salts in the isotherm, Eq. (8.1) is modified and expressed in Egs. (8.6) and (8.7) for
constant concentration of dye and surfactant.Isotherm for the solubilization of
600 mg/L of Congo red in 0.03(M) of TX-100 micelles at 70 °C in presence of
CaCl, is as follows:

mnC,
14+ nC,

Gos = [146.96(1 — exp™'%)] (8.6)

The isotherm for the solubilization of 200 mg/L of eosin in 0.1(M) of TX-100
micelles at 85 °C in presence of NaCl is as follows:

_ mnC,
T 1+4+nC,

Qs [14163.97(1 — exp™?2C)] (8.7)

Using Eqgs. (8.6) and (8.7), the solubilization isotherms at various salt concentra-
tions are calculated and presented in Figs. 8.28 and 8.29 for Congo red using CaCl,
at 70 °C and for eosin using NaCl at 85 °C, respectively. It is observed from both the
figures that the extent of dye solubilization is significantly higher in the presence of
salt.
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8.8.2 Variation of Fractional Coacervate Phase Volume

In order to calculate the performance of a CPE process, the variation of the
fractional coacervate phase volume with concentration of the feed surfactant and
the operating temperature needs to be studied. In this regard, the following corre-
lation for the fractional coacervate phase volume with the feed surfactant concen-
tration is proposed:

F.=aC’ (8.8)

where F'. is the fractional coacervate volume and C; is the molar concentration of
the feed surfactant solution. As mentioned in the experimental section, a wide range
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of feed surfactant concentration and dye concentration is used in the experiments at
various operating temperatures. F'. is thereby correlated with C; using Eq. (8.8). For
fixed feed dye concentration, variations of the parameters ¢ and b with temperature
are shown in Figs. 8.30 and 8.31 for the two dyes. It is quite clear from the figures
that @ and b vary linearly with temperature and can be expressed as follows:

a=P+0T (8.9)
b=R+ST (8.10)

The parameters P, O, R, and § are evaluated for various feed dye concentrations.
The value of Q varies from —0.06 to —0.08 for Congo red and from —0.06 to —0.18
for eosin. Therefore, an average value of Q is considered for further calculations for
both the dyes. They are —0.07 for Congo red and —0.12 for eosin. The variation of
S for both the dyes remains within 0.07 to 0.08. For both the dyes, the average value
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of S considered is 0.075. Typical variations of the parameters P and R with feed dye
concentration for the two dyes are shown in Figs. 8.32 and 8.33. Variations of P and
R for the two dyes are expressed by the following correlation with feed dye

concentration:

For Congo red

P = 6.422 — 225.05C, — 2.185 x 10*83 (r* = 0.980)
0

1
R =0.3917 + 7.015C, + 4.651 x 10—93 (r* =0.996)
0

For eosin

! (8.11)

(8.12)
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temperatures for eosin
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et al. (2006). With
permission from Elsevier)
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G

(8.14)

Variations of fractional coacervate phase volume with the feed surfactant con-
centration for two typical operating conditions for the two dyes are presented in
Figs. 8.34 and 8.35. Using Eqgs. 8.8, 8.9, 8.10, 8.11, 8.12, 8.13, and 8.14, the
calculated trend of F . is also presented in the same figures.
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8.8.3 Determination of Surfactant Requirement
for the Removal of Dye to a Desired Level Without
Using Salts

Using the developed correlations (Egs. 8.1, 8.2, 8.3, 8.4, 8.5, 8.8, 8.9, 8.10, 8.11,
8.12, 8.13, and 8.14), a calculation procedure is outlined to determine the amount of
surfactant required for the removal of dye up to a desired level. The solubilization
isotherm is defined as,

_ Moles of dye solubilized A

9e = Moles of TX — 100 used X (8.13)
Moles of dye solubilized can be obtained from mass balance,
A=VyCy—V,C, (8.16)

where V and V, are the volume of the feed solution and that of the dilute phase after
CPE. Cy and C, are the molar dye concentration in the feed and that remaining in
the dilute phase after CPE. Hence, C, is the desired concentration level of the dye
for which the CPE is performed. In terms of fractional coacervate phase volume
(F.), Eq. (8.16) can be written as,

A= VO[CO - Ce(l - Fc)] (8'17)

Using Egs. (8.8), (8.15), and (8.17), the moles of surfactant required can be
expressed as,

Y

X [Co— C.(1 —aC))] (8.18)

qe

If C; is the concentration of surfactant initially in the feed, X in Eq. (8.18) can be
expressed as,

X=CV, (8.19)

Equating Egs. (8.18) and (8.19), the following governing equation of Cj is obtained:

c =1 [Co—C.(1—aC?)] (8.20)

e

Expressing in terms of C, from Eq. (8.1), the expression of C; is obtained as,
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With the knowledge of feed dye concentration (Cy), the desired level of dye
concentration in the dilute phase (C,), isotherm constants m and n, and design
parameters a and b, Eq. (8.21) can be solved by trial and error to obtain C,. Solving
Eq. (8.21) using some typical temperature conditions and fixing the desired con-
centration level of dye in the dilute phase as 1.0 mg/L, the surfactant concentrations
required for various feed dye concentrations are calculated and plotted in Figs. 8.36
and 8.37 for Congo red and eosin dyes, respectively. It may be observed from the
figures that the required surfactant concentration increases with feed dye concen-
tration and is less at higher temperatures. Higher operating temperature requires
higher energy input to the system. Therefore, there exists a trade-off between the
feed surfactant dose and the operating temperature with respect to the feed dye
concentration to effect a desired level of dye removal.

8.8.4 Surfactant Recovery by Solvent Extraction (SE)

To meet the environmental standards and the economy of the CPE process, it is
necessary to recover the surfactant from both the coacervate and aqueous phases.
Unlike ionic surfactant, precipitation method is not applicable for nonionic surfac-
tant. For volatile solute, it is easy to recover surfactant from the coacervate phase by
vacuum, steam, or gas stripping (Purkait et al. 2004). But problem arises for
nonvolatile solute like dye, which is used in the present case. Although regeneration
of surfactant from coacervate phase is not studied in this work, efficacy of SE is
explored here to recover surfactant from the dilute phase.
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The experimental investigation on separation of TX-100 at 30 °C from
aqueous solution is performed using heptane as extracting medium. All SE
experiments are conducted in a cylindrical vessel. The composition of each set
of experiment is prepared by adding different volumes (2, 5, 10, 15, 20, and
25 ml) of heptane to a fixed volume (30 ml) of TX-100 solution of 243, 479,
2079, and 5157 ppm. Dye concentration is zero, since the concentration of dye in
the dilute phase is almost zero for a wide range of feed dye-TX-100 system. The
mixture of TX-100 solution and heptane is vigorously shaken for 20 min using a
stirrer (Type-RQ-123, Remi Motors Ltd., India) at 450 rpm to achieve equilib-
rium. After that, the mixture is transferred into a separating funnel and kept for
3 h for complete separation of two phases. The volume and concentration of
aqueous and nonaqueous phase are measured. The experiments are conducted in
batch mode.

