Remediation of Arsenic from Groundwater
Containing Organic Compounds by lon Exchange

Media

A KM Saiduz Zaman

A Thesis
in
The Department
of
Building, Civil, and Environmental Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy (Civil Engineering) at
Concordia University
Montreal, Quebec, Canada

April 2006

© A KM Saiduz Zaman, 2006



Library and
Archives Canada

Bibliothéque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-16283-5
Our file  Notre référence
ISBN: 978-0-494-16283-5
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



Abstract

Remediation of Arsenic from Groundwater Containing Organic Compounds by
lon Exchange Media

A KM Saiduz Zaman, Ph.D.
Concordia University, 2006

This research work was dedicated to the problem arising from the
coexistence of arsenic and organic substances principally in the US (the
Superfund Sites) and Bangladesh. Dissolved organic ions are strong
competitors to arsenates, and because of their large size and slow kinetics,
arsenic removal becomes problematic. Macroporous ion exchange media can
remove both arsenic and organic pollutants efficiently while preserving

exchange capacity and effluent quality.

The novelty of this work is characterized by the determination of
interpendence of important factors influencing the sorption of arsenates and
organic substances by macroporous ion exchange media. Exchange
capacities of these resins in both chloride and hydroxyl forms in acidic media
as well as the chloride-form operating in weakly basic medium were
investigated. The investigations were focused on factors such as the effects of
pH, influent concentration of dissolved organic matter (DOM) and filtration
velocity. Interaction of these effects was also investigated. Reducing the pH
from 10.4 to 7.0 increased the arsenate-exchange capacity from 28 meq/kg to

63 meg/kg (a 35 meqg/kg increase).

Optimum conditions for regeneration of macroporous media have been
determined such as a NaCl consumption of 300 kg/tonne, a



concentration of NaCl solution of 10%, a ratio of NaCl concentration to that of
NaOH in regenerant of 10, a regeneration rate of 4 m/h, and a temperature of

40° C.

Waste handling processes have been developed to treat and reuse spent
regeneration solutions as well as to detoxify the solid waste containing arsenic
and organic matter. A reagent based technology for the treatment of spent

regeneration solutions by Ca(OH)2 and MgCl, (or MgSQ4) has been devised.

Based on the results, appropriate decontamination schemes have been
developed for groundwater contaminated with arsenic and organic impurities.
The benefit of these schemes is guidance for the organization of the treatment
process depending upon the levels of mineralization and concentration of
DOM as well as the conditions for the implementation of the process (for an

existing or new treatment unit to be designed).
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1. INTRODUCTION

The development of industry and the growth of the population are greatly
related to the increase in demand for water supplies. Increasing levels of demand
on natural fresh water resources have made more urgent the task of supplying
potable water derived from groundwater, which can be highly contaminated with

such toxic pollutants as arsenic and a number of dissolved organic substances.

The use of groundwater as a source of potable water supply presents serious
problems in many countries including US, Bangladesh, India, Thailand, Japan,
China, and Canada, amongst others. Until recently, these countries have been in
a very privileged position in their use of high-quality groundwater supplies for
drinking purposes. This was helpful because it was believed that in most cases,
the groundwater is pure enough for drinking. Although the groundwater is pure
enough, the surface waters must be treated (purified) before drinking to remove
suspended or dissolved material that makes it unsuitable for health or esthetic
reasons. The existence of arsenic and other groundwater issues in these

countries have changed things dramatically.

Groundwater has been considered so clean that traditionally, water
preparation for domestic supplies includes only softening, which is, by definition,
the reduction in hardness caused by calcium and magnesium salts. Typical
processes include lime softening and sodium cation exchange, hydrogen-sodium
cation exchange, sodium cation exchange with acidification, and sodium chloride

ion exchange. If potable water is to be prepared from contaminated



groundwater then the treatment process should include chemical treatment; the
removal of all salts in water to standard maximum allowable concentration levels.
Chemical treatment processes include distillation (thermal method), ionic
exchange (ion exchange media method) and electrodialysis (electro-chemical

method).

It is EPA's belief that arsenic may be mobilized from naturally occurring
arsenic in contact with organic rich leachate, thus causing contamination of the
groundwater in the area surrounding many superfund sites in the US such as the
Coakley landfill (Saalfield et al., 2005). Review of the data indicates the
occurrence of arsenic above the detection limit typically coincides with elevated
organic material and iron concentrations. Aboveground treatment of the
groundwater by macroporous ion exchange media can be a solution to this

problem.

Remediation of arsenic from groundwater in Bangladesh has been thorny
because of both technical and socio-economic difficulties: arsenic contamination
of aquifers where waters are anoxic, particularly where organic matter is
abundant which is contributed by the degradation of human organic waste in
latrines and fermentation of buried peat deposits. Besides there are widespread
public concerns, varying conditions within the affected areas and the overall
poverty of the country. Therefore, despite large-scale research in the fields of
arsenic removal from groundwater and many well-established technologies, their

potential for use in Bangladesh has not previously been studied. Along with the
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above, there is a psychological barrier based on the fact that local engineers
have no clear idea of the available technologies and the properties of
groundwater or the possible extent to which it can be treated, and on the arbitrary
interpretation of sanitary and hygienic criteria for its utilization. These deficiencies
are supplemented in a number of cases by inertia of thinking, and narrow-
mindedness, as well as failure to comprehend the evident truth that water is an
invaluable creation of nature required for the preservation of life. Attempts are
often made to switch to other sources of water supply ignoring the fact that of all
water sources, groundwater is still the most reliable and inexpensive supply
source. In a preliminary study of arsenic pollution in Bangladesh drinking water
sources, Duke University hydrologists have found evidence that surface waters
can also be contaminated with arsenic. Thus, say the scientists, abandoning
polluted wells in favor of ponds and surface reservoirs, as is advocated by the
World Health Organization (WHO) and the Bangladeshi goverment, will not

always solve the problem (Rojstaczer et al., 2004).

Because of all this, Bangladesh, amongst others, has fallen behind the best
foreign practice, where many years' experience has been gained in removing
arsenic from groundwater. It is very indicative that, up to now, only a few

tubewells in Bangladesh has been subjected to arsenic removal treatment.

An extensive literature review and a deeper study of the issues has
indicated the viability of combining well-established technologies while efficiently

removing the complex and peculiar components of groundwater, arsenic and
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dissolved organic substances, compounds of nitrogen, surfactants, etc. To
remove a high concentration of arsenic alone is quite hard, removal of dissolved
organic matter is even harder, and the hardest of all is to remove both
simultaneously. While employing conventional arsenic removal technology e.g.
ionic exchange, dissolved organic substances are capable of worsening the
operating parameters of anionic exchange media by fouling them. The residual
concentration of DOM may not only exceed the potable water standard but also
in certain technologies e.g. distillation, may cause foaming and discharge of toxic

organics into the steam line.

In Bangladesh, the degradation of human organic waste in latrines and
fermentation of buried peat deposits created a background contamination
analogous to that of tertiary treated domestic wastewater. Safiulla et al.
(International Farakka Committee, 2003) have found in their survey that total
organic carbon (TOC) in sediment may be as high as 7.8%. Similarly, Nickson
(International Farakka Committee, 2003) has obtained a present value of 6% for
Gopalgonj (a district in Bangladesh) samples. Dissolved organic carbon in
groundwater was found to be as high as 5 mg/L (TOC). This concentration was
higher than the 0.2-0.7 mg/L typically found in unpolluted groundwaters, which
contain mostly humic substances, such as fulvic and humic acids (Jonsson et al.,

2004).

In this regard, when removing arsenic by any of the technologies, correction

or addition is required to the existing technology in order to remove DOM. In
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water and wastewater treatment practices, this problem is traditionally solved by
sorption on activated carbon. However, the development of macro and iso-
porous ion exchange media, their relatively low cost, acceptable exchange cycle
capacity, sorptive capacity, degree of sorption, and the simplicity of regeneration
make them competitive in comparison to activated carbon. Because of this, the
task of using macro-porous ion exchange media, with a view to removing arsenic
from groundwater containing organic substances efficiently, has been urgent.
The case of Bangladesh was used in this work as an application and not the

main focus on the identification and solution to their main problem.

Proceeding with the information cited above, this research work aimed at the
investigation of the pattern of co-sorption of mineral and organic ingredients of
groundwater, on macro-porous ion exchange media, in the schemes of softening

and chemical arsenic removal. This included:
¢ Determination of sorption and regeneration rates

¢ Development of an effective technology for regeneration and

utilization of spent regeneration solutions, and

¢ Evaluation of technical, economic and environmental efficiency of the

proposed schemes.

