
 
 

Delft University of Technology

Field Experiments and Reactive Transport Modeling of Subsurface Arsenic Removal in
Bangladesh

Rahman, Mohammad

DOI
10.4233/uuid:5b950e57-3704-43b2-ab03-f0da1dd79cc9
Publication date
2017
Document Version
Final published version
Citation (APA)
Rahman, M. (2017). Field Experiments and Reactive Transport Modeling of Subsurface Arsenic Removal in
Bangladesh. [Dissertation (TU Delft), Delft University of Technology].
https://doi.org/10.4233/uuid:5b950e57-3704-43b2-ab03-f0da1dd79cc9

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:5b950e57-3704-43b2-ab03-f0da1dd79cc9
https://doi.org/10.4233/uuid:5b950e57-3704-43b2-ab03-f0da1dd79cc9


511502-L-os-rahman511502-L-os-rahman511502-L-os-rahman511502-L-os-rahman Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017

The principle of Subsurface Arsenic (As) Removal 
(SAR) is to extract anoxic groundwater, aerate it and 
reinject it. Oxygen in the injected water reacts with 
iron in the resident groundwater to form hydrous ferric 
oxide (HFO). Dissolved As sorbs onto the HFO, which 
allows for the extraction of groundwater with lower As 
concentrations.
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PREFACE
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SUMMARY

Arsenic (As) in drinking water is a major public health concern in many parts of the

world. More than 35 million people in Bangladesh are estimated to consume ground-

water containing more than 50 μg/L As (the Bangladesh drinking water standard); an

overwhelming 57 million people drink groundwater with more than 10 μg/L As. Avail-

able As mitigation options in Bangladesh include the use of As-safe rainwater, surface

water, deep groundwater, and a number of As removal filter systems. The overall contri-

bution of the filter systems is insignificant in the As mitigation in Bangladesh. Subsurface

As removal (SAR) is a relatively new treatment option that can be operated by modifying

existing shallow tube wells. The principle of SAR is to extract anoxic groundwater, aerate

it and re-inject it. Oxygen in the injected water reacts with iron in the resident ground-

water to form hydrous ferric oxide (HFO). Dissolved As adsorbs onto the HFO, which

allows for the extraction of groundwater with lower As concentrations. The performance

of SAR is a function of the groundwater composition, which varies from place to place in

Bangladesh. The effect of subsurface processes and key hydrogeochemical parameters

on SAR performance must be quantified to determine the spatial variability of potential

SAR performance in Bangladesh.

The principal objective of this research is to asses the potential of SAR technology in

Bangladesh and to determine the processes that control the (im)mobilization of As in the

shallow subsurface during SAR operation. The objectives of this research are achieved

by conducting field experiments and by developing and applying a reactive transport

model.

Two SAR units were built to asses the effect of different operational parameters. SAR

operation with a larger injection volume performs better for As and Fe removal in the

subsurface than the use of a smaller injection volume. Higher As removal was observed

during the extraction phase when a lower pumping rate was used compared to a higher

pumping rate. SAR operation with intermittent pumping resulted in higher As removal

than cycles with continuous pumping. Repeated injection-extraction cycles of an equal

volume resulted in higher As removal compared to regular cycles. All three alterna-

tive operations (repeated injection-extraction-injection cycles of an equal volume, lower

pumping rates, and intermittent pumping) resulted in better As removal than regular op-

eration. Cycles with intermittent pumping resulted in the highest As removal efficiency

and cycles with a lower pumping rate resulted in the lowest As removal efficiency of all

xxiii
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the alternative operations performed in this study. A combination of the three alterna-

tive operation is recommended for SAR application in rural Bangladesh.

A one-dimensional radially symmetric reactive transport model was developed with

the computer code PHREEQC (version 2.17) to simulate key hydrogeochemical reactions

during SAR operation. The model was developed for one of the SAR units. The model

gave reasonable results for measured concentrations of various parameters in the ex-

tracted water at the SAR well. The pH of the groundwater in the SAR system during injec-

tion, storage, and extraction phases significantly influenced the sorption of As. During

SAR operation, As(III) oxidizes to As(V) which is preferentially removed from the wa-

ter and thereby As(III) dominates in the end. These processes increase the overall As

sorption. The increased sorption capacity due to gradual buildup of HFO facilitates As

removal during SAR operation. The surface complexation modeling suggests that simul-

taneous sorption of H4SiO4 is an important factor limiting As removal during SAR oper-

ation. The simulated amounts of freshly precipitated HFO are such that aquifer clogging

does not seem to be a problem. The model was applied to two additional SAR sites in

Bangladesh to assess its transferability. The model is able to reproduce the observations

reasonably well for most of the considered parameters. The modeled SAR performance

was generally underestimated compared to the observed performance at the SAR wells.

Overall it is concluded that the model may be used to assess potential SAR performance

at other locations in Bangladesh with similar aquifer characteristics based on local hy-

drogeochemical conditions.

The reactive transport model used to simulate the field experiments was coupled to

a new aeration model using a Python script to calculate the injection water composition

for SAR simulation so that the model can be used at locations where the injection water

composition is not measured. The new model was used to quantify the sensitivity of SAR

performance to As, Fe, P, Si, pH, alkalinity, HFO, and CEC on SAR performance. Ranges of

these parameters were determined from several databases of Bangladesh groundwater

where possible. The model was applied at 200 locations with highly variable groundwa-

ter composition across Bangladesh. The model was run for a maximum of 500 cycles to

determine peak performance and to determine the number of cycles needed to reduce

performance to half peak performance. Results indicate that SAR performance is lower

for higher background levels of As, P, and Si. SAR performance is higher for higher back-

ground levels of Fe, alkalinity, CEC, HFO (except for the highest background HFO), and

molar ratio of Fe over As. The effect of background pH on SAR performance varies. A pre-

liminary map of suitable locations for SAR application is generated. 27.5% of the studied

locations resulted in SAR performance above 1 which indicates that the potential for

SAR application in Bangladesh is substantial. Results show that 93% of the studied loca-

tions with background As levels ranging between 50-100μg/L resulted in peak SAR per-
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formance above 1 and 38% of the locations with background As concentrations ranging

between 100-150μg/L resulted in peak SAR performance above 1. 22% of the locations

with background As levels ranging between 150-200μg/L resulted in peak SAR perfor-

mance above 0 and 5% of the locations with with background As levels above 200μg/L

resulted in peak SAR performance above 0. A significant amount of As can be removed

from groundwater with very high levels of As even when the drinking water standard is

not reached. The lifetime of SAR systems for most of the locations in Bangladesh where

SAR performance is above 0.5 can be significant as it takes on average more than 300

cycles to reduce peak SAR performance by 50%.
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INTRODUCTION
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2 1.1. Background

1.1. BACKGROUND
Access to safe drinking water is a basic human right and an essential component of ef-

fective policy for health protection [WHO, 2006]. Millions of tube wells have been in-

stalled in Bangladesh since the 1970s to provide pathogen-free drinking water instead

of the biologically contaminated surface water used before [Yu et al., 2003]. Due to the

extensive use of groundwater, Bangladesh has achieved success in the field of access

to pathogen-free drinking water and food security through groundwater irrigation. In

Bangladesh, about 97% of the total population came under pathogen-free water supply

coverage due to the extensive use of groundwater, facilitated by the presence of highly

productive aquifers [Yu et al., 2003].