The results are presented in Fig. 8.38. It is clear from the figure that for a fixed
TX-100 concentration (e.g., 243 ppm), the surfactant recovery increases sharply
from 42 to 88%, when the ratio of heptane to dilute phase increases from 0.067 to
0.5. With further increase of the above ratio up to 0.833, the surfactant recovery
reaches up to 88%. On the other hand, at the same ratio, extraction efficiency
decreases with increase in feed TX-100 concentration. The increase in recovery
with the solvent to dilute-phase volume ratio is due to more distribution of
TX-100 molecule in the heptane phase. The concentration distribution of the
surfactant in both the solvent and dilute phases is constant at a fixed temperature
(room temperature of 32 + 2 °C). Therefore, fixing the ratio of solvent to dilute
phase, increase in feed surfactant concentration results in lower surfactant
recovery.
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Chapter 9
Electrocoagulation

Abstract The science of electrocoagulation is similar to an electrolysis. Here the
anode continuously disintegrates due to the electrical current flowing though it
produces cations which attract the pollutants in the wastewater. The cations
released in water are produced in situ and acts as the electrocoagulant in this
case. The dyes attached to the electrocoagulant either precipitates or flocculates,
thereby separated. This is perhaps one of the advanced technologies where the
system is very robust, efficient, and easily controllable requiring minimal mainte-
nance. The chapter presents the details of the electrochemical science behind the
electrocoagulation technique and further explains the engineering considerations in
dealing with practical implementation.

Keywords Electrocoagulation < Electrochemical reaction ¢ Electrolysis
Sacrificial anode « Flocculation

Electrochemistry is bridge between the two branches of science: chemistry and
electricity. In the quest for more cleaner and green technologies for water purifica-
tion, electrochemical means of water treatment stands a fair chance. It has a distinct
advantage of the absence of the requirement of any chemical reagent for the
process. The flexibility in the choice of the operating conditions (potential) and
the electrode material makes the technology selective and robust. Primarily, elec-
trochemistry is related to the interfacial charge transfer across an electrically
conducting material (electrode) and an ionic conductor (electrolytes-liquid, melts,
solid, etc.). Degradation of wastes using electrochemical means has several pay-
backs in terms of the operational simplicity, efficiency, and cost. For example, the
process can be terminated by switching off the electrical circuit; operating at room
temperature and normal environmental conditions, this reduces the chance of
volatilization; there is no discharge of by-product streams. Separation of the
undesired solutes (charged) is dependent on the choice of the electrode and oper-
ating conditions. However, separation (or removal) can also be facilitated using an
intermediate membrane system to improve the selectivity (e.g., in proton exchange
fuel cells). This has the benefit of wide applicability of several solutes (or mixtures)
in water treatment. A schematic of the various physical mechanisms during
electrocoagulation is illustrated in Fig. 9.1.

© Springer Nature Singapore Pte Ltd. 2018 289
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Fig. 9.1 Interactions within the electrocoagulation process

The phenomenon of electrocoagulation (EC) involves a continuously dissolving
(sacrificial) anode due to the passage of electricity, releasing cations into the
wastewater. Since the contaminant particulates are charged (by virtue of its surface
potential), the cations are attracted toward it. This results in increasing agglomer-
ation making the suspension inherently unstable. Similarly, the vapors generated by
this hydrolysis forms miniature bubbles, which helps in floating the coagulated
agglomerates. The principle of EC is based on three leading parameters — the ionic
charge, particulate size, and droplet (or vapor) spatial density. The generation of the
charged agglomeration involves three stages: (1) coagulant formation by electro-
lytic disintegration of the anode, (2) destabilization of the suspension, and (3) aggre-
gation to form the floating material (flocs). The EC process is successful in removal
of heavy metals, organic dyes, fine suspended particles, and oil and grease (or other
heavier hydrocarbons) from diverse industrial effluents. Typically, the hydroxides
and the oxyhydroxides make the available surface area necessary for the interaction
or binding of the contaminant. The complete mechanism of the entire EC process
can be succinctly described as:

(a) In the event of the electrical interaction of the cations (produced from the
sacrificial anode) with the charge particulate contaminant, the diffused double
layer is compressed.

(b) The presence of the counterions (due to the dissolution of the anode) neutralizes
the excess species present in the solution. This decreases the interparticle
electrostatic interactions significantly causing dominance of the van der
Waals attraction, leading to a stable, electrically neutral coagulation.
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(c) The gaseous bubbles (due to the hydrolysis, by-product of the process) entrap
the remaining colloidal particles and produce floatation aiding in simple gravity
separation.

The reactions taking place around the metal electrode (sacrificial anode) made of
iron or aluminum are:

M — M"" + ne” (9.1)
2H20 +2¢~ — 20H™ + H2

(d) The cations (M™*) which can be either Fe/Al produced from the sacrificial
anode subsequently hydrolyze to form the metal hydroxides (or oxyhydroxides)
acting as the coagulating agents. Coagulation happens due to the interaction
(which leads to combination) with the negatively charged solutes migrating
toward the anode due to electrophoresis. This is sharp contrast to the conven-
tional coagulation process, where the wastewater stream is treated by chemical
precipitation added externally, whereas in the EC, the coagulant is produced
in situ.

(e) Parallel to the above steps, water is hydrolyzed as a side reaction, which
generates a pool of oxygen bubbles at the anode. This aids in flocculating the
coagulated pollutants to the surface due to the buoyancy.

Besides, the following chemical reactions also occur in the electrochemical cell:
(1) electro-levitation of the coagulated particulates by the hydrogen and oxygen
bubbles near the electrodes, (2) cathodic reduction of the pollutants, and (3) cation
reduction at the cathode. In short, it is clear that electrocoagulation has the capa-
bility to remove a large range of pollutants under a variety of conditions ranging
from: suspended solids (Matteson et al. 1995) to heavy metals (Al-Shannag et al.
2015).

The electrode assembly is generally connected to a DC source, in an EC
experiment. The quantity of metal dissolved from the sacrificial anode is propor-
tional to the electrical charge (electricity) transferred through the electrolytic
solution. Based on the Faraday’s laws, the amount of electrode material dissolved
(w, g/cmzz) is related to the mass of the electrode (M, g/cm?) and the current density
(i, A/cm®):

IXtXM
= 9.3
" zx F (9:3)

where z is the oxidation number, ¢ is the time (s), and F is the Faraday’s constant
(96,500 °C/mol). The above simple relationship does not take into account of the
geometry of the electrode as well as environmental factors in electrolytic cell —
temperature, pH, etc. Additionally, there is an uncertainty with the accuracy of
estimating the cell potential. The measured potential is the applied overpotential
(nap) and is combined of three different potentials:
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Nap = Mg + Ny + Mg (9.4)

where 7,z is the overpotential caused by solution or internal resistance drop, 7, is
the kinetic overpotential (V), and #,,, is the concentration overpotential. The
internal resistance drop (1;z) is proportional to the distance between the electrodes
(d), current (I), and inverse to the cathode surface area (A) (Vik et al. 1984):

1.

