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ABSTRACT

An experimental investigation was undertaken to study the removal of arsenic from

water using an arsenic selective ion exchange resin. The study looked into effect of

operating parameters and water quality parameters on percent removal of arsenic and

residual arsenic. The arsenic selective resin was supplied by Tetrahedron Inc. The

operating parameters under consideration were flow rate of water and initial arsenic in

water. The quality of water varied in several parameters notably sulfate concentration,

pH, TDS and alkalinity.

Water used in the experiments to investigate the effect of water quality parameters

were distilled water, tap water and pretreated tap water using cation and anion

exchange resin. The range of flow rates in the experiments was 0.2-1.2 l/min. The

initial arsenic concentration varied between 30 and 1040 ppb. The arsenic was in

As(V) form.

In the range of the experimental values, flow rate has no or little effect on the

performance of the resin. Residual arsenic was almost constant with varying flow rate.

However, in some cases residual arsenic was found to decrease with the increase in

flow rate. As a result in these cases a higher percent removal was found. Initial

arsenic concentration has considerable effect on the performance of the resin.

Residual arsenic was found to increase with the increase in initial arsenic. However,

percent removal had no direct relation with initial arsenic.

Performance of the resin varied remarkably with water quality parameters. In the

experiments with distilled water the residual arsenic was very low and consequently

the percent removal was very high. For tap water, the residual arsenic was high

enough to be unsafe for initial arsenic above 200 ppb. The performance of the resin

for pretreated water was in between that of distilled water and tap water. But this

variation cannot be attributed to any single quality parameter as the different types of

water varied in several parameters.
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Chapter 1

INTRODUCTION

Bangladesh has always been beset with the problem with getting safe drinking water.

It has three types of water resources: surfacewater, rainwater and groundwater. From

practical view point, surfacewater is the most obvious source. But on closer

inspection, there are many problems with this resource. During the monsoon season,

water from the melting snows from the Himalayas and rainwater, of its own and from

other regions of Indian sub-continent, accumulate in the low-lying areas of

Bangladesh before eventually passing into the Bay. of Bengal. Flooding, therefore,

becomes a yearly occurrence. Due to flood and rainfall, surfacewater is subject to

surface run-off that carries different pollutants. Sources of contamination include

sanitary wastes, fertilizers, pesticides, wastes from domestic animals, dissolved

minerals, sediments, sewage, decaying plants, algae, bacteria, aerosol fallout,

detergents, industrial wastes etc. The effect of industrial waste, though not wide

spread, is severe in certain areas. Thus existing surfacewater is certainly not safe for

drinking. Moreover, during the dry season, surface water is not available.

The average annual rainfall in Bangladesh is about 2200 mm, of which 75% occur

during May-September. The rainwater, however, cannot be effectively harnessed, as

the country lacks the technology to functionally collect and store it for future use. The

buildings in Bangladesh are not designed for rainwater harvesting. In villages,

corrugated iron sheet roofed houses need considerable modification and houses made

of straws are unlikely to adopt such techniques.

The remaining option is groundwater. Groundwater was considered safe and the

harness of groundwater is cheap and sustainable. It was accepted as the best option for

providing the people of Bangladesh with safe drinking water. Shallow tubewell was

considered the best choice for harnessing groundwater in the socio-economic context'

of Bangladesh. Due to high level of advocacy, in the 1970s and 1980s, the

government, private sector and NGOs were encouraged to install a large number of

shallow tubewells. But the water quality surveillance and monitoring were inadequate.



As a result, this solution turned out to be no solution as the groundwater was found to

contain arsenic in quantity unfit for human consumption.

The extent of the problem is acute. Of the 64 districts, 59 are found having arsenic

contaminated groundwater. With such a large population having to consume highly

contaminated water for the lack of any alternative, Bangladesh is perhaps facing one

of the worst environmental debacle of the century.

Technologies for removal of arsenic from water already exist as incidences of arsenic

contamination in groundwater have already been reported from various parts of the

world. Bangladesh is a country of 130 million people having per capita GDP of about

US$ 250 and limited literacy rate. The socio-economic context that prevails in

Bangladesh does not favor implementation of many of the existing technologies for

removing arsenic from water. Another important issue is the infrastructure of water

supply systems. In almost all of the arsenic contaminated areas there are no

centralized system for drinking water supply; rather individual households are served

by their own hand tubewells. So to be applicable in Bangladesh, a removal technology

must be feasible for implementing at the household level.

Ion exchange is considered one of the more suitable technologies applicable at the

household level or for small systems. In particular, it is a technology that meets

satisfactorily the arsenic regulation.

1.2 OBJECTIVE OF THE STUDY
The objective of the study was to study the effect of operating parameters and water

quality on the performance of an arsenic selective ion exchange resin.

1.3 SCOPE OF THE STUDY
To achieve the stated objectives, the scope of the study included the followings:

1. Determination of the effect of initial arsenic concentration on the residual arsenic.

2. Determination of the effect of flow rate on the residual arsenic.

3. Variation of residual arsenic with the quality of water.

4. Prospect of pretreatment of water using cation and anion exchange resin.
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1.4 ORGANIZATION OF THE THESIS

The thesis is divided into six chapters. Chapter I describes the background of the

problem including the objective and scope of the work. Chapter 2 is a presentation of

selected relevant literature providing insight into the problem of arsenic

contamination, the chemistry of arsenic and the removal technologies available for

treating arsenic contaminated water. Chapter 3 describes the theories and practices in

the field of ion .exchange. The experimental methods are described in Chapter 4.

Chapter 5 presents the results and a discussion on the results. The conclusions and

recommendations are presented in Chapter 6.
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Chapter 2

LITERA TURE REVIEW

2.1 ARSENIC IN GROUNDWATER

Arsenic is a trace element in the earth crust, with the average crustal concentration of

1.8 mglkg, ranked fifty-two, between tin and molybdenum (Demayo, 1985). However

. through geogenic processing of crustal materials, arsenic can be concentrated in soils

to a typical range of 2 to 20 mg/kg.

The occurrence of arsenic in groundwater is attributed to two sources: geogenic and

anthropogenic. Geogenic sources include the minerals. Common mineral forms of

arsenic compounds are Arsenopyrite (FeAsS), Realger (AsS) and Orpiment (AszS]).

Besides these there are hundreds of other minerals of which arsenic is a component.

Interaction of the aqueous phase with the different mineral phases of the aquifer

sediments plays a predominant role in controlling the retention and/or mobility of

arsenic under different redox conditions within the subsurface environment. Arsenic

undergoes reactions of oxidation-reduction, precipitation-dissolution, adsorption-

desorption and organic and biochemical methylation. All of these reactions control

mobilization and accumulation of arsenic.

The anthropogenic sources include industrial, agricultural and domestic usages. The

majority of anthropogenic arsenic emission results from mining industries. Modem

usage of arsenic includes formulation of pesticides and herbicides, decolorization of

glass, treatment and preservation of wood, paint manufacturing, and the production of

semiconductors.

2.2 ARSENIC IN GROUNDWATER OF BANGLADESH

Much of Bangladesh is characterized by a two-aquifer system. A shallow aquifer

typically extending from less than 10 meters to more than 100 meters below ground

level, and a deeper aquifer below about 200 meters. The shallow aquifer has been

most extensively exploited and is the source of arsenic problem. Groundwater from

depths of more than 150-200 m appears to be relatively arsenic free.

4 ,
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The groundwater arsenic problem in Bangladesh arises because of a combination of

three factors: a source of arsenic (arsenic is present in the aquifer systems),

mobilization (arsenic is released from the sediments to the groundwater) and transport

(arsenic is flushed away in the natural groundwater circulation).

The source of arsenic in groundwater of Bangladesh is said to be geogenic (BGS, 98).

Mobilization of arsenic is favored by the strongly reducing groundwater conditions

observed in Bangladesh. Present groundwater movement is very slow because of the

extremely low hydraulic gradient found in the delta region and is largely confined to

shallow layers. But interference by pumping, annual fluctuation in the water table and

proximity to rivers may affect groundwater and arsenic movement in the shallow

layers.

2.3 MECHANISMS OF
GROUNDWATER

RELEASE OF ARSENIC IN

2.3.1 Pyrite Oxidation
This theory assumes that arsenic is present in certain minerals that are deposited

within the aquifer sediments under reducing condition. With a decline in the water

table, air penetrates deeper into the ground, leading to the decomposition of sulfide

minerals and the release of arsenic into the pore water. During a subsequent rise in the

water table, the pore water containing the dissolved arsenic mixes with the rising

groundwater leading to an arsenic-rich shallow groundwater.

2.3.2 Oxyhydroxide Reduction

In this explanation, it is believed that arsenic is transported and deposited adsorbed

onto fine-grained iron or manganese oxides which, after burial, slowly breakdown as

the pore water of the sediments becomes more reducing over time.

2.3.3 Other Hypotheses
There are also other hypotheses similar to oxyhydroxide reduction, but with different

sources for adsorption. Clay minerals and organic matters are said to be responsible

for transporting arsenic through the river system.
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2.3.4 Validity of the Hypotheses

The petrological, geochemical and hydrochemical characteristics data generated so far

do not support pyrite oxidation as a major source of arsenic in sedimentary aquifers in

the Bengal Delta Plains (BDP). The absence of primary detrital sulfide minerals in the

aquifer sediments is ubiquitous, as they are unstable under oxidizing conditions. At

the same time very low concentration of sulfide in groundwater is contrary to the

hypothesis. Presence offramboidal pyrite suggests that they are the potential sinks for

arsenic and not the source.

Sediment geochemical data support the hypothesis that arsemc III groundwater is

released due to desorption as well as reductive dissolution of ferric hydroxides present

with the clastic aquifer sediments. Ferric hydroxides with variable pH-dependent

surface charge attain a net positive charge at low pH values where the adsorbed

arsenic is predominantly in As(V) anionic form and to less extent in As(III) in neutral

form. With an increase in pH, the surface charge of ferric hydroxides becomes more

negative and arsenic is desorbed. During groundwater development, flow of reducing

groundwater through the aquifers results in the dissolution of ferric hydroxides and

release bulk of the arsenic due to reductive dissolution of the ferric hydroxides.

2.4 ARSENIC CONTAMINATION OF GROUNDWATER: A
GLOBAL PERSPECTIVE

In many parts of the world arsenic has long been a recognised problem in sulfide

mining. Mining operations enhance the degree of oxidation of arsenic rich sulfide

minerals and lead to release of arsenic to groundwater and surface water. Examples of

contaminated areas are Alaska, Greece, Thailand, Ghana, SW England etc. But such

contamination are severe only locally and do not tend to disperse far beyond the

mined areas because of retardation of arsenic on mineral surfaces.

Recent studies of arsenic in groundwater from major aquifers have shown a large

range of concentrations depending on regional geological and environmental

conditions. Arsenic concentrations significantly above the permissible limit has bee~

found in groundwater from large parts of Argentina, Chile, Taiwan, Inner Mongolia,

Mexico and Western USA, and the worst case identified, affecting by far the largest

6



population, is that of Bangladesh and West Bengal. Arsenic rich groundwater have

recently been identified in Maine, the Upper Missouri River and SE Michigan in

USA, and in the Po River valley in Italy.

The case of contamination is the worst in reducing groundwater. Examples of

reducing aquifers include Inner Mongolia as well as West Bengal and Bangladesh.

2.4.1 Groundwater Arsenic Contamination in Inner Mongolia

Arsenic contamination of drinking water has been found in several areas of Inner

Mongolia, notably in the plains of the Yellow River, west of the capital of Holbot.

The aquifers provide a reducing environment. No factories, mines or other industries

discharge arsenic into the local air, water or soil.

Case of chronic arsenic poisoning was first recognized in May 1990 (Luo, Z. et al.

1993) although national water quality studies in 1984 had demonstrated the presence

of elevated levels of arsenic.A study carried out by Z.D. Luo and others shows high

concentrations of arsenic in water from shallow and deep wells but not from surface

sources. The arsenic contaminated deep aquifer was found to have a widespread and

continuous distribution, forming a large flat area. In contrast, the shallow wells with

high arsenic level had a distribution that was discontinuous and limited.

The arsenic concentrations in shallow wells, ranging up to 1960 flg/l, were greater

than the national standard of 50 flg/l in 63 of the 305 samples (20.7%). The arsenic

concentrations in deep wells, ranging up to 360 flg/l, were greater than the national

standard in 18 of33 wells (54.6%). In surface waters, the concentrations were ranging

up to 20 flg/l for 17 tested sources. Arsenic valence determinations showed a

predominance of As(III) (52 -75%) both for shallow and deep wells.