Arsenic (As) in groundwater is a well known human carcinogenic substance which

causes cancers of the bladder, liver, and lung [Chowdhury et al., 2000; Chen and Ahsan,

2004]. Consumption of groundwater with As additionally causes cardiovascular disease

and hinders the mental growth of children [Chen et al., 1996; Wasserman et al., 2004].

Several parts of the world have elevated concentrations of geogenic As in drinking water

derived from groundwater sources. Considering the risk, the World Health Organiza-

tion (WHO) has set a drinking water standard of 10 μg/L for As [WHO, 2011]. About 200

million people worldwide are exposed to arsenic concentrations above 10 μg/L [WHO,

2011]. Affected countries include Bangladesh (57 million exposed people), India (40 mil-

lion), China (1.5 million) Argentina (1.2 million), and the United States (2.5 million).

It is estimated that more than 100 million people living in alluvial floodplains formed

by sediments derived from the Himalaya are exposed to elevated levels of As by drinking

shallow groundwater that has high concentrations of As [Ravenscroft et al., 2009]. The

drinking water standard for As in Bangladesh is 50 μg/L, which was also the standard in

the USA till 2001 [Koerth-Baker, 2017]. More than 35 million people in Bangladesh, i.e.,

27% of the total population, are estimated to consume groundwater containing more

than 50 μg/L As; an overwhelming 57 million people drink groundwater with more than

10 μg/L As (WHO guideline; [WHO, 2011]), of which 36% are children younger than 15

years [WRI, 1998; BGS and DPHE, 2001]. Arsenic poisoning has been recognized as the

second most important health hazard related to drinking water in the Synthesis report

of the United Nations [Johnston et al., 2001].

Globally, aquifers where geogenic As mobilization into groundwater plays an impor-

tant role can be classified broadly in three groups [Smedley and Kinniburgh, 2002]:

1. Strongly reducing aquifers.

2. Oxidizing aquifers mostly with high alkalinity and pH.

3. Aquifers with high contents of arsenopyrite and other sulfide minerals.
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High As aquifers associated with strongly reducing conditions pose the most serious

problems from a human health perspective because of its widespread nature. These

kinds of aquifers exist in, e.g., Bangladesh, India, Vietnam, Cambodia, and Pakistan

[Smedley and Kinniburgh, 2002]. Arsenic in the strongly reducing aquifers of Bangladesh

is supplied most likely by the As-containing sulfide minerals in the Himalaya that are

weathered, transported by the Ganges, Brahmaputra, and Meghna rivers, and deposited

throughout the Bengal Basin. Geochemical analysis of the sediments from the Bengal

Basin shows that a major portion of As is strongly associated with secondary Fe oxides,

which were formed by the oxidation of primary and secondary sulfide minerals contain-

ing As [Islam et al., 2004; Lowers et al., 2007; Kocar et al., 2008].

The most widely accepted mechanism responsible for As release into the resident

anoxic groundwater is reductive dissolution of Fe oxides mediated by microbes in the

aquifer. The reductive dissolution of Fe oxides reduces the binding sites for As associ-

ated with Fe oxides, with an additional contribution due to the reduction of As(V) to

As(III) [Nickson et al., 1998; BGS and DPHE, 2001; Akai et al., 2004; McArthur et al., 2004;

Islam et al., 2004; Ravenscroft et al., 2005; Meharg et al., 2006; Harvey et al., 2002, 2006;

Polizzotto et al., 2006, 2008; Neumann et al., 2010]. The organic carbon in the aquifer

serves as the electron donor driving these reduction processes. The sources of organic

content in the aquifer include degradation of plant material deposited within the sedi-

ments during the process of landform development, dissolved organic matter released

by near-surface peat deposits, and dissolved organic matter recharged from the surface

and ponds by irrigation pumping [BGS and DPHE, 2001; Harvey et al., 2002; McArthur

et al., 2004; Meharg et al., 2006; Neumann et al., 2010].

Dissolved sulfate in the water can also be reduced to form poorly soluble sulfide

phases are formed because of the same anoxic aquifer conditions that trigger the release

of As in the groundwater of Bangladesh. These secondary sulfide minerals can sorb and

thereby sequestrate As from groundwater [Kirk et al., 2004; O’Day et al., 2004; Lowers

et al., 2007; Polizzotto et al., 2008]. A continuous supply of high concentrations of sulfate

can sustain the sulfide-induced As sequestration [Quicksall et al., 2008; Buschmann and

Berg, 2009]. A more likely source of sulfate is water recharged from surface water bodies

like ponds and rivers [Aziz, 2010].

Arsenic is also commonly found in oxidizing aquifers with high pH and alkalinity in,

e.g., the Chaco-Pampean region of Argentina where groundwater has elevated levels of

As primarily mobilized from volcanic ash, dispersed or interbedded within sediments

[Bhattacharya et al., 2006]. The main source of dissolved As in oxidizing aquifers is the

desorption of As from the metal oxides present in the sediments (especially Fe and Mn

oxides and hydroxides) under high pH conditions [Smedley and Kinniburgh, 2002]. Oxi-

dizing aquifers with high levels of dissolved As are not found in Bangladesh.
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4 1.2. Arsenic mitigation activities in Bangladesh

In Bangladesh irrigated agriculture began in the early 1970s as part of the “Green

Revolution” and has resulted in a total irrigated area of 4.2 million ha in 2006, or 30%

of the total land area of Bangladesh. Approximately 3.8 million ha, or 90% of the total

irrigated area, uses groundwater [Hossain et al., 2008]. Arsenic accumulates in the soil

over time due to irrigation with high arsenic water [Khan et al., 2009; Panaullah et al.,

2009; van Geen et al., 2006; Norra et al., 2005; Patel et al., 2005; Meharg and Rahman,

2003; Ali et al., 2003; Huq et al., 2003; Alam and Sattar, 2000]. This can lead to soil As

concentrations that are toxic to rice plants, which in turn reduce the yield. The negative

impact of arsenic from irrigation with groundwater in Bangladesh is emerging and is

likely to have long-term consequences for food security and safety [Heikens et al., 2007;

Hossain et al., 2008; Panaullah et al., 2009].