1.1 Research rationale

The rationale directing this inquiry stems from the need to develop and apply

a technically sound and environmentally safe method for arsenic removal in the



presence of dissolved organic matter. Arsenic is a common contaminant
throughout the US, including nearly one third of superfund sites (Saalfield et al.,
2005). 45/97 sites have been reported to be contaminated with arsenic that
comes from nonanthropogenic sources. 42/45 arsenic sites are also
contaminated with organic matter. Many of these landfill superfund sites have
been contaminated with a number of toxic metals (e.g., As, Cr, Pb, Ni, Zn) and
aromatic hydrocarbons such as benzene. Long-term monitoring indicates that the
concentration of most of these contaminants have decreased as a result of
treatment by monitored natural attenuation; however, dissolved arsenic levels
increased modestly over the same interval. This increase is caused by the
microbially intervened reductive dissolution of arsenic-bearing iron oxides. This
reduction is advanced by the presence of landfill-derived organic matter. In fact,
decreasing the part of organic concentrations that was caused by microbial
decomposition is highly correlated to the degree of arsenic release from the
sediments into groundwater. Overall, the potential of organic matter
decomposition to stimulate the release of natural arsenic have become an issue
for the potential of monitored natural attenuation for site remediation (Saalfield et

al., 2005).

It has been proposed that organic carbon in buried peat in the Bengal basin
was the driver of microbial reduction of FeOOH in the sediments, and that human
organic waste in latrines might locally contribute to As release by providing point-

sources of organic matter to enhance local reduction of FeOOH (Mc Arthur



et al.,, 2004). The global rise in sea level between 18 and 6 ka (ka is a thousand
years ago), created settings worldwide for As-enriched aquifers to form. The
rates of sea level rise and sediment supply have been the primary controls on
wetland formation, where organic-rich muds and alluvial or deltaic sands are
closely juxtaposed (Banerjee et al., 2004). Dissolved organic matter has become

a vital problem in arsenic removal.

This information implies not only the need to identify alternative technological
paths to remove arsenic in the presence of DOM, but also to find approaches
capable of integrating various perspectives and knowledge. In Bangladesh,
widespread water quality problems attributable to farm operations and domestic
settlements require an expanded suite of solutions. This thesis explores the
technical capabilities of ion exchange treatment in arsenic removal along with
DOM. Although ion exchange is a well-studied process, scientific investigations
of its capacity and dependencies have not previously been studied. This lack is
due primarily to the fact that arsenic occurrence in the presence of DOM was
new and unusual until recently (Banerjee et al., 2004). Little research has been
conducted to identify the barriers and opportunities related to the implementation
of ion exchange to remove arsenic and DOM and few studies in Bangladesh

have fully documented case studies.

There are a number of standard technologies that efficiently remove arsenic

from groundwater. Coagulation, adsorption, ion exchange, and some emerging



technologies such as low-cost column filter and SAFI filters are claimed to be in
use in some restricted regions of Bangladesh. According to Safiulla et al
(International Farakka Committee, 2003), a total of 500 arsenic removal units
were distributed among affected individuals. This is of course appreciable.
Nevertheless, this number is not significant while over 40 million people are
reported to be arsenic affected. Millions of tubewells still need to be taken care
of. Literature review and personal survey indicate that none of the mitigation
measures has taken the presence of dissolved organic species into account.
However, it is the existence of a variety of impurities in the polluted ground
waters, which distinguishes them from natural waters. The problem of soluble
arsenic alone in drinking water has well been addressed worldwide. Natural
organic matter places a substantial restriction to most of the technologies
established so far. It must be emphasized that this demands changes to the
conventional technology of arsenic removal and conditioning, and the
development of new variations of the conventional processes of coagulation,
filtration, adsorption, ion exchange and distillation. Hering et al. (1997) studied
such an issue relating to arsenic removal from drinking water during coagulation.
The presence of sulfate (at pH 4 and 5) and natural organic matter (at pH 4
through 9) adversely affected the efficiency of arsenic (lll) removal by ferric
chloride. Arsenic (ll) could not be removed from source waters by coagulation
with alum. Similarly, organic fouling of ion exchange resins is quite well known.

Therefore, the presence of dissolved organic matter in groundwater destined to



arsenic removal is a vital problem. At present, this is one of the most important
problems, the immediacy of which is indicated by the fact that significant
concentrations of DOM (5 mg/L of TOC) (Jonsson et al., 2004) have been found
in Bangladeshi groundwater. The role of the dissolved organic matter is to inhibit
the sorption of arsenic by gel-type resins. This problem exists not only in a
number of regions of Bangladesh but also in many other countries including the
US. The alternative is the use of macrporous ion exchange resins instead of gel-

type resins.

This study involved investigations of arsenic and organic removal from
drinking water by ion exchange. Since this is neither a feasibility study nor an
engineering project, emerging technologies offered to Bangladesh and their
many drawbacks including waste disposal were not investigated. It is noteworthy

that waste disposal issues are strongly dependent on the technology chosen.

The main concern was about the effect of interventions such as pH, initial
concentrations of arsenic and DOM, filtration velocity etc. The sole purpose of
the performance and analysis of the experiments was the drawing of inferences
about the effects of treatments. A number of regression equations derived in this

research are such statistical inferences.

The main disadvantages of using experimental method to study ion
exchange are that it is labor intensive, provides limited information and may yield
results which can only be applied under the conditions obtaining in a given

experiment with respect to given parameters. Such parameters include the



regeneration regime, ion exchange rate, influent water quality, type and fractional
composition of the exchange media, column parameters, conditions of supply for
regenerant and so on. None of these parameters is constant during actual
operation. Therefore, a design based solely on experimental data can result in
substantial failures. Subsequently, in order to avoid such failures those elements
of the scheme on which its reliability depends are over-designed. This is
apparent in the installation of additional filters, and the excess consumption of
feed materials and reagents, with consequential increases in the volume of
wastewater and costs of operation. The main difficulty in the optimization of ion
exchange treatment for potable water supply lies in the large number of
interrelated parameters, which characterize the process. The most rational
research method is the application of a mathematical model that will allow the
optimum operating parameters to be determined by calculation. The use of a
computer for these calculations greatly enhances solution of the problem and
allows wide ranges to be considered for large numbers of parameters. Within
relatively short periods of time one can estimate the optimal levels for the
process under study, or in other words, set up the optimum values of all the

variables, thereby achieving the extreme values of the selected criterion.
1.2 Objectives
In light of the rationale outlined above, the goal of this research was: to

investigate the effect of interrelated parameters, which characterize the ion

exchange process when removing arsenic in the presence of DOM. To
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achieve this goal, the following objectives were established:

e To develop a statistical relationship that will allow the optimum
operating parameters to be determined by calculation for the removal
of As in the presence of DOM onto macro-porous ion exchange media
in chloride form and the development of optimum conditions for their

regeneration.

e To optimize the operating parameters of macroporous ion exchange
media used in a two-stage deionization system, comparison of the
sorption regimes of organic and mineral impurities, and the solution in
this respect of the practical problems of determining the limit of
duration of filter cycles and the need to include an adsorption unit in

the process sequence.

The scope of this research included:

o Chromatographic separation and identification of the organic content

of influent water contaminated with As and DOM

» Selection of the principal factors that significantly affect ion exchange

capacity and residual concentrations of arsenic in the presence of

DOM

* Running preliminary experiments in order to determine and justify the
intervals and levels of various concentration factors as well as

hydrodynamic factors.
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e Determination of optimal conditions for regeneration of exhausted ion

exchange media

o Determination of the dependences of ion exchange capacity and

residual concentrations

o Statistical analysis of the experimental results while formulating

desirable regression equations

The thesis is organized in the following way. Chapter 2 provides a literature
review and will discuss general characteristics of organic impurities in ground
waters, sorption of dissolved organic substances on cationic and anionic
exchange media, methods of arsenic removal from groundwater containing
organic impurities, and existing technologies for arsenic removal. Chapter 3
provides an overview of the methodology and methods utilized for the
investigations. Chapter 4 presents the analyses of the data generated in the four
different studies that were investigated during this research. Profiles detailing
each study can be found at the beginning of these sections. Chapter 5 provides a
synthesis of the findings that were established during the analysis including
technical, economic, and environmental parameters of several proposed
schemes as well as waste handling. Chapter 6 includes conclusions and
interpretations of the findings, summarizes the contributions of the research and

presents recommendations for further research.
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2. LITERATURE REVIEW

2.1 General characteristics of organic impurities in groundwaters

Arsenic is a common contaminant throughout the US and Bangladesh. In the
deltaic plain of the Ganges-Meghna-Brahmaputra Rivers in Bangladesh, arsenic
concentrations in groundwater commonly exceed regulatory limits. FeOOH
becomes microbially reduced, and it releases its sorbed load of arsenic to
groundwater. The most intense reduction is driven by microbial degradation of
buried deposits of peat. Concentrations of ammonium up to 23 mg/L come from
microbial fermentation of buried peat and organic waste in latrines (McArthur et
al., 2004). Concentrations of phosphorus of up to 5 mg/L come from the release
of sorbed phosphorus when FeOOH is reductively dissolved, and from

degradation of peat and organic waste from latrines (McArthur et al., 2004).