Another study was carried by a joint survey team organized by AAN (Asia Arsenic

Network) experts and members of the Institute for Control and Treatment of Endemic

Disease in Inner Mongolia. They carried out field surveys in 15 villages of 3 counties

between August and December 1996. The results of the study show that arsenic

concentrations in 96% of the tested wells exceeded the national standard with the

highest of 1.08 ppm (Guo Xiao-Juan, 1997).
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According to vanous research reports completed by the end of 1995, arsemc

contaminations in Inner Mongolia were reported in 655 villages of II counties (Guo

Xiaothen, 1997).

2.4.2 Groundwater Arsenic Contamination in West Bengal ofIndia

In West Bengal of India, arsenic contamination of groundwater has been found in 9

districts bordering the western part of Bangladesh. The arsenic affected areas lie in the

Quaternary alluvial plains of the Bengal basin, the same in which most of Bangladesh

lies also.

In 1983, Prof. Dr. K.C. Saba of School of Tropical Medicine, Calcutta identified

patients poisoned by arsenic. This is one of the earlier surveys in India.

Till January 1999 the status of the arsenic calamity in West Bengal was as follows:

1000 villages/wards in 69 blocks are affected in 9 districts. Total area and population

of these 9 districts are 38865 sq. km. and 42.8 million respectively (Chakraborty, 99).

A 4-year study indicates that in these 9 district more than 4.5 million people are

drinking contaminated water with arsenic above 50 ppb and about 300,000 people

have arsenical skin lesions.

2.5 A REVIEW OF THE SURVEY REPORTS CONDUCTED IN
BANGLADESH

For long two decades (l970s and 1980s), a combined effort was made by the

government, NGOs, donors and private sectors to provide the people of Bangladesh

with shallow tubewells to have safe drinking water. The result of the effort is that

97% of the people now depends on more than 4 million tubewells for water for

drinking and domestic use. But the water from the wells remained untested for arsenic

until people were having symptoms of several arsenical diseases.

In 1992, a survey carried out in border areas of Bangladesh by the school of

Environmental Studies, Jadavpur University, West Bengal, India, found arsenicosis

patients from Chapainawabganj of Bangladesh. After proper investigation of

arsenicosis patients they reported that groundwater of the area is contaminated by

8



arsenic. This is the finding that led several organizations including the government

delve into the problem.

Listed below are the findings of some surveys so far carried out in Bangladesh:

I) Arsenic contamination of groundwater was first detected in Bangladesh in 1993

by the DPHE in Chapainawabgonj (BGS, 1998).

2) The Asian Arsenic Network (AAN) made a detailed study of Samta village in

Jessore in 1996 and found that more than 90% of the tubewells were contaminated

with Arsenic.

3) A joint study carried out in 1996 by GARNET, The Johnson Company, Inc.

(USA), and NRECA (DhakalUSA), on about 100 clusters of tubewells randomly

selected throughout the country (except Chittagong Hill Tracts), each having 5~8

tubewells, shows that the arsenic content varies from 0 to 0.8 mg/1. About 26%,

28% and 46% of the water samples showed arsenic content between 0 ~ 0.01, 0.01

- 0.05 and> 0.05 mg/1.

4) Dhaka Community Hospital (DCH) conducted a countrywide survey from

October 1996 to June 1997. They identified 59 districts out of the 64 districts of

Bangladesh as arsenic contaminated. The findings indicate that out of 6059 tube

well water samples, 38% showed total arsenic concentration less than 0.01 mg/I,

17% ranged from 0.01 to 0.049 and 45% ranged from 0.05 ~ > I mg/1.

5) DPHE, through its zonal laboratories, continuing its extensive sampling program

to identify arsenic problem areas. Till the middle of 1997, out of 2385 samples,

63%, 15% and 22% had arsenic content < 0.01 mg/I, > 0.01 to < 0.05 mg/I and >

0.05 mg/I respectively.

6) In early 1997, a randomized survey of wells in six districts in north-east

Bangladesh was undertaken by BUET. Some 1210 samples were tested for arsenic

of which 61% were above 0.01 mg/I and 33% were above 0.05 mg/1. A further

751 samples were analysed by BCSIR from the same region and showed 42% of

samples above 0.05 mg/I (Badruzzaman et aI., 1997).

7) In 1997, NIPSOM analysed 3490 samples from various parts of the affected

regions of Bangladesh and found 981 (28.1%) with above 0.05 mg/I and 764

(21.9%) with the concentration between 0.0 I and 0.05 mg/1.

9



8) In 1998, a fieldkit survey by BRAC showed that of all 12,000 wells in Hajiganj

thana of Chandpur districts, 94% were contaminated.

9) During 1998, under "A Rapid Action Program", 200 out of 65,000 villages were

surveyed for arsenic poisoning by DCH and Jadavpur University of Calcutta,.

India. They estimated that about 50% of all the wells in the country exceeded the

safe MCL (Bridge, T.E., Husain, M.T., 1999).

10) According to a recent report by UNDP, 40% of all wells are contaminated by

arsenic (Bridge, T.E., Husain, M.T., 1999).

11) Report of a field camp during December, 1999 by Dipankar Chakrabarty and

others shows that in Seladi village of Senbagh thana of Noakhali district, 72 out of

73 hand tubewells have arsenic level above 0.05 mg!l (Chakraborty, 1999).

12) Department for International Development (DFID) (UK), in January 1999,

published the report of 'Phase I: Rapid Investigation Phase' of 'Groundwater

studies for Arsenic contamination in Bangladesh on behalf of DPHE, GOB. The

project reviewed all the existing data and undertook a new survey of 41 districts

between March and June J 998, covering the worst-effected parts of Bangladesh.

The results of the survey broadly agree with earlier survey data but provide better

spatial resolution and probably more reliable results at low concentration. The

results of the 2022 samples show that 51%, 35%, 25% 8.4% and 0.1% of the

samples were having arsenic above 0.01, 0.05, 0.10, 0.30 and 1.0 mg!1

respectively. The median concentration was 0.0108 mg!1 while the maximum of

that was 1.67 mg!1.

13) Arsenic contamination by division and Nationally is shown in Appendix-A

Bangladesh arsenic contamination maps are also shown in Appendix-A.
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2.6 ARSENIC CHEMISTRY

2.6.1 Introduction

Arsenic is placed in the periodic table in group YA, a non-metal group. The physical

appearance of arsenic resembles that of a metal. It is, therefore, referred to as a

metalloid to distinguish it from a non-metal. Most of the arsenic compounds are white

or colorless powders. They have no smell, and most have no special taste. Thus one

cannot usually tell if arsenic is present in ones food, water or air.

Arsenic is a toxic element and classified as a Class A Carcinogen. The toxicity of

arsenic depends on its form. Figure 2.1 shows the toxicity scale of arsenic.

(Highest Toxicity)
Arsine (gas)

"Ct
Inorganic As(III)

11
Organic As(III)

11
Inorganic As(V)

11
Organic As(V)

11
Arsonium Compounds

11
Elemental As

(Lowest Toxicity)

Figure 2.1: Toxicity scale of Arsenic.

2.6.2 Forms of Arsenic
Pure arsenic is rarely found III the environment. More commonly, it bonds with

various elements such as oxygen, sulfur and chlorine, forming inorganic arsenic

compounds; and carbon and. hydrogen forming organic arsenic compounds.

Atmospheric arsenic exists primarily in inorganic form adsorbed by particulate

matter, while soluble arsenite and arsenate salts are the most typical forms in water.

The primary routes of human exposure to arsenic are through consumption of

drinking water and food (Hughes et aI., 1994). Between exposure through food and

water, however, a significant distinction arises from the predominance of organic

arsenic compounds in food as compared with predominantly inorganic forms in water.
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Of the organic arsenicals, only monomethylated arsenicals (MMA) and dimethylated

arsenicals (DMA) have been found in natural waters (Maeda, 1994). These species

generally occur in highest concentrations in productive surface waters (Azcueet al.

1994).

Inorganic arsenic in natural water can occur in four oxidation states: arsenate (As5+),

arsenite (As3+), arsenic (As) and arsine (As3-), depending upon the pH and oxidation-

reduction potential (Eh) of the water.

Arsenic in groundwater most often occurs from geogemc sources, although

anthropogenic pollution does occur. Geogenic arsenic is almost exclusively as

arsenite or arsenate. Anthropogenic arsenic may have any form including organic
. .arsme species.

2.6.3 Co-occurence of Inorganic As(V) and As (III)

The chemical character of arsenic is dominated by the fact that it is labile, readily

changing oxidation state or chemical form through chemical or biological reactions

that are common in the environment. Therefore, rather than solubility equilibria

controlling the mobility of arsenic, it is usually controlled by redox conditions, pH,

biological activity, and adsorption/desorption reactions.

As(V) is thermodynamically stable in oxic waters and generally predominates in

surface waters. As(II1) is favored under reducing conditions and is commonly

observed in anoxic hypolimnetic waters and reducing groundwaters. The observed co-

existence of As(V) and As(II1) in both oxic and anoxic waters demonstrates that

simple equilibrium calculations are insufficient to explain arsenic redox speciation.

Such co-existence is attributed to biologically-mediated interconversions of As(III)

and As(V) combined with slow abiotic conversion from the thermodynamically

unstable to the stable oxidation state (Aurilio et aI., 1994).

Co-occurrence of As(II1) and As(V) has been observed in groundwaters in the US

(Heriy and Chics, 1997), Taiwan (Chern et aI., 1994), India (Chatterjee 1995) and

Bangladesh (Rasul et aI., 1999).
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Under a joint study (Rasul et aI., 1999) on speciation of inorganic arsemc

groundwater of Bangladesh groundwater, samples were collected from 17 districts

covering 63 thanas and were analysed for arsenic. About 800 samples were analysed

for As(III) and 50 samples were analysed fo'r both As(III) and As(V). About 50% of

the samples were found to contain As(III) above 50 ppb. It was found that more than

50% of the total arsenic is in the form of As(III).

2.6.4 The Chemistry of Inorganic As(V) and As(III)

2.6.4.1 Acid-base Chemistry

As(V) is structurally and electronically similar to phosphate while the chemistry of

As(III) is analogous to that of Boron. Arsenate and arsenite are part of the arsenic

(H3As04) and arsenous (H3As03) acid systems respectively. Arsenic acid is more

strong acid than arsenous acid. The pH of the system controls the degree of

protonation of these acids. The propensity for ionization is expressed by pKa, the

constant of dissociation. For arsenate and arsenite, pKa values are as follows.

Arsenate H3As04: pk1 = 2.19, pk2 = 6.94, pk] = 11.5

Arsenite H3As03: pk1 = 9.20, pk2 = 12.3, pk3 = 19.22"

(*This pKa value is extrapolated from the strength of oxygen acid rules

(Pauling, 1970).)

Figure2.2 shows the predominance diagram.

.A"!iG43.

pH
Figure2.2: Predominance Diagram of Arsenic Species.

The biochemistry of arsenic is also strongly dependent on its oxidation state with

As(V) paralleling the behavior of phosphate in cellular uptake and biochemical

reactions such as incorporations into sugars and As(III) interacting strongly with

proteins because of its high affinity for thiols and other reduced sulfur compounds

(Eister, 1994).
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2.6.4.2 Redox Chemistry

The predominant arsenic species are shown as a function of pH and redox conditions

in Figure2.3. The diagram shows how circumneutral pH in combination with low'

redox potential would favor As(IIl). On the other hand, even for neutral pH under

aerobic conditions, arsenic is thermodynamically stable in its As(V) forms. Well-

aerated surface water would tend to induce high Eh values, therefore, arsenic should

be in the As(V) form. Mildly reducing conditons, such as can be found in

groundwaters, should produce As(lJI).

W::lter Oxidized

2 4 6

pH
e

'. -.

10

."- .. I"'- I--

12 . lL1

Figure 2.3: Control of Arsenic Speciation by Eh and pH Conditions.

2.6.4.3 Kinetics

Although thermodynamics can provide useful predictions of possible changes in a

given non-equilibrium conditions of arsenic species, it provides no insight into the

rate at which these changes occur. Moreover, deviations of observed arsenic

speciation from that predicted from thermodynamics are common in natural waters.

To explain these observation, the kinetics of arsenic redox reactions must bc

considered.

In general, As(IIl) and As(V) acid base reactions can be assumed to occur

simultaneously, whereas changes between oxidation states require intermediate time

period in natural waters. According to Edward (1994), the conversion of As(II!) to

As(V) in oxygenated water is thermodynamically favored, yet the rate of
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transformation may take days, weeks or months depending on the specific conditions.

Strongly acidic or alkaline solutions, the presence of copper salts, carbon, unknown

catalysts and higher temperature can increase the oxidation state (Ferguson and Gavis,

1972).

Although the oxidation of As(III) by oxygen is slow, it is readily oxidized by

manganese oxides and its oxidation in sediments has been attributed to reaction with

such mineral phases (Scott and Morgan, 1995). As(III) oxidation by amorphous ferric

oxyhydroxides has also been proposed (de Vitre et al 1991) but laboratory

investigations demonstrated that this reaction does not occur, at least on the time scale

of a few hours (Wilkie, 1997). A recent study of geothermally-influenced surface

waters by Wilkie and Hering in the eastern Sierra Nevada, USA, demonstrated rapid

microbial oxidation of As(III) to As(V).