1.2. ARSENIC MITIGATION ACTIVITIES IN BANGLADESH

Available As mitigation options in Bangladesh include the use of As-free rainwater, sur-

face water, deep groundwater, and a number of As removal systems with adsorption

media, such as Sono, Alcan, RedF, Sidko, etc. Sutherland et al. [2002] investigated the

performance of two household filters (Sono and Alcan) for removal of As and other key

elements such as Fe, Mn, and Al. The possible risk of microbial contamination of the

treated water, and the long-term efficiency of the filters was also investigated. Poten-

tial problems with these filters include sudden As breakthrough, clogging of the filter,

and generation of As-rich sludge. The overall contribution of these removal units is in-

significant in the As mitigation in Bangladesh [JICA and DPHE, 2009]. It has been found

that community acceptance of many of the options is low as people do not find them

as convenient as tube wells [Huq et al., 2003; Jakariya et al., 2005, 2007; Johnston et al.,

2010]. The concept of drinking water from tube wells has become an integrated part of

the daily life of people in Bangladesh. Any additional task to obtain safe drinking water

is thus likely to be difficult to manage in the long run, including the handling of filters on

the household basis and the management of subsurface arsenic removal [Kundu et al.,

2016b] (discussed in the following section). This may be the reason for the failure of sev-

eral As mitigation options that have been provided in Bangladesh [Kundu et al., 2016a].

Collecting water directly from tube wells is considered the easiest option by the peo-

ple of Bangladesh. That is why water from deep aquifers (>150 m) offers a possible al-

ternative source for As-safe drinking water; deep aquifers are generally known to have

low dissolved concentrations of As [BGS and DPHE, 2001]. However, drilling to depths

of 150 m or more is prohibitively costly as it involves mechanized techniques as com-

pared to the locally available hand-percussion technique used for shallow wells. The

cost of drilling deep wells costs approximately 2 to 4 times more money depending on
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1. Introduction 5

the depth than locally available hand-percussion technique used for shallow wells.

1.3. SUBSURFACE ARSENIC REMOVAL
Subsurface arsenic removal (SAR) is a relatively new treatment option that can be oper-

ated with negligible waste generation [Sarkar and Rahman, 2001; Rott et al., 2002; Appelo

and de Vet, 2003; Van Halem et al., 2009, 2010a,b; Sen Gupta et al., 2009]. The principal

idea of SAR is that injection of oxygenated water into an anoxic aquifer creates a sub-

surface iron oxide filter for As. A similar approach has been used in central Europe for

subsurface iron removal (SIR) for many decades [Hallberg and Martinell, 1976; Van Beek,

1985]. SAR has the potential to be a cost-effective option to provide safe drinking water

in rural areas of Bangladesh as existing shallow tube wells can be modified to perform

SAR [Van Halem et al., 2010a].

SAR technology consists of three steps (e.g., Van Halem et al. [2009]). At the first

step, anoxic water containing iron and As is extracted from the aquifer and aerated in an

aeration tank. Second, the aerated water is re-injected into the aquifer where the oxygen

in the injected water reacts with ferrous iron in the aquifer to form hydrous ferric oxide

(HFO), and at the third step, a larger volume of water with low As concentration can

be extracted because As sorbs onto the HFO. Arsenic, in many instances, co-occurs in

groundwater with significant levels of iron, as reductive dissolution or desorption of As

from iron oxides releases both iron and As to the groundwater [Nickson et al., 1998, 2000;

McArthur et al., 2001; Dowling et al., 2002; Harvey et al., 2002; Swartz et al., 2004; Postma

et al., 2007, 2010]. Availability of iron is essential for As retention in the subsurface by

the processes of ferrous iron oxidation, precipitation of iron oxide, co-precipitation and

adsorption of As, iron, and other ions on iron oxide surfaces. A cyclic injection of oxygen-

rich water creates an oxidation zone in the subsurface and oxidizes adsorbed Fe(II) to

Fe(III)-oxide, thereby forming new adsorption sites in the aquifer for Fe(II) and trace

elements such as As. A number of injection-extraction cycles may be required to reach

maximum removal efficiency [Van Halem et al., 2010a].

SAR has the following advantages over other household and community arsenic re-

moval systems, such as SONO and Alcan [Van Halem, 2011]:

1. No filter media is required.

2. Only minor maintenance is required.

3. All hardware for the modification of an existing hand pump are locally available or

repairable.

4. Fe is removed from the water in addition to As (often in larger volume than As), which
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6 1.3. Subsurface Arsenic Removal

improves the taste and color of the water and greatly enhances the potential for social

acceptance.

5. SAR can be used on a large scale to provide irrigation water with lower levels of As.

The use of irrigation water with lower levels of As will reduce the accumulation of As

in crops (rice) and soil As and reduce the crop (rice) production loss.

Previous field studies with small-scale application of SAR have indicated that the

subsurface retention of arsenic can be achieved, but results are inconsistent. Rott et al.

[2002] and Appelo and de Vet [2003] reported a reduction of As concentrations from

40μg/L to below the WHO guideline in SAR field experiments in Germany and the Nether-

lands, respectively. In Bangladesh, SAR was tested by Sarkar and Rahman [2001] and

Van Halem et al. [2010a]. In the study of Sarkar and Rahman [2001], the background As

level was 500-1300 μg/L and the As concentration of the extracted water never dropped

below the Bangladesh guideline, while in the study of Van Halem et al. [2010a] the back-

ground As concentration was 145 μg/L and the level dropped below the Bangladesh

guideline.

The SAR studies performed in Bangladesh Sarkar and Rahman [2001] and Van Halem

et al. [2010a] listed a number of possible reasons for insufficient As removal:

1. Insufficient oxygen (below the saturation level) in the injection water [Sarkar and Rah-

man, 2001]

2. Low Fe to As ratio in the background water [Sarkar and Rahman, 2001]

3. Insufficient contact time between reduced groundwater and the oxidized zone in the

subsurface to reach sorption equilibrium during extraction due to high pore water

velocity or small injection volumes [Van Halem et al., 2010a]

4. The presence of anions, especially phosphate, competing with As for available sorp-

tion sites on iron oxide [Van Halem et al., 2010a]

Insight into the mechanisms controlling SAR is still limited [Appelo and de Vet, 2003;

Van Halem et al., 2010b] and it is difficult to estimate SAR performance a priori for a

given location. It is important to determine the hydrogeochemical processes that are re-

sponsible for the (im)mobilization of As in the shallow subsurface during SAR operation

and to develop a tool that can assess the potential SAR performance based on local hy-

drogeochemical conditions. Reactive transport modeling is a process-based approach to

describe the geochemical reactions and mechanisms controlling the (im)mobilization of

As in the shallow subsurface during SAR operation and may be used to assess potential

SAR performance. The spatial variability of the groundwater composition in Bangladesh
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is very high [BGS and DPHE, 2001], which increase the uncertainty whether SAR can be

a potential As mitigation option for significant parts of Bangladesh. It must be explored

how SAR performance varies under different hydrogeochemical settings and sensitivity

of SAR performance to different key hydrogeochemical parameters must be quantified.

1.4. RESEARCH OBJECTIVES
The principal objective of this research is to determine the potential of subsurface ar-

senic removal as an effective arsenic mitigation option in rural Bangladesh. The follow-

ing four specific objectives are considered in this research:

1. To determine the effect of operational parameters (e.g., injection volume, pumping

rate, continuous vs. intermittent pumping) on SAR performance through field ex-

periments. Insight in the effect of operational parameters is critical for successful

application of SAR under field conditions in rural Bangladesh.