All natural waters contain organic substances. The occurrence of organic
substances in the groundwaters of Bangladesh most likely comes from
weathering of peat and organic waste from latrines. Unlike inorganic substances,
they have high molecular mass, take part in reactions more frequently in the
molecular form than in the ionic, are the source of food for animals, and are

degraded by micro-organisms.

One of the most widespread classes of natural organic compounds are
humic substances. They enter the groundwaters because of the weathering of

peat and other organic matter. High concentrations of organic substances in
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groundwater occur also because of the degradation of organic waste from
latrines. Degradation of such waste may cause formation of relatively stable
compounds analogous to humic compounds. Organic substances entrained into
groundwater may be colorless or colored. The main sources of color of such
ground waters are the humic acids, which contain 60-80% of dissolved organic

substances.

Humic acids are of high molecular weight; tend to associate with metals, and
polydisperse polyfunctional ligands, which are close, in chemical nature, to
polyoxypolycarbonic acids. There is information in the literature that these
compounds are formed because of polycondensation of flavanoids, lignins and
tannins. A simplified structure for humic acid has been proposed by certain
workers and is given in Figure 2.1-1 (Purolite, 1999). However, more recent
evidence suggests a more complicated structure that can have heavy metals
complexed with the groups attached to the aromatic structure, as can be seen, in
Figure 2.1-2. "Heavy metals" are chemical elements with a specific gravity that is
at least 5 times the specific gravity of water. The specific gravity of water is 1 at
4°C (39°F). Simply stated, specific gravity is a measure of density of a given
amount of a solid substance when it is compared to an equal amount of water.
Some well-known toxic metallic elements with a specific gravity that is 5 or more
times that of water are arsenic, 5.7; cadmium, 8.65; iron, 7.9; lead, 11.34; and
mercury, 13.546 (Lide, 1992). In cooperation with the U.S. Environmental

Protection Agency, the ATSDR (Agency for Toxic Substances and Disease
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Registry) has compiled a Priority List for 2001 called the "Top 20 Hazardous
Substances." The heavy metals arsenic (1), lead (2), mercury (3), and cadmium
(7) appear on this list. Notwithstanding arsenic is widely referred to as a heavy
metal (Kogel-knabner et al., 1988; USEPA, 2003; USDHHS, 2005), its being a

heavy metal can well be disputed since arsenic is not always a metal.

It can be appreciated from both Figure 2.1-1 and especially from Figure 2.1-2
that this complex molecule when absorbed onto an anion resin will not only
cause potential organic fouling but also is likely to deposit heavy metals within

the resin matrix which cannot be removed by caustic soda regeneration.

CO—NH—CoH,,04N

Figure 2.1-1 Simplified structure for humic acid (courtesy of Purolite
International Limited).
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As can be seen, the structure of humic acid includes a number of oxygen-
containing functional groups: carboxyl groups, phenolic and alcoholic hydroxyls,
carbonyl groups, enolic, quinoid, lactonic and etheric groups. The acidity of
humic substances is caused by numerous carboxyl groups as well as by phenolic

and enolic hydroxyls.

The fulvic acid type structure has not been as well defined as the humic acid
but it is thought to be smaller. Fulvic acids are more water-soluble. For them,
higher degree of oxidizability and higher content of carbonyl and hydroxy! groups
are characteristic. Analysis of humic acids and fulvic acids testifies of the
significant contribution of oxygen in their structure (for fulvic acids it is up to
51%). Humic acids are usually found in groundwater in the colloidal state, and
only at high pH values do they transform into the dissolved state. Fulvic acid may
simultaneously exist both in colloidal and dissolved states. The molecular mass

of these compounds ranges from hundreds to 200,000 g/mole (Gjessing, 1970).

The hydrogen in the carboxyl groups may be displaced by cations, forming
humate salts. Phenolic oxy-groups also contribute to the formation of humic acids
complexed with ions of metals. Due to the presence of these two functional
groups in the structure of humic acids, the latter plays an important role in
dissolution, transport and deposition of metals. Humates of alkaline metals and
ammonia are soluble in water but humates of calcium, magnesium, and iron are
almost insoluble. Due to the higher solubility, fulvic acids comprise the bulk of

DOM in ground waters. As a rule, the content of fulvic acids exceeds that of
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humic acids and constitutes 1-100 ppm (Hand et al., 1999). Salts of fulvic acids

with Na*, K*, NH}, and Fe?*", are soluble in water. Fulvic acids are classified as

crenic and apocrenic acids according to the extent of the solubility of their barium
salts. Crenic acid is a complex of the least oxidized humic compounds: its barium
salts are water-soluble. Apocrenic acid is a mixture of more oxidized humic
compounds. Its barium salts are insoluble in water (Hand et al., 1999). The
chemical stability of humic compounds to oxidizers and adsorbents increases in
the following sequence: humic acids — colloidal fulvic acids — dissolved fulvic
acids. Therefore, when designing a technological unit for the removal of arsenic
and DOM, it is necessary to consider not only their concentration but also the
fractional composition of humic compounds. Thus, the predominance of
dissolved fulvic acids decreases significantly the efficiency of coagulation,
despite small concentrations of organic compounds in natural waters

(Nicholadze, 1987).

The contamination of surface and ground waters with domestic and industrial
wastes has already led, in a number of cases (e.g. Bangladesh), to such state,
that they can only formally be considered natural, but as a matter of fact they are
diluted city wastewaters (surface water COD values reported to be on average
178 mg /L (Gray et al., 2004), and ground water has as high a COD value as 15

mg /L) (Jonsson et al., 2004).

Wastewater from latrines and kitchens enters, via groundwater, the

community groundwater treatment units. People often build latrines near a
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tubewell, do their laundry and wash their cookware all near a tubewell. Shallow
water table, poorly constructed wells are all favorable for wastewater to get into
the groundwater. Therefore, existing schemes and water-preparatory equipment
designed for the use of ground water polluted with arsenic alone, in such cases,

may not provide the required degree of arsenic removal.

The most typical components of domestic wastewaters are dissolved,
biogenic, organic compounds. Their analytical determination and identification in
wastewaters can be very difficult because of their complex and variable
composition, and because some individual compounds are only present in

minute quantities.

Domestic wastewater can be considered as a dilute mixture of bath and
laundry effluents (hygienic processes and laundering), kitchen effluents (cooking
and washing-up), urine and feces. Bath and laundry effluents are essentially
colloidal suspensions of detergents. Their composition includes substantial
amount of matter of organic and inorganic origin (greases, organic acids, urea,
ammonia, etc.) as well as suspended particles of cloth, hair and skin. It is
because of the presence of soap and protein, and lipid compounds, which form
part of human excretions, that these solutions are colloidal. Their overall
composition depends, primarily, on the volume of water used for the particular

hygienic procedure, as well as on the amount and composition of the detergent.

Table 2.1-1 summarizes the data on the composition and main organic

components of bath and laundry effluent, kitchen wastes, urine and feces;
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the prime pollution of domestic effluent (Abdullaev et al., 1992). These are

generalized data, applicable to any nation, independent of the geographical

location.

Table 2.1-1 Content of organic species in effluent streams combining to

form domestic waste water (Abdullaev et al., 1992).