2.6.5 Solubility and Sorption Limits on Dissolved Arsenic
Concentration

Limits on the dissolved concentration of arsemc due to authigenic mineral

precipitation with arsenic as a constituent ion are unlikely in oxic systems. Most

arsenate minerals are too soluble to precipitate under environmental conditions. The

occurance of arsenate and arsenate-sulfate minerals (e.g., bukovskyite, kankite,

pitticite, and scorodite) in mining regions is associated with weathering of sulfite

minerals (Bowell, 1994).

Because of high solubility of arsenate minerals, adsorption is an important mechanism

for controlling the dissolved concentration of As(V) in oxic water. As(V) adsorption

onto oxide minerals (specially iron oxides and hydroxides) has been invoked to

interpret the occurance and mobility of arsenic in lake sediments (Aggett and O'Brian,

1985; Azcue et aI., 1994). The extent of arsenic adsorption from natural waters will be

influenced by the oxidation state of arsenic and availability of iron oxide surfaces,

both of which will be affected by the prevailing redox conditions. The presence of co-

occuring inorganic and organic solutes will also influence the extent of arsenic

sorption. Addition of phosphate has been shown to facilitate leaching of arsenic from

soils contaminated with arsenical pesticides (Peryea, 1991).
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Under reducing condition, however, precipitation of arsenic in the form of sulfide

minerals can provide a solubility control on dissolved As(III) concentrations

(Vink,1996). The formation of soluble arsenic polysulfide species and the control of

sulfide concentrations by precipitation of other (i.e., non arsenic ) sulfide minerals

will also influence the dissolved arsenic occuring under anoxic conditions (Cullen and

Reimer, 1989).

2.6.6 Arsenic Immobilization

The most commonly recognized adsorption reactions are based on IOn exchange

between charged adsorption sites and charged soluble ions. However, another

mechanism is also responsible for adsorption, London Van der Waals bonding. This

type of bonding is the result of complex interactions between the electron clouds of

molecules, molecular polarity, and attractive forces of an atomic nucleus for electrons

beyond its own electron cloud. Consequently some degree of immobilization can

occur with soluble species that are not ionized. Arsenic immobilization through ionic

adsorption can be controlled within normal oxidizing EhipH conditions. London Van

der Waals bonding is complex to the point of unpredictability except for arsenic

mobility at extreme EhipH conditions that can be obtained in industrial settings, but

not in groundwater.

Components of soil that participates in both types of adsporptive reactions

include clays, carbonaceous material, and oxides of iron, aluminum, and

manganese. In the upper reaches of the soil column organic fractions typically

dominate, while at greater depths iron oxyhydroxides play the principal

adsorptive role.

The typical iron content of soil ranges from 0.5% to 5%. Not only is iron common,

but as with arsenic, it is also labile and readily reflects changes in surrounding Eh/pH

conditions. This relationship for iron is illustrated in Figure2.4 (after Hem, 1961).

Ferric hydroxide acts as an amphoteric ion exchanger. Depending on pH conditions, it

has the capacity f6r cation or anion exchange. Given the average iron concentration in

soil and soluble arsenic concentrations in groundwater at 50 llg/l, ferric hydroxides in
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sediment can potentially adsorb 0.5 to 5 pounds of arsenic per cubic yard of aquifer

matrix. This may then act as a significant potential reservoir for arsenic release under

changing Eh/pH conditions.

Eh/pH Conditions and Iron Speciation
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2.6.7 Immobilization of Arsenic in Groundwater

Figures 2.5 and 2.6 superimpose the Eh/pH relationship for (he arsemc and Iron

EhlpHVs. Arsenic Immobilization in Groundwater
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systems. It illustrates the conditions under which arsenic will be immobilized In a

groundwater system. Of equal importance, it illustrates how arsenic adsorbed to ferric

hydroxides in sediment can be released upon exposure to groundwater that is

chemically reducing. Two effects would be at work, arsenate is reduced to arsenite
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that will not remam ionically bound to the geologic substrate and ferrie lron IS
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reduced to ferrous, which is soluble under normal pH conditions. Outside the

immobilized zone arsenic mobility is variable. London Van der Waals bonding of

arsenite is in effect, but it is not sufficient to assure complete immobilization.

2.6 TECHNOLOGIES AVAILABLE FOR REMOVAL OF
ARSENIC FROM WATER.

A variety of treatment technologies have been proposed to be effective in removing

arsenic from contaminated natural groundwater. However, question remains regarding

the effieieney and applicability of the technologies - particularly because of the very

low desired arsenic concentration of the treated water and variety of source water

composition. Besides, the system must be economically viable and socially

acceptable.

Teehnologies available for removal of arseJl: from water can be divided into four

major categories.

1. Co-precipitation

2. Adsorption

3. 10n exchange

4. Membrane filtration.

A large number of media are known to be capable of removing arsenic. Consequently

a number of methods have been demonstrated to be applicable.
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2.7.1 Co-precipitation

2.7.1.1 Methodology

Co-precipitation is defined as an incorporation of soluble arsemc specIes into a

growing hydroxide phase via inclusion, occlusion or solid-solution formation.

Inclusion is the mechanical entrapment of solution inside the growing precipitate

whereas occlusion refers to the entrapment of adsorbed contaminant in the interior of

the growing particle. The solid-solution formation is the incorporation of the

contaminant into the bulk phase rather than only onto the surface of the precipitate.

The method involves oxidation followed by coagulation-sedimentation-filtration or

direct filtration after coagulation. The addition of coagulant facilitates the conversion

of soluble arsenic species into insoluble products.

2.7.1.2 Processes in Practice

Co-precipitation techniques involve addition of a coagulant in dissolved form under

efficient stirring for minutes. Micro-flocs are produced rapidly and are found gathered

into larger easily settling floes. Hereafter the mixture is allowed to settle. During

flocculation, all kinds of micro-particles and negatively charged ions are removed by

electrostatic attachment to the flocs. The treated water can be decanted. Safety

filtration is required in order to ensure that no sludge particles are escaping with the

water.

The effectiveness of the coagulants depends mainly on the pH and on the oxidation

state of arsenic. Higher removal is achieved if an oxidizing agent such as chlorine is

added to the treatment system (Kartinen and Martin, 1995).

Based on the coagulant used, the co-precipitation processes differ. The most common

processes are: i) alum coagulation, ii) iron coagulation and iii) lime softening.

Iron Coagulation

Coprecipitation of arsenate with ferric iron is recognized as overall the most effective

and practical existing method of arsenic removal. Ferric iron coprecipitation is

particularly useful in the mining industry, where large amounts of ferric iron and

arsenic can be by-products of production or refining. Adding ferric iron salts for the

treatment of drinking water is usually necessary. Figure 4 shows that arsenate is,
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readily removed by iron coprecipitation and the Eh/pH conditions that must be

maintained to effect that removal. Due to London Vander Waals bonding, ferric iron

coprecipitation of arsenite is also moderately effective with 50% removal at a pH of

7.0 (Pierce and Moore, 1982).

Iron salts such as Fe2(S04)3 or FeCi) are commonly used in iron coagulation

processes. The influence of pH is not so significant with iron salts within the pH range

of 5-8 (Kartinen and Martin, 1995). Cheng et al. (1994) showed that 97% removal

efficiency can be obtained with FeCi) dose of 30 mg/I for initial As(V) concentration

of 20 i-!g/Iat pH 7.0. For a FeCi) dose of 20 mg/I and initial arsenic concentration of

20 i-!g/Iat pH 7.0, Hering et. al (1996) found> 90% removal efficiency for As(V) and

that> 75% for As(III).

The use of iron hydroxides for the coprecipitation of arsenic in industrial wastewater

(in which arsenic is in the mg/l range) requires iron dosage 4 to 8 times higher than

that of the soluble arsenic, a greater iron dosage yields no further benefit (Krause and

Ettel, 1985).

Alum Coagulation

Suspended aluminum salts (alum) can remove arsenate via mechanisms similar to

those for ferric hydroxides. However, it is less effective over a narrower pH range for

arsenate removal and is ineffective for removal of arsenite (Sorg and Logsdon, 1978) ..

In alum coagulation Ab(S04k 18H20 salt is commonly used. Generally around pH

7.0 is considered to be optimum (Karcher et aI., 1999). Cheng et al. (1994) studied

alum coagulation with an alum dosing of 30 mg/I and achieved 91% removal of

arsenic for an initial arsenic concentration of 21.3 i-!g/Iat a pH of 7.0. Beltran (1993)

studied the same with alum 30 i-!M, initial As(lII) 0.3 mg/l at pH 7.5 and had 45%

removal. Scott et al. (1995) found 69% removal for 20 mg/I of alum and 2.2 i-!g/Iof

As(V).

Lime Softening

This process implies addition of fresh calcined lime, CaO, possible precipitated form

of arsenic bearing solids is calcium arsenate (Jekel, 1994). The removal efficiency is
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significantly affected by pH and is very low at neutral condition Sorg and Logsdon

(1978) present data indicating more than 90% removal of As(V) at pH above 10.5 and

75% removal of As(IlI) at pH above 11.0 with initial arsenic concentration of 0.4 mg/l

and lime dosage of 300 mg/l as CaC03 . Obviously a secondary treatment is required

to readjust pH and buffering of the water may ultimately be required. Lime softening

can be used as a pre-treatment followed by iron coagulation.

In testing by Nishimura and Tozawa (1985) removal of arsenic with lime preCipitation

was feasible, but not necessarily practical. High concentrations of arsenic were

removed to concentrations of 2 and 4 mg/l for arsenate and arsenite respectively:

Removal to lower levels required a second treatment step in which initial arsenic

concentrations of 2 mg/l were lowered to 20 flg/l for arsenate and 160 flg/l for

arsenite. However to achieve these removal efficiencies, the lime dosage was between

5 to IS gil.

2.7.2 Adsorption

2.7.2.1 Methodology

Adsorption is a physical process occurring when liquids, gases or suspended matters

adhere to the surfaces or in the pores of adsorbent medium. Eguez and Cho (1987)

suggest that the adsorption of arsenic takes place by physiosorption and due to weak

forces such as Van der Waals forces. A general view is that arsenic adsorption

mechanism may not be solely explained in terms of molecule-surface interaction,

electrostatic interaction or occlusion (Gupta and Chen, 1978).

To describe adsorption behavior of arsenic, many models have been developed. But

most of the data have been explained on the basic of one of the models which is

surface complexation model (Westall, 1987). Surface complexation may occur when a

proton from an undissociated arsenic ion forms a molecule of water with the hydroxyl

group of the hydrous oxide followed by its displacement by the arsenic ions. The

potential for surface complexation depends on the protonation state of arsenic ion and

is favorable in lower pH (Prashad, 1994).
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2.7.2.2 Processes

In adsorption, generally water is passed through a packed column of adsorbent.

Adsorbents are prepared in form of grain. Due to adsorption the column eventually

become saturated, starting from the entry zone. As the saturated zone moves

downstream, at a break point based on the effluent arsenic concentration, operation is

terminated. The column is then regenerated. Adsorbents are replaced after a few

number of regeneration.

Several sorptive media such as activated alumina, activated carbon, prefared ferric

hydroxide etc. (Driehaus et ai, 1998, Heris et ai, 1996) are reported to have removed

arsenic from water effectively. Bauxite (Gupta and Chern, 1978), hematite and

feldspar (Prashard, 1994) have also been shown as successful in removing arsenic.

Adsorption onto Preformed Fe(OHhlHydrous Ferric Oxide (HFO).

Hering et al (1997) showed that at pH 7.0, HFO concentration equivalent of 16.0 mg/l

of FeCh and initial arsenic concentration of I0 ~g/l, 85% removal was obtained for

As(V) wheras for As(III), it was 50% for the same test condition. Raven et al (1998)

observed that As(III) adsorbed on ferrihydrite in larger amounts than As(V) at high

arsenic concentration. At pH 9.2, As(III) was adsorbed in larger amounts than As(V)

even at low arsenic concentration.

Adsorption onto Activated Carbon and Activated Alumina

Activated alumina is especially effective in treating water with high total dissolved

solids. However, selenium, fluoride, chloride, and sulfate, if present at high level, may

complete for adsorption sites.

Gupta and Chen (1978) studied removal efficiency both for activated alumina and

activated carbon. For an alumina dose of 2g/l, they found 100% removal for initial

concentration of As(V); 32 ~m at pH 6.9. For the same adsorbent dose with As(III),

they found 88.8% removal efficiency for initial As(III) concentration of 6.6 ~m at pH

8.47. With activated carbon for a dosing of 3 gil and at pH 3.1 and initial As(V)

concentration of 12.8 ~m, they found a removal efficiency of 96.5%.
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Activated alumina can be effective for the removal of arsenate under moderately

acidic pH conditions (5.5 to 6.0). High levels of competing anions such as sulfate

significantly reduce the effectiveness of activated alumina (Frank and Clifford, 1986).