2. To develop a reactive transport model through simulations of the conducted SAR ex-

periments in order to understand the processes that control the (im)mobilization of

As during SAR operation in Bangladesh.

3. To determine the sensitivity of subsurface arsenic removal to key hydrogeochemical

parameters with a reactive transport model.

4. To quantify and map the potential performance of SAR under different hydrogeo-

chemical settings in Bangladesh with a reactive transport model.

1.5. THESIS OUTLINE
The research objectives are achieved by conducting field experiments and by developing

and applying a reactive transport model.

In Chapter 2, the basics of a SAR system are described and details of the conducted

experiments are presented, including site selection and characterization, well drilling,

sediment collection, SAR unit installation, water sampling and analyses, and geochemi-

cal analysis of sediment samples collected from different SAR sites.

The focus of Chapter 3 is the effect of operational parameters on SAR performance

under field conditions in rural Bangladesh. Four experiments were carried out. Each

experiment was designed to investigate the effect of an alternative SAR operation on the

performance. Objective 1 and part of the principal objective of this research are ad-

dressed in Chapter 3.

In Chapter 4, the development of the reactive transport model is described to quan-

tify the specific processes that are active in the highly reducing shallow Holocene aquifer
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8 1.5. Thesis outline

in Bangladesh. In this modeling study, the specific focus was to obtain mechanistic in-

sight in the interplay of the hydrogeochemical processes responsible for the (im)mobiliza-

tion of As during SAR operation. The effects of pH, ion competition for sorption sites,

and dominant surface complexation reactions involved during SAR operation are dis-

cussed. The transferability of the model to other areas of Bangladesh is assessed at the

end of this chapter. Chapter 4 addresses Objective 2 of this research.

The focus of Chapter 5 is the evaluation of SAR performance under strongly reducing

condition with different hydrogeochemical settings throughout Bangladesh to develop

a preliminary map of suitable locations for SAR application. The effect of background

levels of different key hydrogeochemical parameters on SAR performance in Bangladesh

is discussed including pH, alkalinity, As, Fe, P, Si, Hydrous ferric oxide (HFO), and cation

exchange capacity (CEC). The main objective of this research along with Objectives 3

and 4 are addressed in Chapter 5.

A synthesis of the performed research is provided in Chapter 6 with special emphasis

on the mechanisms and parameters (operational and hydrogeochemical) responsible

for limiting As im(mobilization) during SAR operation. The implications for process-

based SAR performance calculations are highlighted and future research directions are

given for SAR application along with subsurface removal of Mn in Bangladesh and other

parts of the world.
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SAR EXPERIMENTAL SETUP,

SAMPLING, ANALYSES, AND AND

BACKGROUND

HYDROGEOCHEMISTRY OF SAR

SITES

This chapter is based on:

M.M. Rahman, M. Bakker, S.C.B. Freitas, D. van Halem, B.M. van Breukelen, K.M. Ahmed, A.B.M. Badruzza-
man, Exploratory experiments to determine the effect of alternative operations on the efficiency of subsurface
arsenic removal in rural Bangladesh (Hydrogeology, 2014) and

M.M. Rahman, M. Bakker, C.H.L. Patty, Z. Hassan, W.F.M. Röling, K.M. Ahmed, B.M. van Breukelen, Re-
active transport modeling of subsurface arsenic removal systems in rural Bangladesh., Science of the Total
Environment, 2015)

9
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10 2.1. Description of a SAR unit

2.1. DESCRIPTION OF A SAR UNIT

Several SAR units were installed at different locations in Bangladesh to perform SAR op-

eration. A SAR unit consists of a well, an aeration tank, and pipelines for injection and

extraction of water during SAR operation. The experimental setup of a SAR units is illus-

trated in Figure 2.1. Separate pipelines with valves were connected to the SAR wells for

injection and extraction. Flow meters were connected to the pipes to measure volumes

of injected and extracted water. The injection and extraction pipes were connected to an

aeration tank. The tanks were placed on a roof top about 5 m above ground level to allow

for gravity injection. Shower heads and disc aerators were placed in the aeration tank

to achieve high dissolved oxygen levels with the help of an air compressor. Connections

for inline monitoring of field parameters were made and sampling taps were attached to

the injection and extraction lines for sampling during injection and extraction. Electrical

suction pumps were used for extraction of groundwater.

Figure 2.1: Experimental set-up for subsurface As removal at the study site after [Freitas et al., 2014]
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2.2. SITE SELECTION FOR SAR UNIT INSTALLATION

The SAR experiments for this study were performed in two phases. The first phase was

from September 2012 to December 2013 and the second phase was from March 2014 to

June 2015. Selection of suitable locations to perform SAR experiments was necessary for

this research in order to determine the As removal efficiency with SAR under different

hydrogeochemical conditions. Several sites were selected primarily for the first phase

based on hydrochemical parameters favorable for As removal such as low PO4, SiO4, and

HCO3, and high Fe, molar ratio [Fe]/[As], and high pH. A number of sites were selected

primarily for the second phase based on the same hydrochemical parameters consid-

ered during the first phase except the background As concentrations were about half

compared to the location used for SAR experiments during the first phase. Several so-

cial aspects were also considered during site selection for the second phase. The social

criteria are as follows: 1) high percentage of As contamination, 2) low safe water cover-

age, 3) minimum As mitigation option available, 4) locations unfavorable for deep well

installation, 5) location with potential demand for SAR technology. Groundwater sam-

ples were collected and on site measurements were taken from the primarily selected

locations. Finally based on the laboratory analyses the best location was selected dur-

ing both phases for SAR experiments. The sites selected for SAR experiments for the first

and second phase are in Muradnagar upazila (sub district) of Comilla district and Singair

upazila of Manikganj district respectively(see Figure 2.2).

2.3. FIELD SITE DESCRIPTION

Three SAR units were constructed at the Comilla site and are referred to as SAR well

A1, SAR well A2 (both 1 m3 injection capacity) and SAR well A3 (5 m3injection capac-

ity)(Figure2.3). One well was drilled for each SAR unit using the hand percussion reverse

circulation drilling technique, the "sludger" method, commonly used in rural Bangladesh

[BGS and DPHE, 2001]. SAR wells A1 and A2 are 1.5 inches (38.1 mm) in diameter and

are drilled to depths of 20.5 m and 22.5 m respectively with a 3 m screen section placed

at the bottom of each well. SAR well A3 is 2 inches (50.8 mm) in diameter and is drilled

to a depth of 22.5 m with a screen section of 5 m placed at the bottom of the well. One

SAR unit was constructed at Manikganj site and referred to as SAR well B. Same method

was used to drill the well. SAR well B is 1.5 inches (38.1 mm) in diameter and drilled to a

depth of 18.5 m with a screen section of 3 m placed at the bottom of the well.
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Figure 2.2: Map of SAR wells located in, Muradnagar upazila of Comilla district, and in Singair upazila of
Manikganj district, Bangladesh.