Organic species

Content of organic

Content of organic

species, mg/L species, %
Fats:

Oleic acid 216 8.7
Palmitic acid 13.6 5.5
Stearic acid 27 1.1

Soaps:
Sodium stearate 46.3 18.7

Fatty acids 7.0 4.8

Urea 93.5 37.9

Creatinine 3.4 1.4

Organic acids:
Hippuric acid 3.5 1.4
Uric acid 1.9 0.8
Other amino acids 0.6 0.2
Citric acid 1.6 0.6
Phenols 0.6 0.2
Starch (as glucose) 13.5 9.2
Fixed fatty acids 22.2 9.2
Total 232 100

Note: the concentrations given in this table are based on the following
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volumetric assumptions: bath and laundry effluent 120; kitchen wastes 3; urine

1.2; (in units of liters per head per day).

There are usually no significant differences in the proportions of these
compounds due to either dietary protein intake or changes in water availability.
However, some developed countries may claim the use of more environmentally

friendly detergents and soaps.

This literature review leads to the conclusion that the principal components of
organic materials in bath and laundry effluents are detergent agents (soaps) in
solution at, typically, 120 ppm and greases at 58 to 80 ppm (Malakhov et al.,
1988). These concentrations relate to the standard water consumption for
bathing and laundering of 120 liters per head per day. About three quarters
(72%) of the soaps used for bathing and laundering are sodium stearate,
C47H35sCOONa, based. Recently, synthetic detergents have become more widely
used, and detergents are now found in bath and laundry effluents, which
represent a mixture of sodium salts, sulfuric esters and alcohols. The principal
organic component of synthetic detergents, amounting to some 15 to 20% of

their mass, is sulphonate. Figure 2.1-3 shows the structural formula of sulfonate.
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R—@—SOzoNa

Where R = Cg to Cys.

Figure 2.1-3 Structural formula of sulfonate (Malakhov et al., 1988).

The composition of kitchen-derived effluents is mainly determined by the
food processed in the kitchen. The main components of such effluents tend to be
animal fats and vegetable oils, which are typically present at concentrations in
the range 600 to 2000 ppm on the basis of a consumption of 3 liters per head per

day.

The most common acid in natural fats is oleic acid, which is comprised of
more than 50% of the overall acid weight. Palmitic acid is also present in all of
the fats to the extent of about 35% by weight. Stearic acid is less common,

making up around 10% of the total by weight (Malakhov et al., 1988).

Human excretions, urine and feces, form the greater part of domestic
wastewater. Typical daily human diuresis is between 800 and 1800 mL. Urine,
because of its chemical composition, is the worst pollutant in domestic effluent; it
is made up of some 229 compounds including 103 nitrogen-containing
substances, 30 electrolytes, 22 vitamins, 38 hormones, and 10 enzymes, as well

as organic acids, lipids and carbohydrates (Kim et al., 1998).

The organic components of urine are mainly nitrogenous compounds —

various functional groups with NH,, NH, etc. The major part (55%) is
22



carbamide, i.e. urea, the concentration of which is between 15.6 and 32.9 g/L in
domestic effluent. Amongst other organic compounds are creatinine at 0.42 to
1.33 g/L, amino acids including — alanine, glycine, histidine and glutamine in
substantial amounts — (0.17 g/L), hippuric acid (0.07 to 1.75 g/L), uric acid and

phenols (0.01 to 0.3 g/L) (Kang et al., 1989).

Feces are characterized by a variety of chemical, biochemical and
microbiological components at high concentrations. Typical daily human fecal
production is around 100 to 300 g. The main components are fats such as stearic
acid, (27.7 to 32.8 g/L), soaps (6.5 to 11.75 g/L), starches (1.5 to 33.75 g/L) and

fixed fatty acids (28.75 g/L) (Sannolo et al., 1981).

Untreated domestic wastewater, entering groundwater, deteriorates the
chemical composition of groundwater by the components cited above. Villagers
tend to build their latrines near a newly installed tubewell, do their laundry and
wash their cookware all near a tubewell. It is the shallow water table and poor
construction of wells that allows wastewater to get into the groundwater. Such
cases are quite common in Bangladesh. The organic impurities in groundwater,
entering the arsenic removal units, to a significant extent, complicate the normal
operation of ion exchange units. If organics are allowed to accumulate on a resin,

the following effects can be observed:
* Reduction in water quality

* Lower operating capacity
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* Higher rinse requirements

If the exchange sites on an anion resin are partially screened by large
organic molecules, the rate of exchange of inorganic arsenate ions from the
water onto the resin will be slower. Therefore, it is urgent to study the sorption of
DOM on traditionally used gel-type ion exchange media in arsenic removal such
as Purolite A-300 and its analogue macro-porous anionic exchange medium
such as Amberlite IRA-910. A strong-base anion exchange resin (SBA) in either
chloride or hydroxide form can remove As (V) (Wang et al., 2000). Purolite A-300
is such a strong base anion exchange resin. Amberlite IRA-910 is also strongly
basic anion exchange resin with macroporous structure. Macroporous resins are

more appropriate to prevent organic fouling (Purolite, 1999).

Determination of the chemical composition of organic matter can be very
difficult because of its over all complexity and the presence of some compounds
in microquantities. If groundwater, containing DOM, is to be prepared for use in
the arsenic removal unit, it is important that the composition of the organic load
be determined accurately. This is necessary in order to predict both the extent of
treatment needed to remove the organic impurities at various arsenic removal
stages and the influence of the individual organic components on the water
condition in the arsenic removal systems. Concentration and fractionation
techniques are used extensively in the organic analysis of wastewater (Leenheer,

1996).
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The standard methods of analyzing dissolved organic materials have a
number of disadvantages. These include losses due to compound volatility, the
salting out of high molecular weight materials, and changes to the natural organic
compounds arising in the process of separation. Many of these disadvantages do
not arise if the organic materials are separated by chromatographic fractionation
using cellulose based ion exchange media (Abdullaev et al., 1992). This
technique makes it possible to extract the dissolved organic substances and
classify them as acidic, basic or neutral. The sorption of organic compounds
takes place chiefly on the fiber surfaces of ion exchange cellulose media, which
makes them suitable for the separation of organic substances. Other advantages
are the rate of the sorption process, and the ease and completeness of
subsequent desorption for analysis; it is also possible to concentrate the

materials under investigation.

The quantitative and qualitative analysis, presented above, of the
composition of organic impurities enables the organization of the investigation of
ion exchange processes of such waters, allows the evaluation of the intensity
and nature of the fouling of ion exchange media, the expediency of the addition
of organic removal units in the arsenic removal process sequence, the
development of a technology to desorb organic materials from ion exchange
media, and the prediction of the arsenate-exchange processes depending on the

concentration of DOM in the influent water.
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2.2 Sorption of dissolved organic substances on cation exchange media

When using ion exchange in groundwater treatment and the influent water is
contaminated with not only arsenic but also DOM, one of the most important
issues is the study of the impact of DOM on the operating parameters of ion
exchange media. The “poisoning” impact of DOM is determined by the nature of
dissolved organic substances and their concentration in influent water. Proteins
polyelectrolytes, detergents and certain saccharides can foul cation resins (Keller

et al., 2005).

In the practice of chemical treatment of natural waters, containing organic
contamination, serious deterioration of the operating capacity is often observed.
Reduction in the operating capacity of ion exchange filters, deterioration of the
quality of filtrate, increase in the consumption of regeneration reagents and wash
water, reduction in the exchange cycle of ion exchange media are caused by the
sorption of organic substances on the surface and deep into the volume of the
beads of the synthetic resin. Allowable concentrations of DOM in the influent
water of a treatment unit must not exceed 2 mgO./L, determined by the
permanganate value (Popov et al., 1977). While supplying domestic wastewater
for stable performance of cation exchange and anion exchange media, it is
necessary to provide a reduction in COD to 10 to 12 mgO.,/L. The recommended
values are applicable only to chemical treatment systems and limited, first, to the
presence of anionic filters in the scheme (Popov et al., 1977). Malakhov et al

[85] showed stable performance of the sodium form of cation exchange medium
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when treating water, containing as high a concentration of DOM as 30 to 60
mgO,/L as COD (8 to 14 as PV). Permanganate value is a measurement of
organic materials in water often called oxidizability. PV is measured by Kubel's
method, which is accepted internationally to be the standard method for the
measurement of organic substances (UNEP, 2004). PV is the amount of
potassium permanganate consumed in the chemical oxidation of organic
substances contained in water, this amount being quoted in mg/L KMnO4 as well

as in mgO./L as the corresponding oxygen equivalent.