Mr = A_i (9.5)
where the specific conductivity (k) is the proportionality constant. Looking into
Eq. (9.2), it can be inferred that the potential drop due to the internal resistance can
be reduced by either decreasing the interelectrode separation gap (d) or enhancing
the cross-sectional surface area of the electrodes. The concentration overpotential
(nme), often referred to as the diffusion overpotential, is due to the gradient in the
electrolyte concentration from the bulk near the electrode surface by the electrode
reaction. This occurs when the electrochemical reaction rate is high enough to
reduce the concentration of electroactive species at the electrode surface below the
bulk solution. The concentration overpotential is negligibly small when the reaction
timescale (or kinetics) is comparable or larger than the mass transfer rate. Essen-
tially, 7754, can be reduced by enhancing the rate of ion mass transport rate. This can
be achieved by (1) increasing the amount of the metal ion transported from the
anode to the bulk by enhancing the turbulence of the solution and (2) transferring
the electrolyte solution at a higher velocity from anode to the cathode, by some
mechanical options. The kinetic overpotential (7,.) is originated by the barrier due to
the activation energy in the electron transfer reactions. Both the kinetics and
concentration overpotential increase with the current intensity (/). However, the
physical and chemical characteristics of the species in the aqueous solution affect
these changes. The implications of the electric field gradient and pH on the
heterogeneous reactions near the electrode surface and homogeneous bulk reactions
need to be explored in detail for optimization of the EC performance. A literature
survey suggests that this has not been done extensively to characterize or relate the
electrode degradation.

Coagulation Mechanism

The frequently used element in the sacrificial anode of the electrocoagulation unit is
aluminum. The aluminum cation facilitates for (1) precipitation, (2) interaction
with the pollutant present in the coagulator, and (3) hydrolysis in forming an
aluminum-hydro complex. Thus, understanding the speciation is important for
design and operation of an electrocoagulation phenomenon. For example, the
dissociation and solubilization of aluminum ions are described in the following
reactions (Egs. 9.9, 9.10, 9.11, and 9.12). The principles of solution thermodynam-
ics are often helpful in determining the stability of the process.
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Fig. 9.2 Distribution diagram for Al-H,O considering only mononuclear species

APT + H,0 — AIOH*™ + H" (9.6)
AIOH?" + H,0 — AI(OH)," + H' (9.7)
AI(OH)," 4+ H,0 — AI(OH),” + H' (9.8)
Al(OH);" + H,0 — AI(OH),” +H" (9.9)

Considering only mononuclear speciation, the total aluminum present in the solu-
tion () at a given pH can be calculated using the distribution diagram for
aluminum-water system as shown in Fig. 9.2.

The boundary of solubilization denotes the thermodynamic equilibrium that
exists between the dominant aluminum species in solution at a given pH and
solid aluminum hydroxide. The minimum solubility occurs at pH 6.3(0.03 mg-Al/
L), with solubility increasing as the solution pH shifts away from the minimum
solubility pH (i.e., becoming either more acidic or alkaline), as demonstrated in
Fig. 9.3.

The hydronium ions produced at the cathode react with the active counterions
generated at the cathode (cations) forming an in situ coagulant (charged metal
hydroxide). The charged (ionic) coagulant reacts or binds to the pollutant producing
large agglomerates which precipitate or may flocculate with the help of the hydro-
gen bubbles. The coagulant typically remains as a soluble hydrolyzed species in the
solution. Besides, the precipitate or the flocculants may further aid in subsequent
precursor to pollutant removal by entrainment or can react with pollutant particles
binding to the precipitate/flocculants. The solubility of the agglomerate can provide
more insight on this mechanism of the pollutant removal. It may be noted that the
solubility diagram is considered on the basis of mononuclear aluminum species
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Fig. 9.3 The solubility diagram for aluminum hydroxide, AI(OH)3(s)

which in reality is only a part of the scheme. With the elapse of time (aging), the
species concentration in the solution increases triggering formation of polynuclear
cation complexes which adds to the precipitation. For example, the reaction in
Eq. (9.10) illustrates one of the many possibilities of such pathways and requires
further understanding on the dissociation-association kinetics:

AP* — AI(OH),*™ — AL(OH),*" — Al3(OH),”" — Al;3Complex
— AI(OH), (9.10)

Coagulation and binding can occur in many different pathways and is very unique
to the type of pollutant or cations present in the solution. The particle interaction
can be via physisorption, chemisorption, and electrostatic interaction or may be
coagulation sweeping. It is difficult to generalize the specific path taken by the
coagulant for a specific pollutant, as it is sensitive to the concentration, pH,
temperature, or presence of other pollutants. In most cases, there is a range of
different pollutant species which makes them enormously complex. Modeling the
solution thermodynamics can provide a possible explanation or insights into the
probable coagulation pathways.

Eh-pH Diagrams

The information on the relationship between the state variables in the electrochem-
ical and speciation process can be inferred from the Nernst equation. In practice, the
Eh-pH plots the electric potential to pH, which identifies different region of the
stability of the species in the solution environment (Pourbaix 1974). The particulars
of both the electrochemical and chemical reactions are included, illustrating the
intersection of the coagulation and electrochemical regions. Looking into Fig. 9.4
for the aluminum-water system, the areas passivation, corrosion, and immunity can
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Fig. 9.4 Potential pH diagram for the system aluminum-water at 25 °C (Pourbaix 1974)

be observed. Passivation refers to a state of the surface being resistant to external
degradation, self-happens by the formation of the oxide layer. The favorable
conditions for corrosion, combination of the solution pH and potential under
which aluminum degradation takes place, are obvious from such a plot. However,
the utility of Eh-pH diagrams is restricted by the availability of the relevant
thermodynamic data and its incapacity to consider for the kinetics, which are not
to be considered separately.

It may be emphasized here that passivation moderates the performance of
electrocoagulation by preventing dissolution of metal from the electrode and
necessary electro transfers due to the oxide layer. Thus, on one hand, the passiv-
ation prevents excessive electrode degradation, while it also reduces the efficacy of
the process. With continuous usage of the electrode, the passivation layer seriously
limits the effectiveness of the electrocoagulation and thus obviates the need for
mechanical cleaning. The existence of the chloride ion in the solution can help in
decreasing passivation, thus enhancing the pollutant removal (Donini et al. 1994).

Floatation
One of the expected by-products of any electrolytic process is the generation of the
gases (mostly hydrogen and oxygen dealing with aqueous solutions). In the present
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process of electrocoagulation, these gases help in the flotation of the agglomerates
and also facilitate solution mixing. The method of production of the gaseous bubble
and the variability in its size is the key difference with any the standard flotation
technique used in separation technique. The rater and size of the bubble produced is
related to the electrochemistry of the process. In the given situation, the smaller the
bubble is, the more number of bubbles are generated, thereby raising the chances of
contacting and removing the coagulant loaded pollutant aggregates. Apart from
this, the likelihood of the contact of a bubble with a particle depends strongly on the
residence time and bubble path line. Generally, the bubble density is influenced by
the current intensity, while the path line is affected by the cell geometry. However,
the parameters affecting the size of the bubble are not fully understood.

As described before the electrolytic bubbles flocculate the aggregates due to
buoyancy increasing the mixing and promote local turbulence in the solution,
although too much of shear in the solution can jeopardize the growth or develop-
ment of the agglomerate. Thus, an optimum bubble density (which determines the
current intensity indirectly) producing a moderate bubble density, causing a mild
agitation, is ideal for the application. Electrochemistry, coagulation, and flotation or
precipitation are the three fundamental phenomena and each of them is a well-
researched topic in itself.