2.3.1. LOCATION, GEOLOGY, AND HYDROGEOLOGY OF THE SITE SELECTED

FOR THE FIRST PHASE

The area of the study site for the first phase is about 1900 m2. The aquifer at this site is

composed of unconsolidated alluvial sediments derived from the Himalayan and Indo-

Burman Range. These sediments were deposited by the Ganges-Brahmaputra-Meghna

(GBM) river systems in the Bengal basin ([Uddin and Lundberg, 1998] and form the most

productive aquifer system, being the main source of drinking, household, and irrigation
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Figure 2.3: Cross section (length 55 m) of the study site constructed from the cutting data of the five boreholes
drilled at the study site. Borehole logs are also plotted. Borelogs A1, A2, and A3-0 represent the three SAR wells
used in the experiments

water in Bangladesh. The study area is within the geomorphic unit called the Tiperra

surface [Morgan and McINTIRE, 1959]. This is a relatively elevated (3–10 m asl) flat land,

lying between the Meghna Flood Plain in the west and Tripura Foot Hills in the east. The

Tippera surface is made up of recent alluvial deposits of clay, silt, silty loam, and sand.

Bakr [1977] subdivided the Tippera Surface into two geomorphic units, viz. the Chandina

Deltaic Plain, between Meghna Flood Plain in the west and Lalmai Hills in the east, and

the Lalmai Deltaic Plain, between Lalmai Hills and Tripura Foot Hills. The Lalmai Deltaic

Plain is an uplifted terrace as evidenced by the surface presence of Madhupur Clay at

some places. The surface geology of the study area can be divided into alluvial silt (asl),

alluvial silt and clay (asc), alluvial clay (ac), and paludal clay and peat (ppc) [Alam et al.,

1990].

The aquifer at the study site is composed predominantly of argillaceous (sand–silt–clay)

facies, representing the Holocene alluvial deposits [Hasan et al., 2009]. The borehole logs

of Comilla site depict that the aquifer is composed of alternating silty clay and very fine

to fine grained sandy material. The upper shallow sandy aquifer is covered by a het-

erogeneous near-surface silty section. The screened aquifer can be considered as leaky-

confined and is bounded by a thin (0.5 m) clay layer on top and a thick ( 30 m) clay layer
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14 2.3. Field site description

at the bottom. Groundwater in the study area occurs mostly within 5 m below ground

level (bgl) and yearly fluctuation of the water level is between 2 and 6 m bgl. Ground-

water flow follows the general topography of the area, i.e. from higher elevations in the

east to lower elevations in the west. The groundwater flow direction is almost reversed

during the dry season due to large scale extraction for irrigation [Hasan et al., 2009]. Hy-

draulic conductivity (K) of the target aquifer at SAR well A3 is 4.9 m/day as determined

with a slug test. The estimated groundwater flow velocity of the study site is about 0.071

m/day.

2.3.2. LOCATION, GEOLOGY, AND HYDROGEOLOGY OF THE SITE SELECTED

FOR THE SECOND PHASE

The study area at Singair upazila of Manikganj district is located approximately 70 km

NW of the capital city of Dhaka (Figure 2.2). The study area is limited geographically,

within 23.80 to 23.900N latitude, and 89.95 to 90.050E longitude. The area is covered

mostly by recent alluviums deposited by the Ganges–Brahmaputra river system. The sur-

face geology of the area is characterized by alluvial silt and clay, alluvial silt, and marsh

peat and clay deposits [Shamsudduha et al., 2008]. The geomorphology of the study area

is typically fluvial which is characterized by several active channels, abandoned chan-

nels, natural levees, backswamps, and floodplains. The geomorphic features and surface

geology of the study area suggests that these landforms were formed mostly during the

late Quaternary period [GRG and HG, 2002].

The subsurface geology and the formation of various aquifers in the study area is

characterized by several fining-upward sedimentary sequences. The color of the sed-

iment in the study area varies from dark gray to orange-brown [Shamsudduha et al.,

2008]. Shallow (10–60 m bgl) sediments are generally gray to dark gray indicating re-

ducing conditions, whereas, deeper (>60 m bgl) sediments are mostly yellowish-brown

to orange indicating oxidizing conditions. A detailed description of sedimentary facies

and petrography of the study area can be found in Shamsudduha et al. [2008]. Aquifers

are broadly classified into two groups: (1) the shallow aquifer system is encountered at

∼10 m bgl and extends down to a depth of 90 m bgl, is composed of fine to medium gray

to pale-yellowish sand and silt in the upper 50 m bgl and the bottom part of the aquifer

is composed of medium to coarse sand with some gravels; and (2) the deep aquifer sys-

tem occurring at >100 m bgl is composed of fine to medium grained yellowish brown to

bright orange-brown sands. The bottom part of the deep aquifer system is composed of

medium to coarse grained sands. Sediment characteristics, color, and composition sug-

gest that deep aquifers are composed of sediments equivalent to the Dupi Tila Formation

of the Pliocene–Pleistocene age [BGS and DPHE, 2001; Shamsudduha et al., 2008].
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2.4. ON-SITE MEASUREMENTS

Temperature, pH, redox potential (Eh), electrical conductivity (EC), and dissolved oxy-

gen (DO) were measured using portable meters in a flow-through cell connected at the

sampling point of the SAR unit. Electrical conductivity and temperature were measured

using an Aqualytic portable meter (CD 22). A Hanna portable meter (HI 9025) was used

to measure groundwater pH. Dissolved oxygen was measured using a Luton meter (DO

5510). Redox potential was measured with a Pt/HgCl electrode and corrected with re-

spect to a standard hydrogen electrode (SHE).

2.5. GROUNDWATER SAMPLE COLLECTION AND ANALYSIS

Groundwater samples were collected from the study sites before the start of SAR to deter-

mine the background groundwater quality. During the experiments, samples were col-

lected from selected injection and extraction cycles and were preserved in 30 ml polyethy-

lene bottles following the sampling protocol described by Bhattacharya et al. [2002b] and

Hasan et al. [2007]. Samples were filtered (using Sartorius 0.45 μm online filters) and

subsequently acidified (1:100) with suprapure HNO3 (14 M) to bring the pH below 2 for

cation and trace element analyses; samples for anion analyses were stored without acid-

ification. As speciation was done with a field method (Clifford et al., 2004) using anion

exchange resin columns (Amberlite IRA400).

Analyses of Cl, SO4, NO3 and PO4 were done with a Dionex DX-120 ion chromato-

graph equipped with an IonPac As14 column. Dissolved organic carbon (DOC) in the

water samples was determined on a Shimadzu 5000 TOC instrument. Alkalinity was de-

termined by standard titration method. Cations (Ca, Mg, Na, and K) and trace elements

including total As were analyzed by a Perkin-Elmer Flame AAS 3110, a Perkin-Elmer 4300

ICP-OES, and a Varian 730 ES ICP-OES.

2.6. SEDIMENT SAMPLE COLLECTION AND ANALYSIS

Coring operation to collect sediment samples from borehole was accomplished using

local geotechnical methods of percussion drilling. Sediment cores were collected from

each SAR site. Sediments were collected in PVC tubes and immediately sealed with wax

and epoxy to prevent oxidation as much as possible as described by von Brömssen et al.