The use of activated alumina for complete arsenite removal is ineffective due to the

nonionic character of arsenite in that pH range. Some initial arsenite removal is

observed due to London Van der Waals bonding, but compared with arsenate

adsorption, this capacity is rapidly exhausted.

2.7.3 Ion Exchange

Ion-exchange behavior can be rationalized on the basis of a distribution of

components between two solution phases. One of which is confined as a solid gel.

Transfer of components takes place across the interface between the phases which is

the surface of the bead or granule.

Ion-exchange consists of a framework carrying a positive or negative electric surplus

charge which is compensated by mobile counter ions of opposite charge. The counter

ions can be exchanged for other ions of the same sign. The exchange is stoichiometric

and reversible. Ion exchange is usually a diffusion process. Usually the ion-

exchangers are selective.

Most ion exchange operations are carried out in columns. Normally, for ion-exchange

resins, feed is allowed to enter into one end of a vertical column and effluent is

collected from the other end. As replacement goes on, the bed becomes exhausted

starting from the influent side. Regeneration can be readily accomplished to make the

resin ready for another exhaustion cycle.

Exhaustion: 2R - CI + HAs042- = R2HAs04 + 2Cr

Regeneration: R2HAs04 + 2NaCI = 2RCI +Na2HAs04-

In the mid 1980s, Chloride form ion exchange with strong base anion (SBA) resin

was shown to be effective treatment for removing 80 - 100 ~g/I arsenic from well

water in Handford, California (Clifford, 1990).

Clifford et al (1995) concluded that arsenic removal below 2~ >/1 was achieved on a

consistent basis for a run length of over 400 bed volumes (BV) using a chloride-form
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ion exchange with commercially available sulfate selective strong base resins for an

EBCT of 1.5 min and a typical bed depth of 76 cm for an average initial arsemc

concentration of 21 Ilg/l.

Ion exchange has potential for soluble arsenic removal. Anion exchange resins are

available in two basic forms, weak base and strong base. Many weak-base anion

exchangers are capable of significant adsorption due to London Van der Waals

bonding in addition to ion exchange, giving them a higher level of adsorptive capacity

for nonionic arsenite. The author has evaluated anion exchange resins for arsenate

removal. The most effective activation was in the hydroxyl form. Chloride and acetate

were also tested. Weak base resins had higher loading capacities than strong base (6%

vs. 4.8%), but did not have adequate removal efficiencies (75% vs. 99+% for the

strong base resin). Anion exchange resins are also prone to chromatagraphing due to

the presence of competing anions in the treated water. However, ion exchange is an

area of intense research where the development of anionic chelating exchange resins

or ion exchange polymers may dramatically improve the technology for arsenic

treatment.

2.7.4 Membrane Filtration

Membranes allow restricted or regulated passage of one or more species through it.

Membrane processes can be classified according to driving force. The driving forces

include differences in pressure, concentration, electrical potential, temperature etc.

The pressure driven membranes have been studied the most for removal of arsenic

from water. Pressure driven processes can be divided into four overlapping categories

of increasing selectivity: micro filtration (MF), ultrafiltration (UF), nanofiltration (NF)

and hyperfiltration or reverse osmosis (RO). By MF and UF membranes, generally,

separation is accomplished via mechanical sieving, while capillary flow or solution

diffusion is responsible for separation in NF and RO membranes. However,

membrane composition combined with. solvent and solute characteristics can

influence rejection.

According to Donnen Exclusion, when a solution containing ions is brought in contact

with membranes possessing a fixed surface charge the passage of ions possessing the .">
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same charges as the membrane (co-ion) can be inhibited. More specifically, when a

solution with anionic arsenate is brought in contact with a membrane possessing a

fixed negative charge, the rejection of arsenate may be greater than if the membrane

was uncharged. Hence, the selection of a membrane possessing a slight negative

charge may be advantageous for the removal of arsenic from drinking water

Lakshinarayanah (1969) proposed model of arsenic transport in membranes which

describes arsenic rejection as controlled by a combination of hindered diffusion, static

hindrance and electrostatic equilibrium (Donnen equilibrium). As the MWCO of the

membrane increases, hindered diffusion and static hindrance become less important,

leaving Donnen equilibrium as the controlling mechanism for arsenic rejection.

Pilot testing carried out at Metropolitan Water District of Southern California

(MWDSC) by Philip Brandhuber and Gary Amy showed that, in the rejection of

As(V), membrane surface charge may be more important factor than the MWCO of

the membrane. For the NF and RO membranes tested, As(V) rejection exceeded 98%,

but As (III) rejection never exceeded 90%. Also As(III) rejection varied widely with

membrane. The study also showed that for As(V) in a range of of 25 llg/l to 112 llg/l,

feed concentration had no effect on arsenic rejection for the NF and RO membranes

tested. As(V) rejection by the UF membrane decreased with increasing arsenic feed

concentration.

Study by Brandhuber, P. et al (1997) shows high rejection of arsenate at neutral pH,

but when the pH of the source water is lowered to 2, fully protonating a majority of

the arsenate (pKa = 2.2), rejection is reduced to eight fold. Conversely, using the. same

filter, nonionic arsenite (pKa = 9.2) is trivially rejected at neutral pH, while

significantly rejected when mostly deprotonated at pH 10.8.

Cheng et al. (1994) achieved high As(V) removal rates (> 90%) with a variety of RO

membranes. Huxtep (1981) concluded that high pressure RO systems were more

effective than low pressure systems. Time of operation may also be an important

factor in membrane rejection. Fox (1989) noted a substantial drop in total arsenic

removal in a point of use system over a period of 180 days.
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Heriy and Elimelech (1996) concluded that both RO and tight NF membranes can

effectively remove As(III) and As(V). The authors noted no difference in the rejection

rates of As(III) and As(V).

Besides the pressure driven processes, electrodialysis reversal is expected to achieve

removal efficiencies of 80%. One study demonstrated arsenic removal to 3 Ilg/1 from

an influent concentration of 21 Ilg/l. Reverse Osmosis (RO) has been shown to have

removal efficiency greater than 97%. Electrodialysis was only 73% effective. When

used to treat 100% arsenite, removal was only 28% (Clifford and Lin, 1991).

2.7.5 Advantages and Disadvantages of Different Technologies

.. Method Advantal'es Disadvantal'es
Co-precipitation: No monitoring of a break Serious short and long term problems with toxic

through is required. sludge.
.

Relatively low cost simple Multiple chemicals requirement.
chemicals. Operation requires training and discipline.
Low capital costs. May have difficulty in consistently meeting a

........ lo""lex"IMGI"
Alum coagulation Durable powder chemicals Efficient pre-oxidation is a must.
.. .............................................................. norrnaUyaxailabI" .......
Iron coagulation More efficient than alum on Medium removal of As (III).

.......... weigbbasis,
Lime softenino Most common chemicals Re-adiustment of pH is required.
Sorption techniques: No daily sludge problem. Requires monitoring of break through or filter

use.
Requires periodical regeneration of medium
shift.

......... . ....... HjgJ:1Jy ..(;g.~.(;.~.~~.~.~.~.~.9...~~~.~,~",~~r~.~m~,:,...
Activated alumina Relatively well known and Re-adjustment of pH, both pre- and post-

commercially available treatment, is required.
Lose significant adsorptive capacity with each

......................................................... .................. .... ..I~g~.~.~.r!:n~.Q.~..<::.Y.c:.!.~.~....
Iron coated sand Expected to be cheap. Vet to be standardized.

No-regenerationjs-required. ___Toxic_soJid_waste..
Ion exchange resin Well defined medium and High cost medium.

hence capacity. Inorganic water constituents affects run length.
High tech operation & maintenance.
Regeneration creates a sludge problem.
Not yetproperlystudied.

Other Sorbents Plenty of possibilities &
combinations.

Membrane Well defined performance. High running costs.
techniques: High removal efficiency. Water rejection (20-25% of influent) is a

No solid waste. problem.
Low space requirement. High investment costs.
Capable of removal of other High tech operation and maintenance.
contaminants, if any. Toxic wastewater.

R",~~jus!rn"mwaterqualityjs",quir"d,
Reverse Osmosis Membrane does not withstand oxidizing agents.
Electrodialvsis Membrane does not withstand oxidizino- ao-ents.
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2.8 LOW-COST TECHNIQUES

The socio-economic condition of Bangladesh and other developing countries, facing

the problem of arsenic contamination of natural water, demands that the techniques to

remove arsenic should not be high-tech or expensive, rather they should be simple,

cheap and easy to use and maintain. But most conventional and advanced processes

involve high cost, well-trained operators, multiple chemical requirements and skilled

supervision and maintenance. Following are some low-cost techniques for removal of

arsemc.

2.8.1 Auto-attenuation

This method involves collection of groundwater and letting it stand for a specific

period of time. Groundwater having high concentration of dissolved iron, is readily

oxidized and forms ferric precipitates. The auto-oxidation of Fe2+ to Fe3+ generates

favorable substrate with surface reactive sites for the adsorption of uncharged As(III)

as well as anionic As(V) species.

Study by Jacks G. et al. (1999) of the Royal Institute of Technology, Sweden, shows

that for an initial iron and arsenic concentration of 9-9.5 mg/l and 92-120 ~g/l

respectively, the removal of arsenic was 75% after a 15 days residence time. The

same study reveals that groundwater from deeper aquifer (90 m) with low initial Fe

concentration (2.7 mg/l) and As concentration of 86 ~g/l indicated no remarkable

change in the arsenic concentration (80 ~g/l) even though the iron concentration was

reduced to 13 ~g/l.

Study by Shen (1973) shows that removal by plain sedimentation progressed

asymptotically - the level of arsenic remaining in water reached a near equilibrium

after ten days. The removal after 15 days was 48.7% for an initial arsenic

concentration of 0.8 mg/l.

2.8.2 Arsenic Removal by Iron Filter

Nikolaidis et al. (1987) suggested a simple filter which is a tube filled with sand and

iron fillings (zero valent iron) and designed to fit in a well outlet, can be a effective
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low-eost tool. BaS04 is to be added if not present in water. In presence of BaS04,

iron oxidises and reacts with arsenic to form arsenopyrite that precipitates out and

remains trapped in the filter. Laboratory experiments show 97% removal for initial

arsenic concentration of 45 - 8600 llg/1.

Joshi and Chowdhury (1996) developed a home arsenic removal unit using lfon-

coated sand. The unit was able to produce 600 - 700 I of water at a flow rate of 6 I/h

maintaining an arsenic concentration of 0.0 I mg/I for an initial arsenic concentration

of 1.0 mg/1.

Dave Tea Bag, a medium containing nce husk ash impregnated with iron (III)

chloride, is found quite efficient in removing arsenic but with the disadvantage of low

yield of treated water and low settling rate (NIPSOM, 1998).

2.8.3 Biological Processes

Paknikar (1998) describes two types of metal-microbiological interactions that can be

used for arsenic removal: i) microbial oxidation of As(III) to As(V) and its subsequent

precipitation ii) bio-accumulation of arsenic by microbial biomass. The oxidation

method can be operated in an immobilised reactor reservoir. A cheap source of

organic substrate like sugarcane juice can be added along with iron fillings (Panikar,

1998). Iron fillings promote development of iron - oxidising bacteria that oxidise iron

at a rate 50 x 103 times faster than chemical oxidation of iron. Arsenic is then

adsorbed on the ferric iron. Treated overflow of water typically contain arsenic < 0.05

mg/I for initial concentration up to 4.0 mg/1.

Lehimas et al (1998) conducted pilot studies to adopt biological filtration for removal

of As(III), the oxidation state where arsenic is the most delicate to treat. For

concentration as high as 400 llg/I, upto 90% reduction was achieved. An initial level

of 75 llg/I even allows a final concentration below 10 llgll. In addition, complete iron

removal was achieved. They conclude that under optimised pH, temperature and

oxygenation condition and with a sufficient initial iron concentration, biological
•

filtration allows simultaneous elimination of As(IIl) and iron.
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2.8.4 Solar Oxidation and Removal of Arsenic (SORAS)

SORAS is a simple method that uses irradiation of water with sunlight in PET or

other UV -A transparent bottles to reduce arsenic level from drinking water. The

process is developed by Swiss Federal Institute of Environmental Science and

Teclmology, Switzerland and Swiss Agency for Development and Cooperation

(SDC), Bangladesh. The method is based on photochemical oxidation of As (III)

followed by precipitation or filtration of As (V) adsorbed on Fe (III) oxides.