Electrochemistry

In principle any electrocoagulation reactors are electrochemical cells. The metal
ions from the electrode dissociate into the polluted stream forming the coagulant on
site. The potential difference in the system drives the electrocoagulation reaction.
The operational potential required for the process can be obtained from the elec-
trochemical half-cell reactions for a specific pH. Apart from aluminum, stainless
steel and platinum are reported to have been good electrode materials. The elec-
trochemical reactions are only dependent on the type of the anodic material, which
we have considered as an example in the following dissociation reactions:

APT +3¢” «— Al E) = —1.66V (9.11)
At the anode, there is also a possibility of evolution of oxygen (Eq.9.12):
40H™ — O, +2H,0 +4e~  E = —04V (9.12)

Similarly at the cathode, the generation of hydrogen is dependent on the pH. At
alkaline or at natural pH, hydrogen is produced as described in Eq. (9.13):

2H,0 +2¢ —20H +H,  El=-083V (9.13)

While under acidic conditions, Eq. (9.14) best describes the hydrogen evolution at
the cathode:
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2H" +2¢~ —H,  EX=0V (9.14)

The mass of electrode decomposition is related to the current intensity (I) by the
Faraday’s Law within the reactor and hence in this case provides a theoretical
estimate of the amount of aluminum going into solution (Eq. 9.3):

Al +3H,0 — Al(OH), + 1.5H, (9.16)
Al + 4H,0 + ¢~ — Al(OH); + 2H, (9.17)

The half-cell reactions for the aluminum electrode are stated in Eqs. (9.16 and
9.17), aluminum anodes and inert cathodes. The equilibrium potential in any half-
cell reaction is calculated by the Nernst equation (Eq. 9.18):

AG® RT
E=—-—"— Inc 1
T F vilnc (9.18)

The electrochemical potential on the whole is estimated as the addition of the
cathodic (E.), anodic (E,), solution (Esuion), and the loss (Ej.ss) potentials as
shown in Eq. (9.19). The solution potential is dependent on the distance between
the electrodes (b), current density (i), and the electrical conductivity of the solution
(s), described in Eq. 9.20. The potential energy loss to overcome the resistance due
to the passivation layer is included in Ej,,. The last two terms suggest that in
addition to the cathodic and anodic potential requirement, the reactor potential is
influenced by the electrode configuration (geometry), solution character, and oper-
ating conditions.

ECell = Ec - Ea - Esolution - Eloss (919)
bi

Egolution = i (920)
S

Electrochemical Kinetics

The electrochemical reactions near the electrodes generally take place in the
interfacial boundary layer with the electrode and the solution. For the illustration
purpose, let us consider a generalized electron transfer scheme, O + ne < R, which
is detailed in Fig. 9.5. Due to the diffusion of the oxidant ions (Opyy) in the
interfacial region (from the solution to the surface, Og,,¢), a concentration gradient
develops which eventually leads to the potential gradient between the electrode and
the solution. The heterogeneous reaction at the electrode surface forms a reaction
intermediate (O), which reduces at the surface to form R;ds. Likewise, a similar
counter phenomenon occurs for the reductant. The overall electrochemical kinetics
is limited wither by the diffusion timescale or the electron charge transfer timescale.
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Fig. 9.5 Pathway of general electrode reaction

9.1 Design of Electrocoagulation Unit

In designing an efficient electrochemical cell, the following may be taken into
consideration:

1. Minimizing the potential drop due to the internal resistance between the
electrodes.

2. Resistance to mass transfer in the interelectrode region to be as low as possible.

3. Reduction in the buildup of the oxygen and hydrogen gases at the electrode
surfaces.

The potential drop due to IR is related to the (a) separation distance between the
electrodes, (b) electrical conductivity of the solution, and (c) electrode shape or
structure.

The evolution of the gaseous bubbles at the electrodes acts as a partially
insulating layer which increases internal resistance of the cell. So, bubble accumu-
lation has to be minimized to improve the overall energy (electrical current)
efficiency. On the other hand, the released bubbles aid in flotation of the
electrocoagulated particles, helpful in preferential separation of the flocculent. So,
a balance between these two counteracting phenomena can help in deciding an
optimum level of bubble density. The mass transport rate in the electrochemical cell
can be enhanced by promoting the local turbulence, e.g., increasing the flow rate.
This facilitates in reducing the passivation later as well as sweeping the bubbles
formed near the electrode.

Physical Design Issues

The electrocoagulation process is typically combined with many other unit opera-
tion process including dissolved air flotation (DAF), sand filtration, microfiltration,
and electro-flotation. As understood, the efficacy of the pre- and post-water treat-
ment technique impacts the performance of the electrocoagulation reactor signifi-
cantly. The design of the electrochemical reactor depends on the following physical
factors:

e Operational capacity of the treatment process
» Continuous or batch operation
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¢ Reactor geometry
¢ Operating current density

Geometry

The geometrical configuration of the reactor affects the physical parameters such as
the floc formation, bubble path line, fluid flow regime, flotation effectiveness, and
mixing/settling characteristics. Traditionally, the most common approach is to use
electrodes plates (iron or aluminum) and continuous operation. Water is continu-
ously dosed with dissolved metal ions as it is introduced into the electrocoagulation
cell. Often, a downstream unit is essential to separate pollutant and water.

Scale-Up Issues

Identifying the important scale-up parameters between the laboratory and full-scale
unit is a challenging nontrivial engineering task. In the electrocoagulator, the ratio
of the surface area to volume (S/V) is one of the most significant parameters to
consider in scaling up. The current density, rate of cation dosing, and dynamics of
bubble transport are influenced by the electrode area. In 1998, Mameriet et al.
reported that the optimal current intensity is decreased with S/V. The values of the
S/V ratio for other instances are reported in Table 9.1 and are not widely available
in literature reports, justifying the need for exploration of the scaling aspect of the
electrocoagulation reactors based on electrode area.

Current Density

The rate of electrochemical metal dosing to the water and the bubble density
generation is impacted by the current density. Typically the current density ranges
from 10 to 150 A/m? depending on the situation. Small current densities are
appropriate for electrocoagulators which are integrated with conventional sand
filters, while relatively large current densities produce desirable results for separa-
tion processes involving flotation cells or large settling tanks which can handle
large amount of bubbles.

Electrode Material

It is pertinent by now that the electrode material impacts significantly the perfor-
mance and operation of the electrocoagulation reactor. There are several reports on
the choice of anode material with the performance of the reactor. As mentioned
before, the most common choices are iron plates or aluminum (Vik et al. 1984). In
another study by Do and Chen (1994), the performance of the aluminum and iron
was compared for its efficiency in treatment of dye solutions. They have found that

Talf)le 9.1 Clomparispn of Reference (Author) S/V (m*/m?)
surface to volume ratio Osipenko and Pogorelyi (1977) 18.8
Novikova et al. (1982) 42.5

Amosov et al. (1976) 30.8
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the operating conditions for similar range of optimal performance vary with the
choice of the anode material and are determined by:

¢ Pollutant type and concentration
« Rate of mechanical agitation

Passivation
Electrode passivation is an inevitable consequence of electrocoagulation, and one
of the major operational issues, which affects the durability and smooth running of
the process.