[2008]. Two sediment cores were collected from the depths of 20.7 m and 21.5 m from

SAR well A at Comilla district and three sediment cores from the depths of 15.8 m, 16.5

m and 17.1 m were collected from SAR well B at Manikganj district.

The sediment samples were analyzed for mineral constituents and soil organic mat-

ter (SOM) contents. Each sediment cores were homogenized and sub-samples were
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taken for different analyses. Major mineral constituents of sediment samples were de-

termined by standard methods of powder X-ray diffraction (XRD) by a Bruker D8 Ad-

vance diffractometer and Bragg-Brentano geometry with graphite monochromator and

Vantec position sensitive detector. Soil organic carbon was determined from acidified

sample on a Carlo Erba 1500NA elemental analyzer. Calcium carbonate was determined

by calculating the carbonate percentage of sediments by measuring the weight loss as

a function of temperature in a controlled environment using the LECO TGA-601. The

clay and silt fraction were determined according to Konert and Vandenberghe [1997] by

measuring the grain size distribution on a FRITSCH Laser Particle Sizer A22 (Fritsch, Idar

Oberstein, Germany).

Sequential extraction was carried out to quantify the reactive Fe content of the sedi-

ments. The sediment samples from study site were sequentially leached as described by

von Brömssen et al. [2008] using:

1. deionized water (DIW) for quantification of the water soluble fraction of As and other

trace elements

2. 0.01 M NaHCO3 for the release of elements under high pH conditions

3. 1 M Na acetate (C2H3NaO2, NaAc) for elements bound to carbonate and phosphates

phases

4. 0.2 M ammonium oxalate (NH4C2O4) for quantification of Fe, Al, and Mn bound to

amorphous oxides and hydroxides in the sediments

5. 0.2 M ammonium oxalate (NH4C2O4) + 0.1 M ascorbic acid (Oxalate+AA) for resid-

ual amount of Fe, Al and Mn bound to oxides and hydroxides including crystalline

phases.

Resulting solutions were analyzed by standard methods of ICP-OES as described in sec-

tion 2.5.

2.7. BACKGROUND HYDROGEOCHEMISTRY AT DIFFERENT SAR

WELLS

2.7.1. GEOCHEMISTRY OF THE AQUIFER AT SAR WELL A3
The geochemical composition of homogenized sediment core samples is shown at the

bottom of Table 2.1. Core samples were taken at 20.7 m and 21.5 m below surface level

(bsl) at SAR well A3. Core samples were taken at 15.8 m, 16.5 m, and 17.1 m below surface

level (bsl) at SAR well B. The sediment samples were analyzed for mineral constituents
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and soil organic matter (SOM) content, reactive Fe content (amorphous and crystalline),

and for grain size. Sediment iron content determined by oxalate extraction is considered

as HFO in this research for simplicity according to Robinson et al. [2011].

The saturation index of the groundwater with respect to calcite was -0.37, near satu-

ration. According to X-ray diffraction analysis, pyrite and siderite were below the detec-

tion limit (the detection limit is 2-3%). The aquifer layer contains large amounts of HFO

(Table 2.1). The cation exchange capacity (CEC) was high in the aquifer layer (Table 2.1)

and was calculated based on the average clay and soil organic matter contents according

to Appelo and de Vet [2003]:

C EC (mmol /kg ) = 7W c +35W c � (2.1)

where Wc is weight percentage of clay and Wc’ is weight percentage of organic car-

bon.
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Table 2.1: Background hydrogeochemistry of the aquifers at the SAR locations.

Parameters Units Detection SAR well SAR well SAR well SAR well Bangladesh value
limit A1 A2 A3 B (10, 50, 90 percentiles)a

Depth m 21.4 20.7 22.5 18.3 16, 35, 137.2
EC μS/cm N/A 580 630 588 495 N/A
Cl mg/L 0.1 40 28.1 47.81 17.5 N/A
Eh mV N/A -137.0 -130.0 -137.2 N/A N/A
T ◦C N/A 26.5 26.5 26.47 28.9 N/A
pH N/A 6.95 6.88 6.97 6.67 N/A
Alkalinity mg/L N/A 195 357 292.8 293 N/A
DO mg/L N/A 0.1 0.3 0.38 0.3 N/A
NO3 mg/L 0.05 bdlb bdlb bdlb bdlb N/A
DOC mg/L 0.06 4.82 5.1 5.1 N/A N/A
SO4 mg/L 0.1 bdlb 0.06 0.3 0.1 0.3, 1.6, 17.3
Na mg/L 0.008 25.1 27.7 35.9 49.6 8.3, 25.8, 263
K mg/L 0.003 7.5 8.1 8.5 2.9 1.2, 2.9, 9.9
Ca mg/L 0.02 24.4 40.5 63.1 46.1 7.8, 32.8, 119
Mg mg/L 0.01 40.2 40.6 52.6 17.3 3.4, 15.3, 41.3
PO4 mg/L 0.1 0.08 0.1 0.14c 0.1 N/A
P mg/L 0.004 N/A 1.9c N/A 1.9c 0.2, 1.31, 2.7
Fe mg/L 0.002 12.59 12.9 8.6 9.1 0.06, 1.1, 9.1
Mn mg/L 0.0001 0.27 0.24 0.16 0.29 0.03, 0.3, 1.4
Si mg/L 0.01 29.6 27.6 31.2d 25.7 12.2, 20.2, 29.3
As μg/L 0.007 203 380 201 69 1.1, 21, 248
As(III) μg/L 0.007 165 304 162d 60 N/A
As(V) μg/L 0.007 38 76 39d 9 N/A
HFOe mol/Lf N/A N/A 0.71g h 0.71h 1.47 N/A

g/L N/A N/A 12.3 12.3 25.33 N/A
Goethitee mol/Lf N/A N/A 3.2g h 3.2h 2.9 N/A

g/L N/A N/A 45.86 45.86 41.56 N/A
CECi eq/Lf N/A N/A 0.095g h 0.095h 0.099 N/A

meq/kg N/A N/A 15.85 15.85 10.54 N/A

a
Bangladesh values were taken and calculated from the dataset (n=3354) published by

BGS and DPHE [2001].
b

Concentrations were below detection limit.
c
Used in the model (see Chapter 4).

d
Measured after 16 cycles.

e
Amorphous iron oxide.

f
The conversion from g/kg or eq/kg to mol/L as required in PHREEQC was done

assuming a bulk density of 1.855 and 30% porosity (see Chapter 4).
g

mean concentrations (n= 2 for SAR wells A3 and A2; for SAR well B, n = 3).
h

Concentrations were measured at SAR well A3;Wells A2 and A3 are only 75 m apart.
i
Cation exchange capacity.
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2.7.2. HYDROCHEMISTRY OF THE AQUIFER AT ALL SAR WELLS