Organic ions differ from each other by size, form and molecular mass. They
are weakly hydrated, have one or several functional groups that are capable of
dissociation and have hydrophobic aliphatic or aromatic composition. The
mechanism of their sorption on ion exchange media is highly complicated. Their
sorption is determined not only by electrostatic and chemical interaction with the
fixed ions and effect of difference in hydratability in the solution and on the phase
of ion exchange media, but also by non-electrostatic sorption forces (blocking of
electronic clouds of n-bonds) between the ions being sorbed and the structural
section of the matrix (London forces). Nonpolar molecules are attracted to each
other by temporary dipoles, which are called London or dispersion forces.
Deformation of the electron clouds surrounding the molecules creates temporary
dipoles. With more electrons, the electron cloud is deformed more easily and
more greatly; thus, the dipoles are larger and the attraction is greater. In some

cases, formation of hydrogen bonds takes place between the matrix and polar
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groups of organic ions (Ashirov, 1983).

Inadequate porosity of gel-type ion exchange media hinders the effective
desorption of organic molecules. In the course of time, organic substances enter
so deep into the resin beads, that extraction of them in the regeneration stage
becomes very difficult (Mc Nully et.al.,1986). Sorption of organic ions is
characterized by strong manifestation of the steric factor, the factor (always less
than one) that reflects the fraction of collisions with orientations that can produce
a chemical reaction: sorbed large ion shields other functional groups, narrows the
channels and pores down, obstructs them and hinders further penetration of ions
from the solution into the resin. In this regard, exchange capacity of ion exchange

media tends to be used up incompletely (Ashirov,1983).

Recent understanding is that the deterioration of the operating characteristics
of ion exchange media is caused by the reduction in the diffusion rate in resin
beads (Pashkov et.al.,1972). The increase in ion exchange rates can be
achieved by the use of ion exchange media of special structure: macro and iso-
porous resins. Macroporous resins are opaque because they contain as much as
20% divinylbenzene in the polymer matrix. They are not simply gel resins with
additional crosslinking since the interior of a gel with 20% DVB (Divinylbenzene)
would be inaccessible (Alain,1988). Macroporous resins are produced from a
styrene-divinylbenzene copolymer to which has been added a non-polymerizable
diluent that volatilizes leaving discrete macro pores throughout the bead. These

pores are considerably larger than those found in gel resins and, as such, allow
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the accessibility of large molecules. Due to the increased amount of DVB in the
macroporous resins (i.e. higher degree of crosslinking), little volume change is
exhibited in any solvent. Therefore, they may be successfully used in non-polar
solvents since the matrix is non-collapsible (i.e. does not shrink). Macroporous
resins are also frequently used where rigorous conditions are encountered since
the increased crosslinkage permits resistance to resin degradation caused by
such factors as osmotic shock, attrition and oxidation. The cited above
peculiarities provide easy access to the reacting substances to the active centers
and stable sorption as well as desorption processes of organic substances

(Payne, 1990; Dal, 1974).

Popular macroporous cation exchange media are as follows: Amberlite 200,
200 c, 252 and 15 A (ROHM and HAAS Company), Duolite ¢26, Duolite C 464
and C 433 (ROHM and HAAS Company), Zerolite ¢ 625 and C 226 (LOBA
CHEMIE PVT. LTD.), Dowex MS C1 (The Dow Chemical Company USA),
strongly acidic sulphonated cationic exchange media KU-23, weakly acidic
carboxylic cation exchange medium KB-2-7P, KB-2-10P, KB-4-10P (Aj Inc.),

Tulsion T 42 MP (LOBA CHEMIE PVT. LTD.) (Ashirov, 1983).

The following are examples of the interaction between DOM and cationic
exchange media with a view to clarifying the mechanism of the sorption of
dissolved organic substances. The consideration of the sorption of individual
organic substances by cationic exchange media enables the prediction of

analogous processes when applying cation exchange in groundwater
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softening in the presence of multi-component DOM. The literature review of the
sorption of individual DOM is applicable to the gel-type as well as macroporous
cation exchange media in sodium and hydrogen forms. This selection was based
on the fact that the sodium ion is the operating form for chemical softening while

the hydrogen form is for a thorough chemical treatment.

In the sorption of phenols by gel-type cationic exchange media such as
Tulsion T 42, T 40, Ku-2, Ku-1, sulphonated coal, ionic exchange practically does
not take place (Yamasaki, 2004), their removal is caused by molecular sorption,

efficiency of which depends on:
e The nature of the ion exchange medium,
e The structure of the hydrocarbon skeleton,

e Nature and concentration of the ionogenic (capable of ionizing)

groups,
e Location and nature of benzene ring substitutes (Yamasaki, 2004).

The sorption of phenols increases as the salting out effect on phenols in the
phase of ion exchange media decreases and as the content of sulfonic groups in

the resin decreases.

Sorption of nitrophenols by sulfonic cation exchange media is determined by

the following factors (Korenman et.al, 1989):

e Their solubility in the pore water of the resin
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¢ Influence of salting out
¢ Influence of polar attraction forces and dispersion forces

e Operating form of cation exchange media (sodium form, practically

does not sorb nitrophenols)

Better results were achieved when concentrating nitrophenols on
macroporous cation exchange medium Amberlite 200 C (Korenman et.al.,1989).
The content of divinylbenzene in the matrix of Amberlite 200 C and porosity
greatly influence the sorption of alkylphenols. Sorption of alkylphenols depends
on the ionic form of cation exchange media and decreases when switching from
the sodium form to the hydrogen form. Sorption capacity increases as the length
of hydrocarbon chain increases in the following sequence: methyl - < ethyl - <
propyl -<butyl -<amylphenol. In addition to the interaction between sorbent and
sorbate, the interaction among sorbed alkylphenol molecules influences the
sorption process: an increase in the degree of their spreading through the resin

substantially increases the sorption process (Alimova et.al., 1981).

Pochhali et al. (1977) studied the mechanism of the sorption of aliphatic
carbonic acids onto cation exchange medium Amberlite IRA 120. It was shown
that both molecular sorption and ionic exchange take place at the same time.
When used in the H-form, the efficiency of molecular sorption increases as the
length of the carbonic acid chain increases in the following sequence:

formic<acetic<propionic<n-butanoic acid. Molecular sorption of carbonic fatty
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acids is a function of chain length as well as dissociation constant. Carbonic
acids having a higher constant of dissociation are hardly adsorbed by cation
exchange media. On the contrary, with an increase in the constant of dissociation

of carboxy acids, ionic exchange increases.

Pavlovich et al. (1985) studied molecular sorption of normal fatty acids
(butanoic, valeric, caproic acids) from aqueous and aqueous-organic solvents
(aqueous-acetonic, aqueous-methanolic and aqueous-ethanolic mixtures) by the
hydrogen form cation exchange media. It was shown that, the distribution
coefficients of these acids and the selectivity of sorption, increases with an

increase in the dielectric permittivity of the solvent.

Davidov et al. (1987) and Bidnaya et al.(1986) studied sorption of aromatic
amines by cation exchange media. As an instance of the sorption of chloroaniline
and diethylparaphenylendiamine from a mixture of acetic acid with water by
sodium-form cation exchange media (Davidov et al.,1987), it was shown that the
nature of the kinetic curves of the sorption of organic ions being investigated
corresponded to the sol-gel mechanism at a content of acetic acid in water up to
0.6 molar fractions. With an increase in its concentration, the speed of sorption
decreases, which can be explained by a decrease in the extent of swelling of the
cation exchange media, as well as the formation of ionic associates in the
solution (due to the reduction in dielectric permittivity of the solvent) (Levchenko
et al.,1982). Significant sorption of the amines of bases is possible by means of

an acid-base reaction between the sulfone groups of the sorbent and amines
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(Bidnaya et al., 1986).

The capability of aliphatic amines of being sorbed by cation exchange media
Tulsion T 40 and Ku-2 in hydrogen and sodium forms was examined using
representative diethylamine and ethanolamine (pushnyak et al., 1989). The
sodium form of cation exchange media takes these amines up by means of
molecular sorption. lonic exchange, in this condition, was not observed. Being
strong bases, aliphatic amines were sorbed well by ionic exchange when using

cation exchange media in the hydrogen form (Phillppov et. al., 1986).