The passivation of electrodes is concern for the longevity of the process. Various
methods of preventing and/or controlling electrode passivation are:

¢ Hydromechanical or mechanical cleaning of the electrodes
« Alternating polarity of the electrode application of chemical inhibiting agents

In most of the cases, the reliable and efficient method of electrode maintenance
was to mechanically clean the electrodes regularly which for a continuous large-
scale system is a nontrivial issue.

Solution pH

Typically the solution pH decides the state and speciation of the cations and also
affects the product solubility. Thus, solution pH influences the overall effectiveness
and efficiency of the process. The pH of the solution can easily be altered, which
makes it necessary to maintain its level during the course of the process, e.g., using
an in situ neutral buffer. Generally, an optimal pH exists for a given pollutant,
ranging from 6.5 to 7.5.

9.2 Removal of Dyes Using Electrocoagulation

Decolorization of crystal violet dye (CI 42555) in a batch electrocoagulation
unit with aluminum electrodes is reported in this section. Important parameters
(like effect of current density, interelectrode distance, solution conductivity,
type and quantity of salts, initial pH, and initial dye concentration) that affect on
the extent of removal of crystal violet were studied. There were several exper-
iments conducted to find the optimum conditions for the removal of dyes. The
operating conditions at which the experiments were conducted are presented in
Table 9.2.
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Table 9.2 Operating conditions for the EC of crystal violet dye

Parameters Values

pH 4.5,5.5,6.5,7.5,8.5,and 10
Current density (A/m?) 3.625, 6.125, 8.625, and 11.125
Crystal violet concentration (mg/L) 50, 60, 80,100, and120

Dose of electrolyte (x 10’3, kg/L) 2,4,6,8,and 10
Interelectrode distance (x 1072, m) 0.5, 1,1.5, and 2

9.2.1 Effect of Current Density

Normally, in electrocoagulation, duration of electrolysis, and current density (A/m?)
are important operational parameters (Pouet and Grasmick 1995) which define the
overall energy consumption dependent on the process throughput. However, in
contrast to this, some researchers have reported that the current density does not
influence treatment efficiency significantly (Chen et al. 2000), which makes it unclear
as to the role of the current density on the removal efficiency. Nevertheless, it is an
important parameter to consider in upscaling. Moreover, the choice of the electrode
material also affects the cell voltage, since the oxidation potential is different on the
type of material and hence the separation efficiency.

In our work, aluminum was selected as the sacrificial electrode material because
of its low cost, ready availability, and non-harmfulness, and it requires compara-
tively less oxidation potential. Figure 9.6 shows the aqueous phase crystal violet
concentration as a function of time for four different current densities. It may be
seen from the figure that a sharp decrease in dye concentration just at the beginning
of the process for all current intensity occurs and gradually decreases thereafter. It is
also realized that the dye removal efficiency is not sensitive to the current density,
but the process rate (and hence the throughput) is directly proportional to the
current density.

In any electrocoagulation process, as the isoelectric point is reached, the
cations account for the electrical charge neutralization of the pollutant species.
Subsequently, the sorption mechanism occurs leading to the formation of agglom-
erates (in situ electrocoagulant). With the elapse of time, further addition of cation
results in precipitation of the amorphous metal hydroxide, which facilitates
pollutant binding due to sweep coagulation. In the final moment, coagulated
aggregate flocculates with the bubbles to the surface or settles down. As observed
from the figure, there is a sharp reduction in the concentration due to the nascent
electrode surface at the start which slowly reduces (with decelerating rate) further
with generation of metal hydroxide as an electrocoagulant for the pollutant
particles.
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9.2.2 Effect of Initial Dye Concentration

To estimate the separation efficiency with varying dye concentrations, the dye
solutions with different initial concentrations of 50, 60, 80, 100, and 120 mg/L
were treated by electrocoagulation using a current density of 11.125 A/m”. The
removal efficiencies of the dye are shown in Fig. 9.7. It is evident from the figure
that the fraction of dye removed increases with time. At the end of an hour,
complete dye removal is observed for concentrations up to 100 mg/L. The removal
is drastically reduced when initial concentration is increased to 120 mg/L, because
of the formation of insufficient number of aluminum hydroxide complexes gener-
ated by the electrode to coagulate the dye molecules. Therefore, it is quite clear that
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under the present experimental conditions, the lower is the dye concentration the
better is the removal efficiency.

9.2.3 Effect of Initial pH

The process of electrocoagulation is sensitive to the solution pH. To understand its
effect, the dye-containing solutions are balanced for the specific pH either by
addition of sodium hydroxide (to make it alkaline) or sulfuric acid (to make it
acidic). It can be observed from Fig. 9.8 that the efficiency of dye removal is
affected significantly by the initial solution pH, which decreases on reducing the pH
(acidic). It is apparent from the figure that for a dye (crystal violet) concentration of
100 mg/L, complete removal (100%) is achieved at a pH 8.5. Therefore, the
optimum pH for separation of crystal violet using electrocoagulation is 8.5. The
role of pH on the speciation (hence the process mechanism) can be explained as: at
low pH 2-3, Al**and AI(OH)*+ are dominant, and various polymeric species such
as Al;304(OH),, are formed and precipitate as AI(OH);(s) for pH in the range of
4 and 9. At low pH, the hydroxide ions generated at the cathode are neutralized by
the hydronium ions and reduce the formation of the aluminum hydroxide com-
plexes, which are responsible for removal of dye molecules. Contrastingly, at high
pH, this process is just facilitated as number of OH™ ions in the solution are more.

9.2.4 Effect of Interelectrode Distance

The electrode assembly configuration is important to obtain the required surface
area of the electrode and the interelectrode distance. The internal resistance
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increases with the interelectrode separation gap, leading to enhanced cell voltage,
and adversely affects the removal efficiency. In Fig. 9.9, the effect of interelectrode
distance on the removal efficiency and the consequent IR drop is illustrated. As
expected, the removal process is enhanced by reducing the interelectrode gap. It can
be inferred from Eq. (9.2) that for given surface area of the anode and the
conductivity of the solution, the potential drop is proportional to the interelectrode
distance. There exists an optimum electrode separation distance considering the
energy consumption, removal efficiency with respect to the practicalities of fabri-
cation. The optimum interelectrode distance is found to be 0.5 mm to attain
complete removal of the dye with the concentration level up to 100 mg/L.

9.2.5 Effect of Conductivity

Typically, the ionic strength of a textile effluent is high due to the post-processing
steps after dyeing leading to the contamination of salt and high conductivity of the
effluent. For a fixed cell voltage, the current density increases with the ionic
strength. Similarly, for a fixed current density, the cell voltage decreases with
increasing effluent electrical conductivity. Thus, this obviates the need for investi-
gation of the effect of effluent conductivity on the performance of the
electrocoagulation process. The variation in the solution conductivity depends on
the electrolyte concentration and type. In Table 9.3, the dependencies of conduc-
tivity, removal efficiency, and the applied voltage using the same concentration
(8 x 1073 kg/L) but different types of electrolyte (NaCl, BaCl,, KCl, and KI) are
illustrated in Table 9.3. It is observed from Table 9.3 that sodium chloride (NaCl)
exhibits high conductivity and highest removal capacity (99.75%) with small
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Table 9.3 Effect of different types of electrolyte on dye removal

Electrolyte Conductivity (x 1071, S/m) Applied voltage (V) Dye removal (%)
NaCl 16.13 6.75 99.75
BaCl, 9.67 10.75 75
KCl 18.75 15.75 94
KI 9.18 26.75 98
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applied voltage in contrast to other electrolytes. As such, NaCl seems to be a
superior electrolyte and viable in large-scale systems.