Background groundwater chemistry of all SAR units is presented in Table 2.1. The ground-

water pH of the study site is circum-neutral. Groundwater redox potential (Eh) indicates

highly reducing aquifer conditions in agreement with low dissolved oxygen (DO) levels

and high Fe levels. Ca and HCO3 (alkalinity) are the dominant ions followed by Cl, Mg,

and Na. All major ions at the study site are well above the Bangladesh 10 or 50 percentile

values (Table 2.1). The Na and Ca concentrations at SAR Well A1 are slightly lower than

the Bangladesh’s 50 percentile value. The SO4 concentration at SAR Well A3 is equal to

the 10 percentile value of Bangladesh and the As concentrations at SAR units A1, A2, and

A3 are close to the 90 percentile value of Bangladesh (Table 2.1). There is a large differ-

ence between Ca and alkalinity levels of the four SAR units. Redox reactions are consid-

ered as a driving factor of As mobilization and hence concentrations of redox-sensitive

parameters such as Eh, HCO3, DOC, SO4, NO3, Fe, and Mn in the groundwater are im-

portant in understanding the redox conditions[Bhattacharya et al., 1997, 2002a; Smedley

and Kinniburgh, 2002; Ahmed et al., 2004; Zheng et al., 2004; Bhattacharya et al., 2006;

Mukherjee et al., 2009; Hasan et al., 2009; Harvey et al., 2002]. From Table 2.1 it is clear

that total As, Fe, and HCO3 concentrations are high compared to Bangladesh median

values; DOC concentrations are also high but national statistics are not available. Mn

and SO4 concentrations are low, as is typical for reducing aquifer conditions. The SO4 to

Cl molar ratio was 0.002 compared to an ocean water ratio of 0.05 reflecting the (past) oc-

currence of sulfate-reduction. Groundwater phosphate concentration is very low com-

pared to the Bangladesh reference at all SAR well. Si levels are around the 90 percentile

values.
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3
EFFECT OF ALTERNATIVE

OPERATIONS ON THE EFFICIENCY

OF SUBSURFACE ARSENIC REMOVAL

IN RURAL BANGLADESH

This chapter is based on:

M.M. Rahman, M. Bakker, S.C.B. Freitas, D. van Halem, B.M. van Breukelen, K.M. Ahmed, A.B.M. Badruzza-
man, Exploratory experiments to determine the effect of alternative operations on the efficiency of subsurface
arsenic removal in rural Bangladesh (Hydrogeology, 2014)
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The principle of subsurface arsenic (As) removal (SAR) is to extract anoxic groundwater,

aerate it and re-inject it. Oxygen in the injected water reacts with iron in the resident

groundwater to form hydrous ferric oxide (HFO). Dissolved As sorbs onto the HFO, which

allows for the extraction of groundwater with lower As concentrations. SAR was applied

at a rural location in Bangladesh (As in groundwater = 200 μg/L) to study the effect of

different operational parameters on SAR performance, including repeated injection and

extraction of an equal volume, lower pumping rate, and intermittent pumping. Larger

injection volume, lower pumping rate, and intermittent pumping all had positive effects

on As removal indicating that As adsorption is kinetically limited. Repeated injection-

extraction of an equal volume improved As removal efficiency by providing more HFO for

sorption. After injection of 1,000 liters, a maximum of 3,000 liters of ‘safe’ water, as defined

by the Bangladesh national standard for As (<50 μg/L), was extracted, of which 2,000 liters

can be used as drinking water and the remainder is used for re-injection. Under this setup,

the estimated cost for 1,000 liters of As-safe drinking water is US$2.00, which means that

SAR is a viable mitigation option for rural areas.
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3.1. INTRODUCTION

Groundwater extracted from shallow alluvial aquifers in Bangladesh and the West Bengal

state of India contains As concentrations above the World Health Organization (WHO)

guideline (10 μg/L) at many locations [Bhattacharya et al., 1997, 2002b; Nickson et al.,

1998; Acharyya et al., 1999; BGS and DPHE, 2001; McArthur et al., 2001; Ahmed et al.,

2004; Ravenscroft et al., 2005]. The use of this groundwater for drinking and irrigation

purposes has created great concern for public health in this region [Chakraborti et al.,

2004]. Available mitigation options include the use of As-safe rainwater, surface water,

deep groundwater, and a number of As removal systems with adsorption media, such as

Sono, Alcan, RedF, Sidko etc. The overall contribution of these removal units is insignif-

icant in the As mitigation of Bangladesh [JICA and DPHE, 2009]. Subsurface As removal

(SAR) is a relatively new treatment option [Sarkar and Rahman, 2001; Rott et al., 2002;

Appelo and de Vet, 2003; Van Halem et al., 2010a,b; Sen Gupta et al., 2009]. SAR has the

potential to be a cost-effective option to provide safe drinking water in rural areas of

Bangladesh as existing shallow tube wells can be modified to perform SAR [Van Halem

et al., 2010a].

SAR technology consists of three steps (e.g., [Van Halem et al., 2009]. At the first step,

water containing anoxic iron and As is extracted from the aquifer and aerated. Second,

the aerated water is re-injected into the aquifer, and at the third step, a larger volume of

water with low As concentration can be extracted. As, in many instances, co-occurs in

groundwater with significant levels of iron, as reductive dissolution or desorption of As

from iron oxides releases both iron and As to the groundwater [Nickson et al., 1998, 2000;

McArthur et al., 2001; Dowling et al., 2002; Harvey et al., 2002; Swartz et al., 2004; Postma

et al., 2007, 2010]. Availability of iron is essential for As retention in the subsurface by

the processes of ferrous iron oxidation, precipitation of iron oxide, co-precipitation and

adsorption of As, iron, and other ions on iron oxide surfaces. A cyclic injection of oxygen

rich water creates an oxidation zone in the subsurface and oxidizes adsorbed Fe(II) to

Fe(III)-oxide, thereby forming new adsorption sites in the aquifer for Fe(II) and trace

elements such as As. A number of injection-extraction cycles may be required to reach

maximum removal efficiency [Van Halem et al., 2010a].

Rott et al. [2002] and Appelo and de Vet [2003] reported a reduction of As concen-

trations from 40 μg/L to below the WHO guideline in SAR field experiments in Germany

and the Netherlands, respectively. In Bangladesh SAR was tested by Sarkar and Rahman

[2001] and more recently by Van Halem et al. [2010a]. In the study of Sarkar and Rah-

man [2001], the background As level was 500-1300 μg/L and the As concentration of the

extracted water never dropped below the Bangladesh guideline, while in the study of

Van Halem et al. [2010a] the background As concentration was 145 μg/L and the level
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dropped below the Bangladesh guideline.

The performance of SAR systems may be expressed in terms of the extraction effi-

ciency (QE ).

QE =
(

V −Vi

Vi

)
(3.1)

where V is the volume of extracted water meeting the drinking water standard and V i

is the volume of injected water. When QE equals zero, this means that the volume of

extracted water meeting the drinking water standard is equal to the injected volume.