Sorption by sulfonic cationic exchange media was studied for alcohols and
ethers (methanol, ethanol, n-butanol, isopentanol, allyl alcohol, methoxyethanol,
ethylene chlorohydrin, ethyl acrylate, and butyl acrylate (Philippov et.al., 1986).
An excess of the equimolar ratio was observed for hydroxyl containing sorptive
materials at one sulfonic group (up to 18 molecules of sorptive materials).
Obviously, oxygen atoms of sulfonic and hydroxyl groups take part in the reaction
of organic ions and cation exchange media (in addition to the formation of one
hydrogen bond between the proton of sulfonic group and oxygen of hydroxyl
group. Besides, successive formation of several monolayer sorptive molecules
occurs due to intermolecular hydrogen bonds. Complex etheric molecules do not
have active protons. Therefore, their capability of being sorbed does not exceed
the equimolar quantity of sulfonic group of cation exchange media. Sorption is
caused only by the presence of one hydrogen bond between the proton of

sulfonic groups and carbonyl oxygen. A significant increase in the sorption
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capacity, particularly by complex ethers can be achieved when using

macroporous cation exchange media (Levchenko et. al., 1982).

Generalized data from various sources is presented in Table 2.2-1, which
enables the prediction of the sorption pattern of multi-component systems of
DOM by cation exchange media in the scheme of softening (Na-filters) as well as

that in the scheme of chemical treatment (H-filters).

From the above analysis of the mechanism of sorption of individual DOM by
cation exchange media, the conclusion can be drawn that in the sodium form
mainly molecular sorption takes place while in the hydrogen form both molecular

sorption and ionic exchange take place.

Abdullaev et al. (1980) showed that the resuits of fractionation of DOM are
presented as three groups (acidic, basic and neutral). The conditions for sorption
and desorption of multi-component systems of organic substances are also given

by the mentioned generalized parameters.

In the experiments with the sodium form of cation exchange, in the scheme
of chemical softening, physico-chemically treated domestic wastewater was
used. The concentration of DOM was comprised of 30 to 60 mgO,/L as COD.
The acidic group was sorbed mainly, the content of which in the composition of

DOM, may reach 70 to 80%, by the sodium form of cation exchange media.

The basic group of DOM was also sorbed. The initial content of which was

insignificant (from 2 to 4%). Neutral compounds, which constitute 20 to 30% of
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the total quantity, are not sorbed at all by fresh sodium form cation exchange
media. However, as it is shown in the report of Malakhov et al. (1987), after the
sodium form of the cation exchange medium has sorbed acidic and basic groups,
the sorption of the neutral group also takes place. It was shown experimentally
that the sorption of the latter takes place by the compounds of other groups,

sorbed earlier.

Total sorption of DOM by Na-filters in the scheme of two-stage softening
when using treated municipal wastewater constituted: 27 to 31% (in the 1% stage,
load KU-2) and 15 to 24% (in the 2" stage, load sulfonated coal) of initial, for
each stage, quantity (Abdullaev et.al., 1980). The exchange capacity of KU-2
was reduced to 13% after 1000 BV, while that of sulfonated coal practically did
not change. The irreversible sorption of DOM, in the sodium form, bears a weak

pronounced nature.

In the experiments with the hydrogen-form of cation exchange, in the scheme
of chemical treatment, biologically treated domestic wastewater subjected to
tertiary treatment by coagulation and mechanical filtration was used. The
concentration of DOM was comprised of 7.5 to 9 mgO,/L as COD. Reduction in
the concentration of DOM, on average per exchange cycle, constituted: 25 to
30% (in the 1% stage, load KU-2) and 15 to 18% (in the 2" stage, load KU-2) of
initial, for each stage, quantity (Malakhkov et.al., 1988). During the regeneration,
the bulk quantity of organic substances was desorbed by acid; nearly 20 to 30%

was irreversibly sorbed.
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2.3 Sorption of dissolved organic substances on anion exchange media

Many researchers point out the unstable performance of anionic exchange
media compared to that of cationic exchange media, when using ion exchange in
groundwater treatment and influent water which is contaminated with not only
arsenic but also DOM (Rutsch et. al.,1999; Popov et. al., 1977, Levchenko et.al.,
1982; Abrams, 1982; Mc Nully et.al.1986; Bullock,2002). Partly this is caused by
the fact that, in traditional water treatment, liming is used as a pretreatment,
which results in passing the bulk of the dissolved organic species through the
cationic exchange media. These are organic acids with carboxylic and

phenylhydroxyl groups, dissociated and easily soluble.

Organic species trapped by cationic exchange media can be subjected to
destruction by oxidation, since the sulfonic groups are quite stable with weak
oxidizing agents (Loraine 2002). However, anionic exchange media can only in
exceptional cases and under certain conditions, be subjected to oxidizing
reactions. The “poisoning” of anibnic exchange media occurs due to the blocking
of ionogenic groups as well as due to chemical reactions between functional

groups of resins and organic substances being sorbed.

Macroporous ion exchange media have significant competitive advantages
against gel-type ones when treating water that is contaminated with organic
substances. As it was mentioned earlier (in section 2), their structures increase

the rate of the ion exchange process up in the intradiffusion area. This enables
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the achievement of a significant reduction in the poisoning of anion exchange

media by organic substances.

Popular macroporous anion exchange media are as follows: weakly basic
Lewatite MP 60 (Bayer Bitterfeld), Amberlite IRA-96 (ROHM and HAAS
Company); strongly basic Amberlite IRA-910, Duolite A 161 (ROHM and HAAS
Company), Zerolite MPF and KMP (LOBA CHEMIE PVT. LTD), Dowex MSA 1

(The Dow Chemical Company USA), AB-17-10P (Aj. Inc.) (Ashirov, 1983).

A significant amount of research has been dedicated to the “poisoning” of
anion exchange media by humic and fulvic acids in natural waters (Mc nully et.
al.,1986; popov et al., 1977; Dal, 1974). High molecular mass, the presence of
condensed aromatic cycles and aliphatic chains, and the presence of carboxyl,
hydroxyl, amino and other functional groups cause the deterioration of ion
exchange characteristics by sorption of humic acid. Fulvic acids in natural waters
are not individual substances either, but a mixture of aliphatic and aromatic
amino acids. Moreover, because of the greater concentration, greater solubility,
smaller sizes and sorption of fulvic acids exceeds that of humic acids. For
assessment of the poisoning of anion exchange media by these acids, model
organic compounds are frequently used. Functional groups of these models

simulate those of natural humic and fulvic acids (Levchenko et. al. 1982).

The consideration of the sorption of individual organic substances by anionic

exchange media enables the prediction of analogous processes of anion
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exchange of wastewaters that are characterized by multi-component composition

of DOM.

The following literature review is applicable to the gel-type as well as the
macroporous anion exchange media in the hydroxyl and chloride forms. This
selection was because the hydroxyl form is the operating form for chemical
treatment systems while the chloride form is for combined softening and
chemical treatment. In the latter case, the use of macroporous resin is only for
the purpose of removing DOM before gel-type anion exchange media i.e. in

acidic medium.

The mechanism of the sorption of phenols by macroporous anion exchange
media (Amberlite IRA-910) is complex: during the beginning of exchange cycle,
ion exchange takes place and molecular sorption thereafter. Anion exchange
media in the hydroxyl form sorb phenol more intensively compared to those in
the chloride form. This can be explained by the formation of hydrogen bonds of

phenols with hydroxyl groups (Alimova et. al., 1989).

The gel-type anion exchange media have less capacity with respect to
phenols than the macroporous ones do. To use them is particularly unprofitable
when phenol concentrations are low and when large volumes of regenerant are

required to recover resins having a relatively low exchange capacity.

Sorption of nitrophenols onto macroporous anion exchange media occurs by

an ionic exchange mechanism. This is confirmed by a decrease in its efficiency
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at low pH levels, at which the degree of ionization of nitrophenols is insignificant

(Alimova et. al.,1989).

Sorbability of cresols, onto anion exchange media such as Amberlite IRA
910, is determined by the position of the CH3; groups. The least soluble n-cresol
is marked with the greatest sorbability, which indicates the molecular character of

sorption (Levchenko et.al., 1982).

Altshuler et al. (1989) and Tsitovich et al. (1988) studied the sorption of
aromatic acids by anion exchange media. Nicotinic acid served as the
representative of aromatic acids. It was shown that in addition to the ionic
exchange mechanism, the reaction of the nonpolar part of anions with the resin
matrix also takes place. Selectivity of sorption of organic ions from water
depends on dispersion and Coulombic forces as well as on the steric effect.
Anionic sorption of aromatic monocarboxylic acids grows with an increase in the
pH values of the solutions being treated, which can be explained by the increase
in concentration of ionic forms of these acids. Comparative analysis of the
mechanism of sorption of benzoic and salicylic acids by macroporous and gel-
type anion exchange media indicates nonionic sorption for the first and anionic
exchange for the second. The following sequence of sorbability onto gel-type
anion exchange media in the chloride form was established: sulfosalicylate

ion>anion of benzene sulfonic acid > benzoate ion (Tsitovich, 1988).