Figure 9.10 describes the quantitative dependence of the dye removal with
conductivity of the solution. It is observed that the dye removal efficiency rises
with the solution conductivity but decreasing cell voltage. For a dye concentration
of 100 mg/L, the optimum conductivity is found to be around 16.1 S/m. Conse-
quently, to achieve a certain current density, the voltage required is reduced, thus
decreasing the electrical energy consumption. Moreover, with NaCl, the presence
of chlorides in the solution accounts for release of nascent C/, and OCI™, which are
strong oxidants. This in turn helps in oxidation of the dye molecules present in the
effluent solution. So, the added NaCl not only increases the conductivity but also
contributes as strong oxidizing agents.

9.2.6 Energy Consumption

With increasing focus on low-energy processes for environmental issues, current
efficiency and electricity utilization and key economical parameters. This is usually
determined for a simple equation (Vorobiev et al. 2003):
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E=V xI Xty (9.24)

where fgc is the electrocoagulation time (in s), / is the current (in A), V is the cell
voltage (in volts), and E is the electrical energy (in kWh) per unit kilogram of dye
removed. As shown in Fig. 9.14 the color removal efficiency increases with the
current density, so does the energy consumption (from Eq. 9.24). So, there exists an
optimum current density with respect to the overall energy consumption and the
removal efficiency.

The current efficiency (¢) of EC process can be calculated using Eq. (9.25),

_ AMgy
AM Theo

» x 100 (9.25)

This is based on the relative mass loss of the sacrificial aluminum electrodes (M)
during the electrocoagulation process and the theoretical amount based on the same
operating and environmental condition (My,e,) from the Faraday’s law, given by

Mit
AM oo = TEC (9.26)

where n the number of electron moles, fgc is the time of the electrocoagulation
process, F is the Faraday constant, and M is the molecular weight of the aluminum
(g/mol). The specific electrical energy consumption (S...) is related to the mass of
aluminum electrodes lost (consumed) during the electrocoagulation process
(in terms of kWh/kg Al) (Mollah et al. 2004; Pons et al. 2005) expressed as

B nxFxU
C36%x10° XM X ¢

(9.27)

eec

It is observed in Fig. 9.11 that the specific electrical energy consumption and the
dye removal efficiency enhance with the density of current. As current density
increases, it facilitates formation of aluminum hydroxide complexes, increasing the
removal efficiency. Consequently, the rate of dissolution of the aluminum electrode
is more, thereby increasing the specific electrical energy.

9.2.7 Characterization of Treated Dye Solution
and By-Products Obtained from EC Bath

The absorption spectrum shown in Fig. 9.12 is for the treated dye solution at every
10-min intervals. At the end of an hour, almost complete removal is achieved,
without any change in the A,,,x corresponding to 584 nm. Figures 9.13 and 9.14
show the SEM image and EDAX spectra of solid precipitate (by-product of EC),
respectively. The SEM image describes the morphology of the precipitate of
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various aluminum hydroxides with the modified dye molecule as confirmed by the
elemental analysis using EDAX. The presence of peaks and trenches in the EDAX
depicts that the by-product of electrocoagulation consists of oxygen (O) and carbon
from the remains of the destroyed dye molecule and aluminum (Al) from the
electrode. While sodium (Na) and chlorine (Cl) are from the added sodium chloride
salt and.

9.2.8 Operation Cost

The operational cost in an electrocoagulation process is due to the electrical energy
demand, like any other electrical process. In addition to this, the operational cost
also includes material costs for the electrode, sludge dewatering, as well as running
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maintenance and labor (Donini et al. 1994). In the following preliminary analysis,
energy and the cost associated with the electrode material are taken into consider-

ation as major limiting costs in the calculation of the operation cost (USD/m’ of
solution):

Operating cost = a Cenergy + b Celectrode (928)
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where Ceectrode (Kg Al/m? of dye solution) and Ceperey (kWh/m? of dye solution) are
consumption quantities for the dye removal, which are obtained experimentally.
Here the parameters, a and b, are representative of the Indian market in June 2017:
a electrical energy price 0.1 USD/kWh and b is the electrode material price 1.3
USD/kg. The cost due to the electrical energy (KWh/m?® dye solution) is calculated
as

UxIXxt
Cenergy = fEC (929)

where U is the cell voltage (V), I is current (A), tgc is the time of electrolysis (s),
and v is the volume (m?) of dye solution. Cost for electrode (Kg Al/m? dye solution)
is calculated by the Faraday’s Law:

I X tgc X My,
Celectrode = EC 2 Tw (930)
zxFxv

where z is the number of electron transferred (z = 3), My is molecular mass of
aluminum (26.98 g/mol), and F is Faraday’s constant (Kobya et al. 2006). The cost
due to electrical energy consumption as well as electrode assembly is calculated for
different initial dye concentration (up to 100 mg/L) and shown in Fig. 9.15 for
100% dye removal at optimum operating conditions. It is apparent from the
illustration that both the cost (electrode material and electrical energy) increases
with the dye concentration. Similar trend is also observed for the operating cost as
well.

9.3 Benefits and Drawbacks of Electrocoagulation

Electrocoagulation is one of the potential alternative options for an eco-friendly and
economical colored wastewater treatment. The principle of hydroxide adsorption
on mineral surface “in situ” is at least two orders of magnitude higher than over
pre-precipitated hydroxides obtained from chemical coagulants. The start-up and
the operational costs are relatively low, more because it does not involve any
moving parts. The energy requirement is comparatively small than any pumping
costs involved in hydrodynamic process and can even run on the renewable sources
(solar, wind, etc.). As there is no addition of any chemical in the process, it does not
produce any secondary pollution or require any secondary stage of removing the
added chemicals, producing minimum sludge. The efficiency of removal of small-
sized particles is quite high relative to the chemical and biological options as the
electrical field controls the electrophoretic velocity of the micro-pollutants and also
facilitates its coagulation. Besides, the generation of the gas bubbles aids in the
flocculation of the coagulated pollutants. Apart from the advantages, there are quite
a few disadvantages with the electrocoagulation process. The sacrificial anode
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Fig. 9.15 Cost for the treatment of dye solution containing different concentration of crystal
violet. Current density, 11.125 A/mz; conductivity, 1.613 S/m; pH, 8.5; interelectrode distance,
0.005 m

requires to be replaced periodically, thus needs continuous monitoring and main-
tenance. In dealing with organic compounds, the by-products formed can contain
toxic chlorinated organics, if chloride is present in the solution. Finally, the overall
cost can be high in regions where cost of electrical energy is high.

Advantages of EC
To summarize, the following list of advantages are not exhaustive but certainly
some of the favorable considerations in choosing it as a water treatment option.

1.

2.

Electrocoagulation needs simple electrical equipments and does not require
skilled operators for maintenance.