In 1997, a patent has been issued for an arsenic removal procedure that uses addition

of Fe (II, III), followed by exposure to UV or solar light (Khoe, Emmett et al. 1997).

As (III) photo-oxidation at higher pH is possible, e.g. by adding S (VI) (Khoe, Zaw et

al. 1999). SORAS works without addition of Fe (II, III) salts when the naturally

present iron is above 5 mg/I. To increase the As (III) photo-oxidation at pH 7-8,

lemon juice was used based on the observation that in the presence of citrate,

occurring at citric acid in lemons or limes, keeps Fe (III) photochemistry efficient.

Photolysis of Fe (III) citrate complexes leads to the formation of reactive oxidants

such as hydroxyl radicals (- OH), superoxide anion radicals (- O2') and

hydrogenperoxide (H202). In addition to the acceleration of As (III) oxidation, citrate

leads to faster and more complete precipitation of the Fe (III) (hydro) oxides after

illumination.

Laboratory experiments show that conversion of As (III) is twice faster when 4-8

drops of lemon juice (equivalent to 50 MM citrate) is added. With citrate, 80-90% of

the total arsenic could be removed in laboratory experiments. But field tests in

Bangladesh show removal efficiency between 45-78% and average 67%. Concerning

the Bangladesh guideline value of 50 f-lg/I, SORAS can treat raw water having an

arsenic concentration below 100 - 150 f-lg/l.

2.9 SOME MORE FINDINGS IN THE FIELD OF ARSENIC
REMOVAL

Khair A. (1999) found Bijaypur clay from Mymensingh and processed cellulosic..,..
materials like delignified jute, bleached sawdust and pulped newspaper to be capa)?le

,~'

of adsorbing both As(III) and As(V) in solutions acidified with vmegar or
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hydrochloric acid. Iron (III) hydroxide - coated newspaper pulp in lab-scale

adsorption filters coagulated arsenic the most. The material showed potential for use

in small scale home treatment units. Workable exposure length, flow rate and

extractant volume demonstrated arsenic removal at least or even below 0.050 mg/1.

The sludge was regenerated by sodium hydroxide elution.

Laterite has been tested as an adsorbent and proved to be a promising low - cost

remedial techniques to safeguard drinking water (Larsson et ai, 1998). Laterite is

vesicular clayey residuum occurring abundantly in the tropical regions. The major

components in laterite are hydrous oxides of iron and aluminium, with monor

properties of manganese and titanium. Under natural conditions they are characterized

by net positive surface charge, and thus have the capacity to adsorb several anionic

contaminants at wide pH range (Wilkie and Hering, 1996) if can be used as a filter

column or can directly be mixed with water. Adsorption experiments showed that the

removal efficiency varied between 50 and 90% for 5 g of added laterite per 100 ml

water under an equilibrium period of 20 minutes (Jacks et al 1999). Amendment of

laterite by treating with 0.01 M RN03 increased the adsorption capacity oflaterite due

to an increased specific surface area (Jacks et al. 1999).

Chakrobarty et al. (1999) patented a filter and tablet system to remove arsenic from

water. The tablet contains Fe3+ salts, an oxidizing agent and activated charcoal. The

filter was made by using fly ash, clay, charcoal etc. The system is made up of two

jars. For 20 litre of water, using one tablet, 95 - 100% removal of arsenic was

achieved.

Adsorbing colloid Flotation (ACF) with ferric hydroxide as the coprecipitant, anionic

surfactant sodium dodecyl sulfate (SDS) as the collector ami nitrogen microbubbles

has been shown to be effective in removing arsenic from low concentration of arsenic

aqueous solution. When pH is at the range of 4 - 5, 99.5% arsenic removal efficiency

can be achieved.

•
2.10 ASSESSMENT OF TREATMENT TECHNOLOGIES BY EPA

EPA reviewed 14 treatment technologies for removal of arsenic. Of the technologies,

five are considered most relevant technologies for small systems - ion exchange,
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activated alumina, and the membrane technologies (reverse osmosis, nanofiltration,

and electrodialysis reversal). Seven alternative technologies are categorized as still

emergmg (iron oxide-coated sand, granular ferric hydroxide, iron filings, sulfur-

modified iron, greensand filtration, iron addition with microfiltration, and

conventional iron/manganese removal). The last two technologies

coagulation/filtration and lime softening - are used primarily in larger systems and is

not expected to be installed solely for arsenic removal.

2.11 GUIDELINE VALUE OF ARSENIC IN POTABLE

WATER

Regulation of arsenic in potable water is based only on its total concentration and

does not take into account the speciation of arsenic. From a regulatory perspective,

this is both convenient, since it simplifies the analytical requirements for compliance

testing, and conservative, since the protective standard is based on the most acutely

toxic form of arsenic found in potable water.

In 1942, the U.S. Public Health Service set the allowable concentration of arsenic in

potable water as 50 ppb. This standard has been retained by USEP A. In the first

edition of the WHO guideline for drinking water quality (GDWQ) (1984), a guideline

value of 50 ppb was recommended for total arsenic in drinking water.

Bangladesh has set the standard for Maximum Admissible Concentration for arsenic

in drinking water as 50 ppb. Great Britain, Canada, Japan, Russia, European Union

and India have set the same standard value.

On the basis of increased incidence of skin cancer, WHO, in its "Guidelines for

Drinking Water", Second Edition, Vol. I, recommended a guideline value for arsenic

concentration in drinking water as 10 ppb (WHO, 1993).

Recent studies suggest that arsemc IS a more senous carcmogen that previously

thought. Based on this, USEP A is in the process of revising the current arsenic MCL

from 50 ppb to a more conservative MCL in the range of 2 to 20 ppb. Because

USEPA has categorized arsenic as class A Carcinogen, its MCL goal (MCLG) will be

set at zero.
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While setting a standard value for Bangladesh, based on the values of developed

countries, the consumption pattern of drinking water is to be considered. The distinct

feature in Bangladesh is people here depends mostly on water for drinking purpose,

while in the developed countries people depends on various beverages other than

water. This fact demands a lowering of standard value for Bangladesh in comparison

with that of developed countries.

Considering differences in diets, habits and the pathways through which arsenic may

affect human health, and the complex biological cycle of arsenic, regulation through

ambient standards may not be the best tool to protect populations from the adverse

health effects of exposure to environmental arsenic. Policy makers should adopt a

complex approach to the abatement of arsenic exposure emphasizing preventive

measures and considering location-specific factors and the effect of the global cycle

of arsenic across environmental media.
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Chapter 3

ION EXCHANGE - THEORIES AND PRACTICES

3.1 INTRODUCTION

Ion exchange is a firmly established unit operation and is an extremely valuable

supplement to other procedures such as filtration, distillation and adsorption. All over

the world, numerous plants are in operation, accomplishing tasks that range from the

recovery of metals from industrial wastes to the separation of rare earths and from

catalysis of organic reactions to decontamination of water in cooling systems of

nuclear reactors. However, the most important application is still the purification and

demineralization of water.

The recent observation of water contamination with trace elements like arsenic has

made water purification processes more challenging than ever. To meet the challenge

the practices in ion exchange are changing continually. A suitable model to describe

the time dependent phenomenon of selective ion exchange in presence of other

competitive ion in large excess is yet to come out. The discussion in this chapter is not

intended to develop such a model, but to describe the basic principles and practices in

ion exchange that may be prospective to develop a model.

3.2 ION EXCHANGERS

Ion exchangers consist of a framework carrying a positive or negative surplus charge

which is compensated by mobile counter ions of opposite sign. Cation. exchangers

contain cations, and anion exchangers contain anions. The counter ions can be

exchanged for other ions of the same sign. The exchange is stoichiometric and, as a

rule, reversible. Ion exchange is essentially a diffusion process and has little, if any,

relation to chemical reaction kinetics in the usual sense.
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3.2.1 Ion Exchange Resin

The most important ion exchangers are the organic ion exchange resins. They are

typical gels. Their framework, the matrix, consists of an irregular, macromolecular,

three-dimensional network of hydrocarbon chains. The matrix carries ionic groups.

Ion exchange resins are thus crosslinked polytectrolyte.

The matrix of the resm IS hydrophobic. However, hydrophilic components are

introduced by the incorporation of ionic groups such as -S03-H+ Linear hydrocarbon

macromolecules with such groups are soluble in water. The ion-exchange resins, in

contrast, are made insoluble by introduction of crosslinks that interconnect the various

hydrocarbon chains. An ion-exchange resin particle is practically one single

macromolecule. Thus the resins are insoluble in all solvents by which they are not

destroyed. However, the matrix is elastic and can be expanded. Hence the resins can

swell by taking up solvent.

The chemical thermal and mechanical stability and the ion-exchange behavior of the

resins depend chiefly on the structure and the degree of crosslinking of the matrix and

on the nature and number of the fixed ionic groups.

3.3 CAPACITY OF ION EXCHANGERS

The capacity of ion exchangers is defined in terms of the number of ionogenic groups

in the material and is usually given in milliequivalents per gram of dry H+ form or cr
form of the resin (scientific weight capacity) or per milliliter of swollen resin bed

(technical volume capacity). The capacity, when defined in this wily, is a characteristic

constant of the materia!. The common ion-exchange resins have weight capacities

between 2 and 10 meq/g.

In the theoretical treatrllent of ion-exchange phenomena, the concentration of fixed

ionic groups is more convenient to use than the capacity. The concentration of fixed

ionic groups, given in milliequivalents per milliliters swollen resin or per gram of

solvent in the resin, depends on the experimental conditions and may even change in

the course of an ion exchange.
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Other definitions of the capacity are possible and useful. The apparent (or effective)

capacity is defined as the number of exchangeable counter ions in the material and is

important for practical applications. In resins with strong-acid or strong-base groups,

the number of exchangeable counter ions is practically equivalent to the number of

ionogenic groups. Deviations are found in ion exchangers with weakly ionized groups.

Here, the apparent capacity depends on the pK value of the groups and on the

experimental conditions, particularly on the pH and the concentration of the solution.

Weak-acid groups are not ionized and thus are inactive at low pH. The same is true for

weak-base groups at high pH.

The best way of characterizing ion exchangers is by giving their (scientific) weight

capacity and the pK of their ionogenic groups. Both these quantities can be determined

by pH titration. Apparent capacities under any given experimental conditions can be

estimated from these data.

3.4 ION EXCHANGE EQUILIBRIA

Ion-exchange equilibrium is attained when an ion exchanger is placed in an electrolyte

solution containing an ion which is different from the counter ion in the ion exchanger.

Suppose that the ion exchanger is initially, say, in the A form and that the ion in the

solution is B. Ion exchange occurs, and the ion A in the ion exchanger is partially

replaced by B.
-,
A +B .,0 B+A (3.1)

(' A represents concentration is exchanger while A represents that in solution).

The concentration ratio of the two competing ion species in the ion exchanger is

usually different from that of solution. As a rule, the ion exchanger selects one species

in preference to the other. The 'selectivity' is described in the next section.

The various quantities used for describing ion exchange equilibria are: ion exchange

isotherm, separation factor, and selectivity coefficient.
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3.4.1 Ion Exchange Isotherm

The ion exchange isotherm shows the ionic composition of the ion exchanger as a

function of the experimental conditions (solution concentration, relative amount of the

ions, etc.) at a given temperature. As a rule, the equivalent ionic fraction, xA' of the

ion A in the ion exchanger is plotted as a function of the equivalent ionic fraction XA in

the solution. The equivalent ionic fraction is defined by

or, more generally, by

(3.2)

(3.3)

where, mj is molality and Zjis electrochemical valance of species i.

In a hypothetical system in which the ion exchanger shows no preference for A or B,

the isotherm is linear and is the diagonal in Figure 3.1.
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Figure3.1: Ion Exchange isotherm and
separation factor

If the ion A is preferred throughout, the isotherm is negatively curved and lies above

the diagonal, and if B is preferred, the isotherm is positively curved and falls below

the diagonal. S-shaped isotherm is an exception.
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3.4.2 Separation Factor

The preference of the ion exchanger for one of the two ions is often expressed by the

separation factor which is defined as

(3.4)

If the ion A is preferred, the factor a1 is larger than unity, and if B is preferred, the

factor is smaller than unity.

There is a simple relation between the separation factor and the ion-exchange

isotherm. Equation 3.4 and Figure 3.1 show that the separation factor is given by the

ratio of the two rectangular areas that lie above and below the isotherm and touch the

latter at the point that corresponds to the experimental conditions.

Of course, the separation factor is usually not constant, but depends on the total

concentration of the solution, the temperature, and the equivalent fraction XA. The

separation factor is particularly convenient for practical applications, for example, for

calculations of column performance.

3.4.3 Selectivity Coefficient
Ion-exchange equilibria can be described by selectivity coefficient also. This

coefficient is more convenient for theoretical studies. The molal selectivity constant is

defined as

(3.5)

k; > 1 corresponds to preference for A and absolute values IZII of the ionic valences

is used to make it true for anion exchanger also.