Tsitovich et al. (1988) and Selemenov et al. (1982) studied sorption of

aliphatic acids by anion exchange. A joint mechanism, ionic exchange and
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molecular sorption, was marked, seldom with ion exchange alone. The lower the
constant of dissociation of the acid and the greater the length of hydrocarbon
chain in its molecule, the higher is the molecular sorption. Because of this, the
selectivity of ion exchange of these acids grows with an increase in the number
of chlorine atoms in the molecule, while molecular sorption falls in the order —
monochloroacetic > dichloroacetic > trichloroacetic. For a number of acids (from
formic to butanoic) effective sorption by anion exchange media in chloride form

was observed (Lecchenko et. al., 1982).

Accompanied by ion exchange, molecular sorption of amber acid, fumaric
acid, malenic acid, oxalic acid and other aliphatic oxyacids can be explained by
not only Van der Waal’s forces but also by the formation of the hydrogen bond
between functional groups of ion exchange media and sorbed molecules, the
appearance of stable coordination and covalent bonds of ion exchange media

with substances being sorbed (Selemenov et. al. 1982).

Sorption of aromatic amines was studied by Dore et al. (1975) and
determined by the same factors as the sorption of aromatic acids. It was
established that distribution coefficients of aniline and its derivatives depends
little on the concentration and always higher on weakly basic than on strongly

basic anion exchange media.

Tsitovich et al. (1988) investigated the sorption of 3,4-dichloropropionanilide
and 3,4-dichloroaniline by strongly basic gel-type and macroporous anion

exchange media in chloride form. As a whole, molecular sorption of
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macroporous media reached the highest values. In static conditions, these
substances were sorbed poorly, but under dynamic conditions, their molecular
sorption grows by factors of tens and hundreds of fold. With an increase in the
concentration of the solutions being investigated, molecular sorption grew
continuously, which is obviously caused by the formation of polymolecular layers

of sorbate in resin beads.

Starobinets et al (1986) investigated sorption of aliphatic amines represented
by nonionic sorption of the chlorides of primary aliphatic amines. The constant of
distribution of a number of chlorides of aliphatic amines (methyl-, isoamyl, heptyl-
, undecyl-, and octadecylamine) between anion exchange media and solution
increases as the number of carbon atoms in the radical increases, which is

caused by hydrophobic reactions.

Levchenko et al. (1982) studied sorption of proteins represented by
tryptophan, albumin, and pepsin. With an increase in the concentration of
proteins, their adsorption increases on anion exchange media. In addition to
electrostatic factors, sorption of proteins is significantly influenced by
configuration, structure of lateral chains, pH of solution, and quantity of water

bound with anion exchange media and proteins.

Generalized data from the cited above and other sources are presented in
Table 2.3-1, which enables the prediction of the sorption pattern of multi-
component systems of DOM by anion exchange media for softening (Cl-filters),

two-stage chemical treatment (OH-filters) and in the precluded (before
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OH-filters) Cl-filters of a treatment plant with a gel-type anion exchange media.

From the above analysis of the mechanism of sorption of individual DOM by
anion exchange media, the conclusion can be drawn that in the hydroxyl and
chloride forms, a total process, determined by molecular sorption and ionic
exchange, takes place. Abdullaev et al. (1992) presented the results of
investigation with regards to the sorption of DOM from biologically treated
wastewater after tertiary treatment by coagulation and mechanical filtration, onto
a gel-type anion exchange media. The initial concentration of DOM constituted
from 7.5 to 9 mgO,/L. Reduction of DOM in one exchange cycle on average
constituted from 45 to 50% (stage 1) and from 70 to 80% (stage 2) of the influent
for each stage. In the regeneration process, DOM was desorbed by alkali. The
quantity of irreversibly sorbed DOM reached 30% of the sorbed quantity. In stage
2, 50% of sorbed DOM per exchange cycle was desorbed (Malakhkov
et.al.,1988). Sorption of arsenate in the presence of DOM on Cl-anion exchange
media has not been investigated previously. However, sorption of some other
metals or salts in the presence of DOM is being studied seriously. The effects of
aquatic humic substances on the bioavailability of the lipophilic metal complexes
towards freshwater algae are an example of such investigations (Boullemant et.
al., 2004). The uptake kinetics of cadmium diethyldithiocarbamate, Cd (DDC) 20,
was studied. It was shown that this lipophilic complex was taken up much faster
than the free Cd?* ion (up to 70 times faster at comparable total dissolved Cd

concentrations) in the presence of DOM. However, there has been no discussion
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about the regeneration kinetics. Desorption rate is even more important than
sorption rate. The regeneration stage is affected more in the organic fouling than
the sorption stage. Slow desorption kinetics, in fact, leads to the irreversible
fouling of sorbents.

Table 2.3-1 Sorption of DOM of wastewater by anion exchange media in

chloride form in the scheme of softening, precluded chloride filters in
arsenic removal with gel-type resins, and OH-form filters in the scheme of

two-stage chemical treatment

Substance Substance Capacity Resin References
category brand
Phenols Phenol 50 g/Lof Purolite A- (Hand et.
resin, 100, al., 1999)
<200 mg/L Amberlite
XAD-4,
DOWEX
MSA-1
Phenols Nitrophenol, cresol 40t0 70 MIEX®, (Cornel et.
% , Not Dowex 1 al., 1986)
mentioned
Aromatic Benzoic acid 8-25 Reillex-425 | (Gusler et.
acids mmol/L al., 1993)
Aromatic Chlorobenzoic acid 0.05-5 Reillex-425 | (Gusler et.
acids mmol/L al., 1993)
Aromatic Nitrobenzoic acid 639 mg/L CHA-111 (Zhang et.
acids al.,1997)
Aromatic Aminobenzoic acid 0.09-10 Lewatit (Frimmel
acids mg/L EP63 et.
al.,1999)
Aromatic Salicylic acid 8-25 Reillex-425 | (Gusler et.
acids mmol/L. al., 1993)
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Aromatic Sulfosalicylic acid 1.2 Dowex 1- (Daniels et.
acids meqg/ml of X8 resin, al., 1965)
resin Dowex 2-
X8 resin
Aromatic | Benzenesulfonic acid Not Amberlite (Weber et.
acids mentioned XAD-2 al.,1981a)
Aromatic N-toluenesulfonic Not Amberlite (Weber et.
acids acid mentioned XAD-2 al.,1981a)
Aromatic Sulfonylic acid Not Amberlite (Daniels et.
acids mentioned IRC-718 al., 1965)
Aromatic Nicotinic acid 3.5 mmol Amberlite (lan et. al.,
acids g resin IRA-900 2002)
Aromatic | Chlorophenoxyacetic | 3705 mg/L Home- (Pan et.
acids acid made NDA- al.,1999)
999
Aliphatic Formic acid 55%, 50 DOWEX M- (DOW
acids g/L resin 43, Purolite Corp.,
A103S 2002)
Aliphatic Acetic acid Not Dowex 1- (Daniels et.
acids mentioned X8 resin, al., 1965)
Dowex 2-
X8 resin
Aliphatic Chloro-substituted Not Dowex 1- (Daniels et.
acids acetic acid mentioned X8 resin, al., 1965)
Dowex 2-
X8 resin
Aliphatic Butanoic acid Not Amberlite (Ayten et.
acids mentioned IRA-938 al., 2004)
Aliphatic Tartaric acid 80% Amberlite (Bullock,
acids series 2002)
Aliphatic Lactic acid 90% Purolite A- | (Moldes et.
acids 100, al., 2001)
Amberlite
IRA 900
Aliphatic Citric acid 90% Amberlite (Moldes et.
acids IRA 900 al., 2001)
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Aromatic 3,4 — dichloroaniline 2-10 Amberlite (Azanova
amines mmol/L;50 XAD-4, et.
-524 LewatitEP6 al.,1999)
mmol/L 3
Aromatic 3,4- Not Amberlite (Carlyle,
amines dichloropropionanilid | mentioned series 1982)
e
Aliphatic Trimethylammonium Not Amberlite (Hartmeier,
amines hydroxide, mentioned series 1992)
Aliphatic Trimethylammonium Not Amberlite (Weber et.
amines chloride mentioned XAD-2 al., 1981a)
Proteins Tryptophan, albumin, | 0.75-0.90 DEAE 23 (Servacel,
and pepsin meqg/g SH 2004)
resin