The wastewater treated removes color and odor, lowers TDS levels, and bal-
ances the salinity. Since the TDS level is low, this facilitates the option for its
recycled usage.

. The floc produced by electrocoagulation is larger, stable, and acid resistant and

contains less water compared to chemical flocculation, leading to faster separa-
tion in the downstream process.

. The sludge produced in the process settles easily and simple to de-water as it is

mostly metal hydroxides. In any case, it is low sludge-producing process.

. It does not involve any use of chemicals (as the electrocoagulant is produced in

situ), so the chance of secondary pollution is negligible. Also there is no issue
with neutralizing excess chemicals for safe disposal.
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6. The process is almost independent of the particle size and is particularly
effective for micro-pollutants, because of the electric field which sets it in a
faster motion, accelerating coagulation.

7. Since the overall electrical energy required is low, this is a viable alternative
where conventional electrical supply is not available, and energy from other
renewable sources can be utilized.

Disadvantages of EC

The factors which determine the overall economics of the process are
(in descending order) labor, electrode material, electrical energy, capital invest-
ment, and disposal of solid residuals. Generally, the electrical energy requirement is
dependent on the process capacity, conductivity of the wastewater, and configura-
tion (as well as the electrode material used) of the reactor. Salt can be added to the
solution as required to boost the effect of the current density. Some of the limita-
tions of the process can be outlined here as:

1. The sacrificial anode needs to be replaced regularly and needs continuous
monitoring of its activity.

2. Loss of efficiency due to the inevitable formation of the impermeable oxide layer
on the cathode.

3. Depending on the regional electricity price, it can be expensive.

4. Not a major disadvantage but generally high electrical conductivity of the
wastewater is necessary for treatment, which can be obtained by adding salt.
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Chapter 10
Emulsion Liquid Membrane

Abstract Emulsion liquid membranes are widely used for recovery of metal ions
and organics due to the fast extraction and are a single-stage operation of stripping-
extraction. Essentially emulsion liquid membranes are double emulsions which are
made stable with surfactants. Separation of dyes using such an emulsion technique
is quite novel and new, being researched only for the last one or two decades. The
chapter introduces the details of the technique and the efficacy of the method in
removing dye-contaminated wastewater.

Keywords Liquid emulsion « Surfactant « Dye « Droplet « Alkali

Emulsion liquid membranes are demonstrated to have significant potential for
treatment of various industrial wastes since their invention (Li 1968, 1971). Many
studies have been carried out using emulsion liquid membrane (ELM) for recovery
of metal ions (Uddin and Kathiresan 2000; Kargari et al. 2006), phenol (Ng et al.
2010), organic acids (Itoh et al. 1990; Hone and Yang 1994), cephalexin from dilute
solution (Sahoo and Dutta 1998), bioactive materials (Thien and Hatton 1988), and
aniline (Datta et al. 2003). A schematic showing a typical liquid emulsion mem-
brane droplet is shown in Fig. 10.1. Recovery of textile dye from an aqueous
solution has been studied by supported liquid membrane using vegetable oil as
liquid membrane (Muthuraman and Palanivelu 2006). Liquid emulsion membranes
are essentially double emulsion, i.e., water/oil/water (w/o/w) system or oil/water/oil
(o/w/o) system. The main advantages of liquid surfactant membranes are (1) fast
extraction rates due to availability of high specific surface area, (2) extraction and
stripping in one stage only so that the product can be separated and concentrated
simultaneously, and (3) possibility of extraction from very dilute solutions.
Stability of w/o/w emulsions is generally understood as the resistance of the
individual globules against coalescence (Hou and Papadopoulos 1996). The break-
down of w/o/w-type dispersions is described through several possible mechanisms
(Florence and Whitehill 1981) that include (1) coalescence of the internal aqueous
droplets into larger internal droplets, (2) coalescence of the oil droplets suspended
in the aqueous phase, (3) the expulsion of the internal droplets following rupture of
the thin oil films during the interaction of the internal and external aqueous phases
(Li et al. 1988; Sanyal et al. 1998), and (4) swelling or contraction due to water
permeation through the oil membrane by diffusion (Xuan-cai and Fu-quan 1991;
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Fig. 10.1 Liquid emulsion
membrane droplet

Membrane phase

Globule of emulsion

Internal phase

Continuous phase

Zihao et al. 1996; Wan and Zhang 2002). In emulsion-type liquid membrane
process, surfactant plays a very important role. It influences the emulsion stability
and the transport rate of the solute. With the increase of surfactant concentration,
emulsion stability improves; however, the extraction rate decreases due to presence
of more surfactant molecules at the reaction site, aqueous-organic interface. This
problem may be resolved by use of a new type of surfactant, known as bifunctional
surfactant, which acts as an emulsifier and an extractant as well (Jee et al. 1985;
Wodzki et al. 1990; Uddin and Kathiresan 2000).

Methylene blue (MB) and crystal violet (CV) are removed from aqueous solu-
tion using ELM technique. Removal of both single component and their binary
mixture is investigated. The effects of concentration of surfactant span 80, NaOH,
stirring speed, and feed dye concentration are presented herewith.

10.1 Emulsion Preparation

20 ml n-heptane was added to span 80 (concentration varying from 1 to 8 (wt/wt)
%) in a beaker. NaOH concentration was varied from 0.01(M) to 0.5 (M) and added
drop by drop, while the system was stirred at 2500 rpm. The final volume was
80 ml. The system was stirred for about 20 min resulting in stable emulsion. 200 ml
feed containing dye was taken in a beaker, and the solution was stirred using a
magnetic stirrer in the range of 300—600 rpm. 40 ml (1/5th of feed) of stable liquid
emulsion was added to the feed. The emulsion slowly gets dispersed. Samples were
drawn at regular intervals up to 60 min and were collected in clean and dry test
tubes. Each sample was subjected to gravity settling for 25 min. The emulsion being
lighter was collected at the top, and clear solution was present at the bottom in each
test tube.
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10.2 Effect of Surfactant Concentration

Surfactant concentration is an important factor as it directly affects the stability,
swelling, and breakup of ELM. Figure 10.1 presents the variation of percentage
extraction of CV for various span 80 concentrations. It is observed from this figure
that the percentage extraction of CV increases up to 5% of span 80 concentration
and decreases thereafter. At lower surfactant concentration (less than 5%), emul-
sions break easily leading to poor extraction. At higher surfactant concentration
(beyond 5%), although the membrane stability increases, mass transfer resistance
also increases due to presence of more surfactant at aqueous-organic phase inter-
face, resulting in less transfer of dye molecules to internal phase reducing dye
extraction. It is observed from Fig. 10.2 that dye extraction is maximum (~95%) at
span 80 concentration of 5%. It may be observed that the dye extraction is slightly
reduced after 35 min of separation. This may be due to diffusion of sodium salt of
CV from internal phase. However, this effect is marginal.