3.4.4 Distribution Coefficient

For practical applications, equilibrium is most conveniently expressed in terms of the

distribution coefficient of the ions. The molal distribution coefficient is defined by
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Ai
mi Xi m

= ~
mi Xi m

(3.6)

The coefficient increases with dilution of the solution (decrease in m). For selective

ion exchangers (nonlinear isotherm, hence, Xi / Xi constant), the coefficient depends

on the equivalent fraction Xi.

The use of distribution coefficient is particularly advantageous if the species is only a

trace component (m A << m" mA << m , and consequently mB / mB ~ m/ m. In

such cases, the exchange extends only over a short section of the isotherm near the

origin. Usually this short section is practically linear so that, in the range under

consideration, the distribution coefficient is independent of XA.

3.5 SELECTIVITY OF ION EXCHANGERS AND ITS CAUSES

In general, the ion exchangers are selective, i.e. they prefer one counter ion more than

the other. In the following, the various factors that determine the selectivity are

discussed in qualitative way.

3.5.1 Effect of Counter Ion Valences - Electroselectivity

As a rule, the ion exchanger prefers the counter ion of higher valence. The preference

increases with dilution of the solution and is strongest with ion exchangers of high

internal molality.

This effect is readily explained in terms of Donnan potential. The Donnan potential

attracts counter ions into the ion exchanger. The force with which Donnan potential

acts on an ion is proportional to the ionic charge. Hence the counter ion of higher

charge is more strongly attracted. The absolute value of the Donnan potential increases

with dilution of the solution and with increasing molality of the fixed ionic groups.

Consequently the same holds for the counter ion of higher valence.

3.5.2 Ionic Solution and Swelling Pressure

Large solvated counter ions in ion exchangers cause stronger swelling and higher , '
'. -1'"'\

swelling pressures than small ones. When the resin swells, its elastic matrix is " ", ~_,
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stretched. Because of its elasticity the matrix tends to relax, i.e. to contract. It can do

so by exchanging a larger counter ion for a small one. Thus the ion exchanger prefers

the counter ion with the smaller solvated equivalent volume.

This property is most pronounced when the matrix is highly strained, i.e., when the

swelling pressure is high. Consequently, the selectivity should increase, as does the

swelling pressure, with dilution of the solution, with decreasing equivalent fraction of

the smaller ion, and with increasing degree of crosslinking of the resin.

3.5.3 Sieve Action

In ion exchange, very large orgamc IOns and inorganic complexes may be

mechanically excluded by sieve action if the meshes of the matrix are too narrow. In

ion exchange resins, sieve action is much less pronounced because the pore width is

not uniform, and is not so readily distinguished from swelling pressure effects which

also discourage uptake of large ions. Sieve action is, of course, strongest in highly

crosslinked resins.

3.5.4 Specific Interactions in the Ion Exchanger

3.5.4.1 Ion-Pair Formation and Association

The ion exchangers prefer the counter ion that forms the stronger ion pairs or bonds

with the fixed ionic groups. In ion exchange equilibrium (Equation 3.1) the reverse

process is favored if A is sequested in the ion exchanger by the fixed ionic groups.

Interactions of this kind are likely to occur if the fixed ionic groups are similar in

structure to precipitating or complexing agents which react with the counter ion.

3.5.4.2 Electrostatic Attraction

The counter ions may be merely localized in the neighborhood of the fixed ionic

groups by electrostatic attraction between charges of opposite sign. The electrostatic

attraction is proportional to the ionic charge and inversely proportional to the square of

the distance between the charges. The electrostatic effect thus favors preference for the

counter ion of higher valence and, in many cases, preference for the smaller counter

IOn.
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3.5.4.3 London Interactions

In certain cases, selectivity may arise from London forces between the counter ion and

the matrix and from interactions of the solvent molecules with one another. The ion

exchanger prefers counter ions with organic groups which resembles the components

of the matrix.

3.5.5 Association and Complex Formation in the Solution

Ion-exchange equilibria are strongly affected by interactions of the counter ions with

other components in the external solution. The counter ions may form weakly

dissociated aggregates or complex ions with the co-ions. In the exchange equilibrium

(equation 3.1), the reverse exchange is favored when the species B is sequested in the

solution by reaction with the co-ions. Thus the ion exchanger prefers the counter ion

which associates less strongly with the co-ion.

3.5.6 Formation of Precipitates

The uptake of a counter ion by the ion exchanger can be enhanced by removing the

other competing counter ions from the solution by precipitation.

3.5.7 Temperature and Pressure

Ion exchange occurs with little evolution or uptake of heat. Accordingly, the

temperature dependence of ion exchange equilibrium is usually minor. However, in

most cases, selectivity results from association, or aggregation processes such as

complex formation, ion-pair formation, solution etc. These processes are usually

discouraged by an increase in temperature. Hence, the selectivity should be expected

to decrease with increasing temperature.

The pressure dependence of equilibria is related to the standard volume change that

accompanies the reaction. In ion exchange, there is hardly any change in the total

volume of the system even though the resin may swell or shrink. Thus changes in

pressure have little, if any, effect on ion-exchange equilibria.

J
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3.5.8 Summary

The effects of the various factors can be briefly summarized as follows:

The ion exchanger tends to prefer the counter ion

• of higher valence

• with the smaller (solvated) equivalent volume

• with the greater polarizability

• which interacts more strongly with the fixed ionic groups or with the matrix

• which participates least in complex formation with the co-ions

As a rule, the selectivity of ion exchanger is enhanced by increasing its degree of

crosslinking and by decreasing the solution concentration and the temperature. A

fairly universal rule of thumb is that the ion causing less swelling is preferred.

There are, of course, exceptions to these rules, especially since some of the effects

may counteract one another.

3.6 SPECIFIC ION EXCHANGERS

Resins have been made which have higher selectivity and prefer one particular (or at

least not more than few) counter ion species very strongly to all others. Such resins are

said to be 'specific' for the preferred counter ions. The desired strong affinity for a

certain counter ion is attained by introducing groups with which the counter ion tends

to associate. An undesired consequence of such an association is that the mobility of

the counter ion in the resin is paid for by a loss of ion-exchange rate. Also, resins with

extreme specificity are difficult to regenerate. Hence, the choice of resin should be

based on a compromise among selectivity, ease of regeneration and rate of ion

exchange.

3.7 KINETICS OF ION EXCHANGER

Ion exchange is a diffusion process. Its mechanism is a redistribution of the counter

ions by diffusion. The co-ion has relatively little effect on the kinetics and the rate of

ion exchange.
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The rate-determining step in ion exchange is inter-diffusion of the exchanging counter

ions either within the ion exchanger itself (particle diffusion) or in an adherent 'liquid

"film" which is not affected by agitation of the solution (film diffusion). Film

diffusion control is favored by high capacity, low degree of crosslinking, and small

particle size of the ion exchanger; by low concentration and weak agitation of the

solution; and by preference of the ion exchanger for the counter ion that which is taken

up from the solution. A simple criterion can be used for predicting whether particle or

film diffusion will be rate-controlling under a given set of conditions.

In the theoretical treatment of ion-exchange kinetics, the ion exchanger is considered

as a quasi-homogeneous phase. The mathematical problem is to solve the differential

equations for homogeneous-phase diffusion in the (spherical) bead and in the film

under the appropriate boundary conditions. The simplest case is isotopic exchange in

systems which are in equilibrium except for isotopic distributions. Here, the diffusion

coefficient (the self-diffusion coefficient of the isotopes) is constant. Rigorous

solutions are available for all conditions of practical interest. Exchange of counter ions

of different properties, however, is a more complex phenomenon. Electroneutrality

requires that the fluxes of the exchanging counter ions be equivalent so that no net

transfer of charge occurs. This equivalence of the fluxes is brought about by an

electric field which arises automatically and enforces the required balance by slowing

down the faster counter ion and accelerating the slower one. The coupled

interdiffusion can still be described in terms of one interdiffusion coefficient, but this

coefficient depends on the ionic composition of the ion exchanger and thus is variable.

Its local value is chiefly determined by the counter ion which is in the minority.

Further complications arise from the selectivity of the ion exchanger and from changes

in swelling, activity coefficients, and association or ion-pair formation. Solutions have

been obtained for a few ideal limiting cases only. The following general rules can be

deduced. Forward and reverse exchanges of two given counter ions occur at different

rates. Particle-diffusion controlled exchange is more rapid when the counter ion which

is initially in the ion exchanger is the faster one. For film-diffusion controlled

exchange, the opposite holds. The counter ion which is preferred by the ion exchanger

is taken up at the higher rate and released at the lower rate. The current theories are

inadequate for counter ions which associate with the fixed ionic groups (H+ in weak-
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acid and OH- in weak-base resins, etc.). The dependence of the ion exchange rate on

experimental conditions is well understood. Factors which favor high rates are high

counter-ion mobilities, small particle size and low degree of crosslinking of the ion

exchanger, preference of the ion exchanger for the counter ion which is taken up, high

concentration and efficient agitation ofthe solution, and elevated temperatures.

3.8 ION EXCHANGE IN COLUMNS

Most ion-exchange operations, whether in the laboratory or in plant-scale, are carried

out in columns. Ion-exchange columns can be used for replacement, removal and

separation of ions and electrolytes.

The simplest column operation is the replacement of a counter ion in the feed by

another counter ion that is initially in the resin. A solution is passed through a bed of

ion exchanger beads where its composition is changed by ion exchange or sorption.

The composition of the effluent and its change with time depend on the properties of

the ion exchanger (ionic form, capacity, degree of cross linking etc.), the composition

of the feed, and the operating conditions (flow rate, temperature, etc.).

3.8.1 Operation in a Column

Let us assume that the ion B in an electrolyte BY should be replaced by another ion A.

In principle, ion exchange of B for A can be carried out in a batch process by

equilibrating the solution with an ion exchanger in A form. However, ion-exchange

equilibrium is attained before B is completely removed from the solution. Complete

removal of B requires either an extremely large excess of the ion exchanger or a series

of repeated equilibrations with fresh portion of the ion exchanger. In a column, the

conditions are much more favorable. On its way through the bed, the solution comes

in contact over and over again with layers of ion exchanger particles which are still

completely inA fom1. Thus all ions B are eventually replaced by A before the solution

appears in the effluent.

When the solution is first fed to the column, it will exchange all its ions B for A in a

comparatively narrow zone at the top of the bed. The solution, now containing the

electrolyte AY, passes through the lower part of the column without further change in
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composition. As the feed is continued, the top layers of the bed are constantly exposed

to fresh solution BY. Eventually they are completely converted to B form and lose

their efficiency; they become exhausted. The zone in which the ion exchange occurs is

thus displaced downstream. In due course, this zone reaches the bottom of the column.

This is the breakthrough of B. Now, ions B first appear in the effluent. At

breakthrough, the bottom layers are not yet completely converted is B form. Thus

breakthrough capacity is less than the overall ion exchange capacity. When the overlap

of the zones of A and B remains small, the breakthrough is sharp. In this condition the

degree of column utilization, the effective fraction of ion exchange materials, is high.

The sharpness of the boundary between A and B depends on the equilibrium and rate

of ion exchange and on the operating conditions. A high degree of column utilization

is favored by

• Strong preference of the ion exchanger for the counter ion from the feed

• Small and uniform particle size

• High volume capacity

• Low degree of crosslinking

• Elevated temperature

• Low flow rate

• Low concentration of the counter ion in the feed

• High column length or aspect ratio (ratio oflength to diameter).

3.9 EFFECT OF PROCESS VARIABLES

3.9.1 Particle Size

The size of the ion exchange material will have the greatest influence on a process

kinetic behavior. Both film-diffusion and particle-diffusion controlled processes will

have enhanced exchange rates with decreasing particle size. But small particle size

results in high flow resistance.

3.9.2 Flow Rate

.The flow rate through the column will playa role in determining a process fractional

attainment of equilibrium. Depending on how well an ion is preferred by the resin, .

lowering the flow rate (thereby increasing the contact time) can make a small or large
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difference in its operational capacity. But this entails a loss of time and ineffective

when film-diffusion is rate controlling because this also reduce the rate of film-

diffusion controlled ion exchange.

3.9.3 Solution Concentration

Film-diffusion controlled processes are more likely with low concentrations. Pore

diffusion effects are greater with increased solution concentrations. Particle diffusion

controlled processes are not affected by solution concentration.

3.10 HYDRODYNAMIC ASPECTS IN COLUMN OPERATIONS

For a practical column operation, the assumption of plugflow is an oversimplification

because in any actual bed any horizontal solution layer is continuously distorted

because the liquid has to bypass the solid particles. This gives rise to eddy dispersion

and flow maldistribution. Another peculiar distortion of boundary is fingering.