2.4 Methods of arsenic removal from groundwater containing organic
impurities

Several common treatment technologies are used for removal of inorganic
contaminants, including arsenic, from drinking water supplies. However, above
ground arsenic removal in the presence of dissolved organic matter has not been
identified. Large-scale treatment facilities often use conventional coagulation
with alum or iron salts followed by filtration to remove arsenic. Lime softening and
iron removal also are common, conventional treatment processes that can
potentially remove arsenic from source waters. In small communities, small-scale
systems often use IX adsorption because of their ease of handling and sludge-
free operations (Wang et. al., 2000). Treatment options identified by the EPA

include ion exchange, reverse osmosis, activated alumina, nano-filtration,

electrodialysis reversal, coagulation/filtration, lime softening, greensand filtration
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and other iron/manganese removal processes, and emerging technologies not
yet identified (Clifford, 1998). Pre-oxidation technology includes chlorination,
potassium permanganate, and ozone, although aeration over a significant time is

also possible (Wang et. al., 2000).

lon exchange (IX) can effectively remove arsenic using anion exchange
resins. It is recommended as a BAT (best available technology) primarily for sites
with low sulfate because sulfate is preferred over arsenic. Sulfate will compete

for binding sites resulting in shorter run lengths (Clifford et. al., 1998).

Activated Alumina (AA) is an effective arsenic removal technology. However,
the capacity of activated alumina to remove arsenic is very pH sensitive. High
removals can be achieved over a broad range of pH, but shorter run lengths will
be observed at higher pH. Because arsenic is strongly adsorbed to the media,
only about 50-70% of the adsorbed arsenic is removed. The brine stream
produced by the regeneration process then requires disposal (Ghurye

et.al.,1998).

Reverse osmosis (RO) can provide removal efficiencies of greater than 95%
when the operating pressure is ideal. Water rejection (on the order of 20-25%)
may be an issue in water-scarce regions and may prompt systems employing RO
to seek greater levels of water recovery. Water recovery is the volume of drinking
water produced by the process divided by the influent stream (product
water/influent stream). Increased water recovery is often more expensive, since it

can involve recycling of water through treatment units to allow more
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efficient separation of solids from water. This can also produce more
concentrated solid wastes. However, the waste stream will generally not be as
concentrated as anion exchange brines, so it should be easier to dispose of. It
should be noted that while reverse osmosis is listed as a BAT, it was not used to
develop national costs because other options are more cost effective and have

much smaller waste streams (Clifford, 1998).

Modified coagulation/filtration (C/F) is an effective treatment process for
removal of As (V) according to laboratory, pilot-plant, and full-scale tests. The
type of coagulant and dosage used affects the efficiency of the process. Below a
pH of approximately 7, removals with alum or ferric sulfate/chloride are similar.
Above a pH of 7, removals with alum decrease dramatically (at a pH of 7.8, alum
removal efficiency is about 40%). Other coagulants are also less effective than
ferric sulfate/chloride. Systems may need to lower pH or add more coagulant to

achieve higher removals (Clifford, 1998).

Modified lime softening (LS), operated within the optimum pH range of
greater than 10.5 is likely to provide a high percentage of As removal. Systems
operating lime softening at lower pH will need to increase the pH to achieve

higher removals of arsenic (Clifford, 1998).

Electrodialysis reversal (EDR) can produce effluent water quality comparable
to reverse osmosis. EDR systems are fully automated, require little operator
attention, and do not require chemical addition. EDR systems, however, are

typically more expensive than nanofiltration and reverse osmosis systems.
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It should be noted that while electrodialysis reversal is listed as a BAT, it was not
used to develop national costs because other options are more cost effective and

have much smaller waste streams (Clifford, 1998).

Oxidation/filtration (including greensand filtration) has an advantage in that
there is not as much competition with other ions. Arsenic is co-precipitated with
the iron during iron removal. Sufficient iron needs to be present to achieve high
arsenic removals. One study recommended a 20:1 iron to arsenic ratio.
Removals of approximately 80% were achieved when iron to arsenic ratio was
20:1. When the iron to arsenic ratio was lowered (7:1), removals decreased to
below 50%. The presence of iron in the source water is critical for arsenic
removal. If the source water does not contain iron, oxidizing and filtering the
water will not remove arsenic. When the arsenic is present as As(lll), sufficient
contact time needs to be provided to convert the As(lll) to As(V) for removal by

the oxidation/filtration process (Clifford, 1998).

lon exchange is a physical/chemical process in which ions held
electrostatically on the surface of a solid phase are exchanged for ions of similar
charge in a solution (i.e., drinking water). The solid is typically a synthetic anion
exchange resin, which is used to preferentially remove particular contaminants of
concern. lon exchange is commonly used in drinking water treatment for
softening (i.e., removal of calcium, magnesium, and other cations in exchange of
sodium), as well as removing nitrate, arsenate, chromate, and selenate from

municipal water (USA EPA, 2003). lon exchange is a low-cost alternative but has
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problems with the presence of sulfate. Sulfate will tie up the exchange media
before removal of arsenic and release any arsenic that has been removed by the
media (Clifford, 1986). Bangladesh groundwater contains very low levels of
sulfate (from less than 0.2 to 20 ppm) and nitrate (from less than 0.01 to 5 ppm).
Selenate has also been detected in low levels (less than 0.2 ppb) only in deep
tubewell water (Kinniburgh et. al., 2001). There are, however, problems with the

presence of dissolved organic matter at levels of 15 ppm of BODy.

lon exchange does not remove As (lll) because As (1ll) occurs predominantly
as an uncharged ion (H3zAsO3) in water with a pH value of less than 9.0 (kang et.
al.,2000) . The predominant species of As (V), HoAsO4 and HAsO42' , are

negatively charged, and thus are removable by ion exchange (IX). If As(lll) is
present, it is necessary to oxidize As(lil) to As(V) before removal by IX (Kang et.

al., 2000).

To remove arsenic from drinking water, water is passed through one or more
IX resin beds. Arsenate ions (HoAsO4 and HAsO42‘) and several other anions

(most notably sulfate and DOM) are preferentially removed according to the
order of preference for exchange. When all available sites on the resin have
been exhausted, the bed is regenerated with a brine solution (chloride

exchange).

The efficiency of the IX process for arsenic removal is strongly affected by

competing ions, such as total dissolved solids (TDS), DOM and sulfate (EPA,
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2000). Other factors affecting the use of the IX process include empty bed
contact time (EBCT) and spent regenerant disposal. Competition from
background ions for available IX-sites greatly affects the technical and economic
efficiencies of IX systems. The level of these background ions often determines
the applicability of the IX process at a particular site. The following selectivity
sequence was established for SBA (A strongly basic anion exchange resin in the
chloride form that consists of a copolymer of styrene and divinylbenzene with

quaternary ammonium functional groups) resins (USA EPA, 2003):
S042->NO3 >HAs042->NOy Cl>>HoAsO4 ,HCO3 >>Si(OH)4,H3As04

It has been shown that the naturally occurring organic substances have
affinities for the resin similar in degree to sulfate (Michael, 1993). Therefore, high
sulfate and DOM levels can significantly reduce arsenic removal efficiency. In
general, the IX process is not economically efficient if the source water contains
high TDS (>500 mg/L) and sulfate (>150 mg/L) (Wang et. al., 2000). Also, the
presence of Fe (Ill) in feed water can affect arsenic removal by forming Fe (ll1)-
arsenic complexes, which cannot be removed by IX resins (Tripp et. Al., 1998).
Using solid-phase oxidation by Filox-R, which has widely been used for iron
removal purposes, can solve this. Filox-R column serves as mechanical filter
blocking any iron breakthrough into anion exchange filter. Sulfate is, by no
means, a concern because of its very insignificant concentration (from <0.2 to

<50 ppm) in Bangladesh groundwater.
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Summarizing this section, the following conclusions can be drawn. There are
still many problems, which have yet to be solved. Such problems are the effect of
dissolved organic species on sorption capacity and the development of waste

handling techniques.

Organic fouling of ion exchange resins is not new. However, organic fouling
in an arsenic removal process is new and critical. This is partially because until
rec