Effect of surfactant concentration on the extraction of MB is presented in
Fig. 10.3. In case of MB, almost 100% extraction is achieved at the surfactant
concentration of 5%. Below 5%, the extraction is reduced as discussed earlier. It
may be observed from this figure that extraction of MB reaches a constant value
after 45 min, due to reduction in driving force (i.e., the concentration gradient of
MB between external and internal phase). Comparing this figure with Fig. 10.2, two
trends are apparent. First, extraction profile of CV is faster than MB. Second, unlike
CV, MB extraction does not fall below the maximum level at any of the surfactant
concentration. It is observed that, in MB, the reacting chloride ion is surrounded by
three benzene rings providing steric hindrance, and the huge electron cloud asso-
ciated with these rings makes the reaction difficult. On the other hand, although CV
molecule is bigger in size, less hindered chloride ion reacts easily. Therefore,
reaction of CV in internal phase favors faster transport of CV. Thus, the extraction
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profile of CV stabilizes at an earlier time of operation. The amount of NaOH used is
approximately equal to that required according to the stoichiometric reaction with
the respective dyes. As the reaction with CV is very fast, NaOH present in the inner
phase gets depleted at an earlier time as compared the case with MB. Therefore, the
chance of leakage of MB into the external phase is small. Ho and Li presented a
concept where the solute can transfer from the internal phase of an ELM system to
the external phase by two mechanisms: diffusive transport and breakage (Ho and Li
1984). But, solute can transfer from the external phase to the internal phase only by
diffusive transport. Our experiments indicate that for CV, the breakage and subse-
quent leakage of CV into the external phase, over time, manifests itself as a drop in
percentage extraction, whereas this phenomenon is absent for experiments with MB
for the time of operation used herein.

Extraction profile of the dye mixture is presented in Fig. 10.4 for various
concentrations of surfactant. The qualitative observations are similar to those of
one-component system as discussed earlier. Two distinctly new observations are
evident from this figure. Firstly, the extraction values of both components are
slightly less than the single component system. For example, at 5% surfactant
concentration, percentage extraction of CV and MB in mixture is 90% and 97%,
respectively, compared to 95 and 99% in their single component system. This is due
to competitive transport and reaction of two dyes. Secondly, percentage extraction
of both CV and MB is quicker compared to one component system. For example,
maximum extraction of CV and MB takes place at 35 min and 45 min, respectively,
for single dye system, whereas maximum extraction of these dyes takes place at
5 and 35 min, respectively, in case of mixture. As discussed previously, the reaction
of CV is preferred over MB due to absence of pi clouds, leading to development of
extraction profiles faster in CV compared to MB. In the mixture, unlike CV, MB
extraction does not fall below the maximum level for reasons already discussed.
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10.3 Effect of NaOH Concentration

Effect of NaOH concentration in the internal phase on the extraction of CV is
shown in Fig. 10.5. It is observed that maximum extraction (95%) occurs at NaOH
concentration of 0.05 (M). At higher concentration (beyond 0.05 M), extraction of
dye decreases. At lower concentration (below 0.05 M) of NaOH, almost all reactant
(NaOH) is consumed in the internal phase resulting in lower extraction efficiency.
At concentration above 0.05 M, excess NaOH causes swelling of emulsion leading
to destabilization of liquid membrane system, causing reduction in percentage
extraction.

Effect of NaOH concentration on the extraction of MB is presented in Fig. 10.6.
The observations are similar to those in case of CV (Fig. 10.5). In this case also, the
optimum value of NaOH concentration is found to be 0.05 M. Effect of NaOH
concentration on the extraction of CV-MB mixture is shown in Fig. 10.7. The
optimum NaOH concentration is found to be 0.05 M in this case as well. Compared
with one component system (refer to Figs. 10.5 and 10.6), it is observed that
percentage extraction of each dye is slightly less than the single component system
as discussed earlier. It is interesting to note that time required for stabilization of
percentage extraction profile is much less in case of dye mixture compared to single
component system. For example, 35 min and 45 min are required for stabilization
for CV and MB, respectively, in single dye system, whereas only 5 and 35 min are
required for these dyes in their mixture. This is due to preferential reaction of CV
with NaOH in the internal phase as discussed earlier.
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10.4 Effect of Stirring Speed

Stirring speed during extraction is an important factor. Effects of stirring speed on
the extraction of CV are shown in Fig. 10.8. It is observed that at earlier period of
operation, extraction is more at higher stirring speed. This trend is observed during
initial 15 min. At higher stirring speed, smaller-sized emulsion droplets are formed
leading to more surface area for mass transfer. But at the same time, higher stirring
speed adversely affects the stability of emulsion globules leading to breakage.
Therefore, percentage extraction decreases in the long run. It is observed from
Fig. 10.8 that maximum extraction (95%) occurs at 35 min and with a stirring speed
of 280 rpm. Beyond 15 min, percentage extraction decreases with rpm. Similar
observations are made in case of extraction of MB from Fig. 10.9. In this case,
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percentage extraction increases with rpm up to about 35 min. Beyond that, breakage
of emulsion occurs, and extraction of MB decreases with rpm. Maximum extraction
observed is about 99% at 280 rpm at the end of operation. Effects of rpm on
extraction of dye mixture are presented in Fig. 10.10. The trends are qualitatively
similar to the single component system (Fig. 10.8 and 10.9). In the case of mixture,
the maximum extraction decreases compared to single component system due to
competitive transport of dyes. Maximum extraction for CV is found to be 90% and
that for MB is about 97%.
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10.5 Effect of Feed Concentration

Effects of feed concentrations of dye on the liquid membrane system are shown in
Fig. 10.11, in case of CV. It is observed from this figure that dye concentration in
the external phase decreases sharply up to 15 min and then remains almost constant
up to 35 min and increases slightly thereafter. This effect is prominent at higher dye
concentration. As dye concentration in external phase increases, more dye is
extracted in the internal phase due to enhanced driving force and after 35 min
leakage of dye to external phase occurs due to breakage of internal phase. Effects of
feed concentration on ELM system in case of MB are shown in Fig. 10.12. In case
of MB, external phase dye concentration decreases up to 40 min and remains almost
constant thereafter. As discussed earlier, there is no leakage of MB, and hence, dye
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concentration in external phase remains constant almost at zero level indicating
almost 99% extraction. Effects of feed concentration in dye mixture are presented
in Fig. 10.13. The trends obtained are similar to single component system. Com-
pared to single component system, the dye concentration in the external phase at the
end of operation is slightly higher (indicating lower percentage extraction) due to
competitive transport of dyes as discussed earlier.

A study of recovery of two dyes, namely, CV and MB, separately and simulta-
neously by emulsion liquid membrane is undertaken. The effects of concentration
of span 80, concentration of NaOH, stirring speed, and composition of feed solution
are studied both for single and binary system. The optimum span 80 and NaOH
concentrations are found to be 5% and 0.05(M), respectively, for a feed concentra-
tion of 20 ppm. The optimum stirring speed for extraction is 280 rpm. Maximum
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extraction of MB is found to be 99%, and that for CV is about 95% in single
component system. In binary mixture, these values are 97% and 90%, respectively.
Maximum extraction of CV and MB takes place at 35 min and 45 min, respectively,
for single dye system, whereas maximum extraction of these dyes takes place at
5 and 35 min, respectively, in the mixture. Unlike CV, MB extraction does not fall
below the maximum level for any of the parameters at its optimum conditions. This
technology seems to have a promising future in the treatment of aqueous effluents
containing dyes in moderate concentrations, allowing their recovery and reuse.
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