3.10.1 Eddy Dispersion

Eddy dispersion is a longitudinal spread of solute resulting from the meandering paths

and continuous changes in velocity imposed upon the volume element of the liquid. It

occurs even in completely regularly packed beds with both in laminar and turbulent

flow. This results in spread of solute from a sharp horizontal zone and affects diffusion

constant and plate height.

3.10.2 Flow Maldistribution

Flow maldistribution is nonuniformity of velocity caused by packing irregularities. In

irregularly packed beds, the mean fractional void volume is not uniform throughout

the bed. The more loosely packed regions (channels) offer less flow resistance. Here,

the flow rate is correspondingly higher, and bands and boundaries advance more

rapidly. The resulting distortion of the bands and boundaries is counteracted by

molecular diffusion in radial direction and radial eddy dispersion.
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3.10.3 Fingering

In displacement processes with highly concentrated solutions, the liquid in adjacent

bands may differ significantly in their densities and viscosities. Here the boundaries

between the bands can become distorted. Long, uniform sized 'fingers' of the

dispersing liquid can intrude deeply into the liquid being displaced. This phenomenon

is called fingering and can occur even in

3.11 MAJOR FINDINGS IN THE FIELD OF ARSENIC REMOVAL
BY ION EXCHANGE

Several aspects of arsenic removal by ion exchange were studied by Dennis Clifford,

Ganesh Ghurye and Anthony Tripp of the University of Houston, Texas, USA. The

outcome of the studies are published in different journals. The major findings of the

studies are summarized as follows:

o Arsenic removal to below 2 l!g/l was achieved on a consistent basis for

over 400 bed volume (BY) using (a) chloride-form ion exchanger with

commercially available sulfate-selective strong-base resins (especially the

type 2 resin ASB - 2), (b) empty bed contact time (EBCT) of 1.5 min and

(c) a typical bed depth of 30 inch.

o The special nitrate-selective reSInS did not perform as well as the

conventional sulfate-selective reSInS for arsenic removal based on (a)

shorter runs to arsenic breakthrough and (b) greater arsenic peaking after

its breakthrough.

o Spent brine, fortified after each regeneration to maintain the chloride

concentration at 1.0 M, was reused without arsenic removal, without any

adverse effect on arsenic leakage or run length. Sulfate levels in ground

water as high as 114 ppm gave run lengths beyond 400 BY and when using

recycled brine.
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Chapter 4

EXPERIMENTAL METHODS

4.1 INTRODUCTION

The objectives of the experimental program were to study the effect of operating

parameters on the performance of an arsenic selective ion exchange resin including the

effect of water quality.

To study the effect of water quality, water of three different qualities were used,

namely, tap water, distilled water and tap water pretreated using cation and anion

exchange resin used in water softener. Typical compositions of water samples are

given in Table 4.1.

Table 4.1: Sample Reports of Water Analyses for Different Types of Water.

Parameter Unit Tap Wat~r Distilled Pretreated
Water water

pH 68 6.2 7.7
CO, mgtl 94 10 10
Iron mgtl Trace Trace Trace

Chloride mgll 240 8 240
Alkalinity mgtl 247 19 241
hardness mgtl 234 12 308
Sulfate mgtl 44 08 51.9
Flouride mgtl 0.17 0.15 0.1
Nitrate mgll 0.1 0.1 0.1

Manganese mgtl 0.022 0.005 0.013
TDS mgtl 310 4 640

To study the effect of operating parameters, experiments were carried out at different

initial arsenic concentrations with different flow rates.

The chosen criteria for performance for the study were residual arsenic and percent

removal of arsenic.
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4.2 WATER PREPARATION

All experiments were carried out using water spiked with arsenic. Tap water used was

that from the central water supply of BUET. Distilled water was prepared in the

laboratory by distilling the same tap water.

As discussed in Chapter 2, it is well established that ion exchange resins are far more

effective in removing As (V) than As (III). On this basis, water was spiked only with

As (V). By doing so, the preoxidation step required for converting As (III) to As (V)

was avoided.

The arsenic salt used for spiking water was sodium arsenate, Na2HAs04, 7H20. This

was of Analar grade and from E. Merck, Germany. The specification of the salt is

given in Table 4.2. The salt was used without any purification or modification.

Table 4.2: Specification of the Arsenic salt.

Name (as given on label)
Formula
From

Composition:

NazHAs04.7H,O
ASZ03
Chloride
Sulfate
Nitrate
Silver
Lead
Copper
Iron

: di-Natriumhydrogenarsenate
: Na,HAs04.7H,O
: E. Merck, Germany

min. 98.5 %
max. 0.002 %
max. 0.001 %
max. 0.002 %
max. 0.002 %
max. 0.0005 %
max. 0.0005 %
max. 0.0005 %
max. 0.0005 %

4.3 MEASUREMENT OF WATER QUALITY AND ARSENIC

The measurements of arsenic were carried out in BCSIR, Dhaka Laboratory and in the

laboratory of Tetrahedron Inc., Dhaka. In both of the laboratories Hydride Generation

Atomic Absorption Spectrophotometer (HGAAS) was used. The HGAAS unit used in

BCSIR laboratory was from Shimadzu of model AA -6401 Hydride Vapor Generator

HVG-l and that of Tetrahedron laboratory was from Perkin Elmer. Both units measure

the total arsenic concentration in water and do not perform speciation of arsenic. For
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both of the unit the arsenic detection range was set from 0 to 30 ppb. For samples

having arsenic concentration higher than 30 ppb, samples were diluted as needed.

The measurement of other quality parameters of water was done in the Enviromnental

Laboratory of the Department of Civil Engineering, BUET and in the Enviromnental

Laboratory of Department of Chemical Engineering, BUET. For certain parameters,

Spectrophotometers of model DR - 2000 and DR - 4000 by HACH Co. were used.

4.4 THE ARSENIC SELECTIVE RESIN

The arsenic selective resin used for the experiments was supplied by Tetrahedron Inc.

The specification of the resin is not disclosed because of confidentiality. The resin was

in regenerated form and so, it was used as supplied.

4.5 THE CATION AND ANION EXCHANGE RESINS

The cation and anion exchange resins were used in the experiments where water

pretreatment was done. The cation exchange resin was AMBERLITE IR120Na and

the anion exchange resin was AMBERLITE 402Cl. The cation resin was regenerated

before use by NaCI and the anion resin was regenerated by NaOH.

4.6 EXPERIMENTAL SET-UP

The experimental set-up for this study consists ofthe followings:

1. Mother tank

2. Intermediate constant head tank

3. Arsenic selective resin bed

4. Cation and anion exchange resin beds.

The units in the set-up were interconnected using plastic tubes of diameter as required.

A rotameter was placed after the intermediate tank to measure flow rates of water.

The schematic diagram of the setup is shown in Figure 4.1 and 4.2 and the photograph

of the set up is shown in Figure 4.3.
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Tl= MOTHER TANK
T2= CONSTANT HEAD TANK
RM= ROTAMETER
RB= RESIN BED (ARSENIC SELECTIVE)

T 1

T?

RB

RM

FIGURE 4.1: Schematic Diagram of the Experimental Set-up
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TI=MOTHER TANK
T2= CONSTANT HEAD TANK
RM= ROTAMETER
RB= RESIN BED (ARSENIC SELECTIVE)
AB= ANION BED
CD= CATION DED

T1

17.

AB

RM

CB

RB

FIGURE 4.2: Schematic Diagram of the Experimental Set-up (For
experiment with pretreated tap water)
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FIGURE 4.3: Photograph of the Experimental set-up.
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Mother Tank

The mother tank was a plastic tank of 300 liter capacity. The raw water to be spiked

with arsenic was charged in this tank. The tank was placed at a height of about 12 ft.

Intermediate Constant Head Tank

The intermediate constant head tank was used to maintain a constant head for the

water fed into the resin bed. The tank was equipped with a float and valve system that

controlled the flow to the tank from the mother tank and the system maintained a

constant level of water in it. The capacity ofthis tank was 30 liter.

Arsenic selective Resin Bed

The resin was placed in a glass column of diameter 2 inches (5.08 cm)and height 24

inches (60.96 cm). The column was placed vertically. A head of about 6ft of water

was obtained at the column inlet. The depth of resin bed was 18 inches (45.72 cm),

which is the same as the resin bed supplied by Tetrahedron for field level use. The

volume of resin in the bed was 0.926 liter. The dead height of the column was 6 inches

(15.24 cm). The inlet to the bed was at the top and the outlet was at the bottom.

Cation and Anion Exchange Resin beds

The cation and anion exchange resin beds were used only for experiments with

pretreated water. Two glass columns of diameter 2 inches (5.08 cm) were used for

this purpose. Both of the columns were vertically set. The cation exchange resin was

placed in the first column that was a 24 inches (60.96 cm) high column. The depth of

resin in this column was 18 inch (45.72 cm), which is equal to the depth of arsenic

selective resin bed. The anion exchange resin was in the column in series with the first

column. It was a 48 inches (121.92 cm) high column with resin depth of 36 inches

(91.44 cm), twice as that of anion exchange resin (thumb rule). Both columns were fed

from the top.

4.7 EXPERIMENTAL PROCEDURE

The procedure for the experiments start with charging of raw water in the mother tank

in the range 200 - 250 litre (67% - 83% filled) followed by spiking the water with
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intended concentrations of arsenic. The intermediate tank was fed from the mother

tank and it was filled up to the level set by the float. Water was then allowed to pass

through the resin bed( s) from this tank. Water samples were collected from the outlet

of the arsenic selective resin bed. Samples were collected in PET bottles.

To study the effect of water quality, water of three different types were used. Before

starting experiments with a new type of water the resin bed was rinsed with the

corresponding water.

To study the effect of initial arsenic concentration, water having four different initial

concentration were used. The intended concentrations were 100, 200, 500 and 1000

ppb. Mother solution of concentrations 10 and 100 ppm were prepared; and were

added to the tank in required amount to have the desired concentrations in the tank.

However, the concentrations in the tank, when measured, were found slightly different

from the intended concentration.

To study the effect of flow rate, water was passed through the bed at five different

flow rates. The maximum flow rate, however, was limited by the experimental set up.

For the experiments where only the arsenic selective resin bed was used, the

maximum flow rate was 1.2 l/min. In these cases the flow rates were varied between

0.2 and 1.2 IImin. When the cation and anion exchange resin beds were in operation

the maximum flow rate was 0.6 IImin. In these cased the flow rates were between 0.2

and 0.61/min.

After changing any operating parameter, at least 10 bed volumes of water were

allowed to pass through the bed to eliininate the effect of previous condition.
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Chapter 5

RESULTS AND DISCUSSION

5.1 EXPERIMENTAL RESULTS

The performance of the resin was measured on the basis of residual arsemc and

percent removal. It is generally agreed that neither of the two criteria can alone give a

right measure of performance. A higher percent removal gives a quantitative

measurement of the separation efficiency. But a high percent removal does not

necessarily lead to a high residual arsenic. On the other hand, residual arsenic gives

.only a measure of water quality. Hence, in the course of this study, both criteria are

considered of equal importance.

5.1.1 EFFECT OF INITIAL ARSENIC CONCENTRATION

To investigate the effect of initial arsenic concentration on the performance of the

resin, four different concentrations of arsenic were used. The intended concentrations

were 100, 200, 500 and 1000 ppb. But the measured concentrations were different to

some extent because it was not possible to measure the exact amount of water in the

mother tarue For the same reason, it was not possible to have the same initial

concentrations for the different types of water.

Figures 5.1, 5.2 and 5.3 show the effect of initial arsenic concentration on residual

arsenic. Figures 5.4, 5.5 and 5.6 show the effect of the same on percent removal of

arsenic.

The figures show that, on an overall basis, residual arsenic increases with the increase

in initial arsenic concentration. But at the same time, percent removal increases with

the same. Residual arsenic ranged from below 5 ppb to above 250 ppb depending on

water quality and initial arsenic. Percent removal varied between 49% and 98.7%.
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Different Flow Rates (For distilled water).
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5.1.2 EFFECT OF FLOW RATE

To study the effect of flow rate, experiments were carried out for five different flow

rates of water through the resin bed. For experiments with distilled water and tap water

the flow rates were 1.2, 1, 0.7 0.5 and 0.3 l/min while those for pretreated tap water

were 0.7, 0.6, 0.5, 0.4 and 0.3 l/min. Figures 5.7, 5.8 and 5.9 show the effect of flow

rate on residual arsenic and Figures 5.10, 5.11,5.12 show those on percent removal.

A marked difference in the effect of flow rate on resin performance is observed

between tap water and other two types of water. For tap water residual arsenic was

constant or increasing with flow rate depending on initial arsenic. Consequently,

percent removal was decreasing or remained constant. But for distilled water and

pretreated water residual arsenic was decreasing or constant with flow rate.

Consequently in these cases percent removal was increasing or remained constant.

5.1.3 EFFECT OF WATER QUALITY

To investigate the effect of water quality on the performance of resin, water of three

different quality namely tap water, pretreated tap water and distilled water were used.

The specifications of the waters are shown in Table 4.1.

From the specifications, it is obvious that the water differ in many parameters,

specially in sulfate concentration, pH and alkalinity. The distilled water has a very low

sulfate concentration in the range of 0-1 ppm, while sulfate concentration of pretreated

water and tap water were in the range 45-60 ppm. Distilled water has pH around 6.2,

while tap water has that of 6.8 and pretreated water 7.6. Alkalinity of distilled water

was as low as 20 ppm as CaCOJ while that for tap water was in the range 220-250

ppm as CaCOJ. The alkalinity of treated was in the same range.

Figures 5.13, 5.14, 5.15 and 5.16 show the resin performance for the three types of

water for different operating conditions.

59
"" - T,-.,



x --- -~--_. I.A=140ppb

----.--_. I.A=260ppb
_._-.--_ .. I.A=535ppb
--X----- I.A=1 040ppb

X ._----------

.-..------------ - -.-._._-------_._---- .---~-----_.---
X.

".

'- '-- '..~--_._...•.~-~--- X_.
._---------. -._-- _ .._-. .... -X

"0 ••

'- -- -.
..•.._--------- ---.-"

---•.._- .. <:-'.

-'" -._--.--
--- ----0 -.-. --______0.-.- -.

0..-------- ~:-:----------
.<)

35

30

25
:;:;
0-
S
u 20'"~~••
"iii 15~
"C.~
~c::

10

5

o
o 0.2 04 0.6 0.8 1 1.2 14

Flow Rate (llmin)

Figure 5.7: Effect of Flow Rate on Residual Arsenic at Different
Initial Arsenic Concentration (For distilled water).

- -

- .•_-------
.----------------- -.--- --_._---- .-. ----------------.------ -------- ----II'
x------ ------- -X--.--- --- ----- ..... x_.

X
-~----

----<)- -- I.A=30ppb

--.--_. I.A=60ppb
--_ .•---_. I.A=1 60ppb

--x -- I.A=537ppb
x-

----.-- I.A=895ppb

---

.-- -- .. _ .. " ----.------- ._- --- .---.----.-- .- --- ._---------.------------ -- ---.-- -", ...-.-- ........ -------_ .•

250

200

:;:;
0-

.S: 150
u

'"~~••
~
" 100.~
~

50

o
0.2 0.3 0.4 0.5

Flow Rate (I/min)

0.6 0.7 0.8

Figure 5.8: Effect of Flow Rate on Residual Arsenic at Different
Initial Arsenic Concentration (For pretreated water).

60



>k. _____X . -----------------------X----------------X.- .. ------X- --- ---

- .---- .---- - ---~,,- -- - - - - - - - - 'C_ -.----------- _._______-~-_cc-~'''----~---.- .._---- --

-- 9-- LA=70ppb

---- s --- LA=1 80ppb
----4-- -- IA'392ppb
----x ---- LA=895ppb

-------------

.'--- .------------ -._--- -----.---------------- ..- ---- - ...........• ,:::::::: - -- ---Q---- --------------------<>----- -- .. _-----<>

250

200

:Q
0.
0.
- 150
.U-~
<l)
1!••••~
" 100'iii
~

50

o
o 0.2 0.4 0.6 0.8 1.2 1.4

Flow Rate (I/min)

Figure 5.9: Effect of Flow Rateon Residual Arsenic at Different
Initial Arsenic Concentration (For tap water).

-- .. '- x--
----Q --- LA=140ppb --- .,.-

---
----.---- LA=260ppb x'-- -- ••"

-----.----- LA=535ppb -_ ..--' i>
----x----. LA 1040ppb .. -

"
------_.--£--_ ....•-

--~--~_x-:.:._-----.,.,.:.:.....-------- .,-.-. -- ------_ .._------
,- "

---------0:-;7 -7'--"'-..---------.•-
--

,,-'--------'<-" ------

:~:, - ... .-..- •._- ---_._-,,-- --------------- -_.-

___ -;-./ __ ~ ___ __::..o_. __ <>.-- ---------------

'-'---. -- -----

•

99.0

98.5

98.0

u
97.5'~

<l)
1!•• 97.0'0
••> 96.50
E
<l)

'" 96.0-~<l)
~
<l) 95.5
a-

95.0

94.5

94.0
o 0.2 0.4 0.6 0.8

Flow Rate (Ilmin)

1.2 1.4

Figure 5.10: Effect of Flow Rate on Percent removal at
Different Initial Arsenic Concentration (For distilled water).

61



.._------~------_._--~------------
•• ... _-------- .....•............... __ .. - .. ----- ...... ---A------ -_._ ..... _ ..

.---0----. I.A=30ppb
----.- ..- I.A=60ppb
----£---- I.A=160ppb
----x- .... I.A=537ppb .... ...• .._- ..
----e- .. I.A=895ppb

:
x__ .__

e.--- .. -.------.--e---------.- .. -.- .e-----------i- ---e--------- ...,~,~--.
:

X

~:::::::::::::: :::::~~-~:::~-~.~-:;::-:-~-:~~:;.-
-.-._---- -<)-------_ . ... -----0

100.0

95.0

90.0

".~~
~ 85.0«
'0
<i
> 80.00
E~
'"- 75.0c~
~~
0-

70.0

65.0

60.0
0.2 0.3 0.4 0.5

Flow Rate (I/min)

0.6 0.7 0.8
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Figure 5. I3 shows that residual arsenic for experiments with distilled water was well

below 50 ppb for the entire experimental range of initial arsenic and the change with

initial arsenic concentration was very low. But both for tap water and pretreated tap

water, the residual arsenic increases sharply with initial arsenic. Residual arsenic is

low for pretreated water than that for tap water with a difference of around 25 ppb. For

experiments with pretreated water, residual arsenic below 50 ppb was only obtained

for initial arsenic below 200 ppb at a flow rate of 0.5 l/min. For the same flow rate for

tap water residual arsenic was below 50 ppb for initial arsenic below 100 ppb.

For distilled water percent removal was above 95% for all initial arsenic concentration

and water flow rates. For tap water, percent removal varied between 50 and 83%

depending on initial arsenic and flow rate. For pretreated water the range was 65 - .

93%.

5.1.4 EFFECT OF SULFATE

Figure 5. I7 shows the effect of initial sulphate on residual arsenic. However, such

plots cannot give a real picture because of uncertainty regarding other parameters

which are not necessarily constant.

Experimental data show that sulphate concentration has a major negative effect on the

performance of the resin. Removal of sulphate by the resin was above 97%. This

affect the capacity of the resin in removing arsenic because sulphate is present in ppm

level.

5.2 DISCUSSION

Performance of a separation process cannot be truly judged on the basis of percentage

removal alone because percent removal gives only a measure of separation. But it

cannot give any idea of the quality of the treated substance. On this basis and based on

the importance of treated water quality in case of arsenic removal, residual arsenic is

considered as an equally important performance criteria as percent removal in t~is

study. When residual arsenic is referred, special attention is paid to the value 50 ppb

for obvious reason.
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All the experiments in this study were carried out using the same resin bed. The total

volume of water treated was about 100 litre. The volume of resin in the bed was 0.926

liter. The average initial arsenic in raw water was 450 ppb. The claimed capacity of

the resin to treat water with that initial arsenic is more than 14 liters of water per

milliliter of resin, if proper conditions are met. Based on this it was assumed that

continuation of experiments with the same bed will have no or little influence on the

effects of other operating and quality parameters. Nevertheless, if the effect of change

in concentration of treated water with length of operation was taken into account,

results of more accuracy could have been obtained.

The operating range of flow rate for this study was limited by the experimental setup.

Flow rate is a measure of contact time and there is, of course, a minimum contact time

requirement for every separation operation. However, in the range of operating flow

rate of the experiments, no flow rate brought a major change in the performance of the

resin. Consequently no minimum contact time could be defined.

The operating range of initial arsemc was selected on the basis of the arsemc

contamination level prevailing in Bangladesh.

Study of the effect of a specific water quality parameter demands satisfaction of the

'constant other parameters' condition. But, during the course of this study, this

condition was not met. The types of water used to study the effect of water quality

varied markedly in different parameters. As a result, the observed effects cannot be

attributed to any single parameter. Nevertheless, it is well established that sulfate

competes with arsenic in ion exchange. This is supported by the experimental results.

Data show that sulfate removal was always above 97%. Hence, consideration of

sulfate as a major affecting water quality parameter, in some way, is acceptable.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

The major conclusions drawn from this study are as follows:

I. Arsenic removal from water can be effectively carried out using ion exchange to

any desired extent if proper operating and quality parameters are maintained.

2. Initial arsenic has a very strong effect on the performance of a resin. Generally,

residual arsenic increases with initial arsenic, although percent removal increases

also.

3. Removal of arsenic is most strongly influenced by raw water quality.

4. Flow rate of water has no or little effect on the performance of the resin in the range

of experimental flow rate.

5. Presence of sulfate strongly affects the performance of the resin.
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6.2 RECOMMENDATIONS FOR FUTURE WORK

The following recommendations are made to extend the present study

I. In the present study, synthetic samples were used. Experiments usmg water

collected from field level is recommended to have a real picture of the

performance in field level.

2. To study the effect of a specific water quality parameter, it is recommended that

other quality parameters should be kept constant.

3. Correction of the residual arsenic quantity with the incorporation of the effect of

run length is recommended.
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APPENDIX-A

DATA ON ARSENIC CONTAMINATION OF
BANGLADESH

Table A-I: Arsenic Contamination: by Division and Nationality

Division Total Arsenic Total than as Arsenic Affected Affected
Districts aftected* affected thanas,% of thanas, % of

districts thanas total thanas all thanas in
the country

Dhaka 17 t6 134 61 45% 12%

Chillagong 11 7 93 21 22% 4%

Rajshahi 16 16 127 35 27% 7%

Khulna 10 10 63 42 66%} 9%

Barisal 6 6 38 18 47% 4%

Sylhel 4 4 35 34 97% 7%

Bangladesh 64 59 490 211 43%

(* Where arsenic concentration in groundwater is above 50 ppb)
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APPENDIX-B

EXPERIMENTAL DATA

Table 8-1: Residual Arsenic at Different Flow Rates and
Different Initial Arsenic (For distilled water).

FLO!,¥
RATE RESIDUAL ARSENIC
(I/min)

I.A=140ppb I.A=260ppb I.A=535ppb I.A=1040ppb

1.2 3 11 10 14
1 5 8 12 16

0.7 7 11 14 19
0.5 6 11 15 26
03 5 15 20 32

Table 8-2: Residual Arsenic at Different Flow Rates and Different
Initial Arsenic (For pretreated water).

FLOW
RATE RESIDUAL ARSENIC
(//min)

I.A=30ppb I.A=60ppb I.A=160ppb I.A=537ppb I.A=895ppb
0.7 10 10 10 106 193
0.6 10 10 10 146 194
05 10 20 10 186 195
0.4 10 20 10 185 195
0.3 10 20 10 185 195

Table 8-3: Residual Arsenic at Different Flow Rates and
Different Initial Arsenic (For tap water).

FLOW
RATE RESIDUAL ARSENIC
(//min)

I.A=70ppb I.A-180ppb I.A=392ppb I.A=895ppb
12 30 40 198 223
1 30 40 195 225

0.7 30 40 196 225
0.5 30 30 198 219
0.3 30 30 196 229
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Table 8-4: Percent Removal of Arsenic at Different Flow
Rates and Different Initial Arsenic (For distilled

FLOW
RATE PERCENT REMOVAL OF ARSENIC
(I/min)

I.A=140ppb I.A=260ppb I.A=535ppb I.A=1040ppb

1.2 98 96 98 99
1 96 97 98 98

0.7 95 96 97 98
0.5 96 96 97 98
0.3 96 94 96 97

Table 8-5: Percent Removal of Arsenic at Different Flow Rates and
Different Initial Arsenic (For pretreated water).

FLOW
RATE PERCENT REMOVAL OF ARSENIC
(I/min)

I.A=30ppb . I.A=60ppb I.A=160ppb I.A=537ppb I.A=895ppb

0.7 67 83 94 80 78
0.6 67 83 94 73 78
0.5 67 67 94 65 78
0.4 67 67 94 66 78
03 67 67 94 66 78

Table 8-6: Percent Removal of Arsenic at Different Flow
Rates and Different Initial Arsenic (For distilled

FLOW
RATE PERCENT REMOVAL OF ARSENIC
(I/min)

I.A-70ppb I.A=180ppb I.A=392ppb I.A=895ppb
1.2 57 78 50 75
1 57 78 50 75

0.7 57 78 50 75
0.5 57 83 50 76
0.3 57 83 50 74
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