To calculate QE , the Bangladesh drinking water standards of 1 mg/L for Fe and 50 μg/L

for As are used. Both Sarkar and Rahman [2001] and Van Halem et al. [2010a] reported

extraction efficiencies in the range of 0-0.6. Both studies listed a number of possible

reasons for low removal efficiency:

i) insufficient oxygen (below the saturation level) in the injection water,

ii) low Fe to As ratio in the background water [Sarkar and Rahman, 2001],

iii) insufficient contact time between reduced groundwater and the oxidized zone in

the subsurface to reach sorption equilibrium during extraction due to high pore wa-

ter velocity or small injection volumes,

iv) the presence of anions, especially phosphate, competing with As for available sorp-

tion sites on iron oxide [Van Halem et al., 2010a].

The objective of the study presented in this chapter is to explore the effects of various

alternative operational parameters on SAR performance, as insight on the effect of op-

erational parameters is critical for successful application of SAR under field conditions

in rural Bangladesh. Four experiments were carried out. Each experiment investigates

a different approach to increase the opportunity for subsurface As immobilization by

adsorption on iron hydroxide surfaces.

The first experiment investigates the effect of larger and smaller injection volumes

with saturated levels of dissolved oxygen. The hypothesis is that larger injection volumes

will result in a larger oxidized zone and better adsorption opportunities for As.

The second experiment investigates the effect of repeated injection-extraction-injec-

tion cycles of an equal (extraction=injection) volume (of water) followed by extraction of

a larger volume than was injected. The hypothesis here is that the repeated injection-

extraction cycles of an equal volume will enrich the oxidized zone and provide more

adsorption sites, which will increase performance of the SAR system.

The third experiment investigates the effect of pumping rates on As removal dur-

ing the extraction phase. The hypothesis is that a lower pumping rate will increase the
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adsorption opportunity of As to the available adsorption sites in the oxidized zone and

enhance As removal.

The fourth experiment investigates the effect of intermittent extraction rather than

continuous pumping on As removal. The hypothesis is that intermittent operation will

increase the adsorption opportunity of As on the available adsorption sites in the oxi-

dized zone and enhance As removal. At the end of the chapter, a cost estimate is pre-

sented for construction and operation of a SAR unit in rural Bangladesh based on ex-

traction efficiencies observed in the experiments.

3.2. EXPERIMENTAL DESIGN

As stated, four experiments were carried out, each consisting of a number of injection

and extraction cycles. The experiments were carried out at SAR well A1 and SAR well

A3. In experiment 1, the effect of different injection volumes on SAR performance was

assessed with regular operational mode. In experiments 2, 3 and 4 regular operations

are compared with different, alternative operational parameters/modes. During regular

operation each cycle was performed with a single injection-extraction mode. Extraction

during the regular operation was performed continuously and the extraction volume

was always larger than the injection volume. In experiments 2, 3 and 4, each cycle with

alternative operation is alternated with a cycle of regular operation so that results can

be compared. One cycle with regular operation and cycle(s) with alternative operation is

referred to as a round. Specific operational parameters of each experiment are presented

in Figure 3.1 and discussed in the following.

3.2.1. EXPERIMENT 1:- DIFFERENT INJECTION VOLUMES

The purpose of this experiment is to investigate the effect of a larger injection volume.Two

different injection volumes of 1 m3 at SAR well A1 and 5 m3 at SAR well A3 were used for

this purpose. It is noted that there are other differences between SAR well A1 and SAR

well A3 that may cause differences in extraction efficiencies. These will be discussed in

detail in the Discussion section. Two different suction pumps were used for extraction

with pumping rates of 30 and 50 L/min for SAR well A1 and SAR well A3, respectively,

and the procedure flow diagram is shown in Figure 3.1a. First the aeration tank was

filled with water extracted from the aquifer and aerated with an air compressor and disc

aerator until oxygen concentrations reached the saturation point (8.1-9.9 mg/L depend-

ing on the ambient temperature of that day). See section 2.4 for detailed information on

on-site measurements. Next, valves were opened to inject aerated water into the aquifer

through gravity drainage. On completion of injection, the system was left undisturbed

for ∼ 15 hours (referred to as the storage period) after which extraction was started and
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the concentrations of As and Fe were monitored to assess the removal efficiency (see sec-

tion 2.5 for detailed information on water sample collection and analyses. About 8-10 m3

(for SAR well A1) and 20 m3 (for SAR well A3) of water were extracted for each extraction

phase of which the first 1 m3 (for SAR well A1) and 5 m3 (for SAR well A3) of water were

saved every time in the aeration tank for the next injection phase. This process was re-

peated eleven times, referred to as cycle-1 through cycle-11. The first extracted water

was used to fill the injection tank to avoid sludge formation in the tank. Precipitation

of iron in the tank was negligible as the extracted water was almost free of iron at the

beginning of extraction, so that the tank needed no cleaning.

3.2.2. EXPERIMENT 2:-REPEATED INJECTION-EXTRACTION OF AN EQUAL VOL-

UME

The purpose of experiment 2 is to investigate the effect of repeated injection-extraction

of an equal volume on As removal. Experiment 2 is a modification of experiment 1 and

was performed at SAR well A1. In this experiment regular operation was alternated with

alternative operation. The alternative operation was performed by carrying out three

consecutive injection extraction cycles of 1 m3, followed by a 1 m3 injection and then

3 m3 extraction. At the start of the alternative operation, 1 m3 of water in the tank, left

over from the previous cycle, was aerated and injected. Injected water was left in the

aquifer for ∼ 15 hours after each injection except between cycle 2 and 3. After the fourth

injection, ∼3 m3 of water was extracted (Figure 3.1b). Fe and As concentrations were

measured during the last cycle of the alternative operation. Six rounds of the above op-

eration were performed.

3.2.3. EXPERIMENT 3:-LOWER PUMPING RATE

The purpose of experiment 3 is to investigate the effect of lower pumping rate on As

removal. Experiment 3 was performed at SAR well A3. Before carrying out this exper-

iment, groundwater was extracted from the aquifer (100 m3 over a 7 day period) until

background conditions were reached to reduce imprints of prior experiments as much

as possible. The experimental setup is illustrated in Figure 3.1c. During this experiment,

5 m3 of water was aerated and injected for each cycle. Extraction of ∼5 m3 of water

started after a storage period of ∼15 hours in line with prior experiments. Five rounds

were performed with alternating high (50 L/min) and low (13 L/min) pumping rates.

3.2.4. EXPERIMENT 4:-INTERMITTENT PUMPING

The purpose of experiment 4 is to investigate the effect of intermittent pumping of ground-

water on SAR performance. Shallow tube wells with a suction hand pump are common
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at the household levels in rural Bangladesh due to low cost and easy operation [BGS

and DPHE, 2001]. In order to simulate a typical hand-pump operation, SAR well A1 was

operated intermittently. Three rounds were performed, where each round consisted of 1

cycle with regular extraction and one cycle with intermittent operation. Intermittent op-

eration consisted of the extraction of 100 liters in ∼7 minutes of pumping, no pumping

for 7 minutes, followed by extraction of another 100 liters, no pumping for 7 minutes,

and so on. This intermittent operation was continued until 3000 liters of water were

extracted. The experimental setup is illustrated in Figure 3.1d.
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Figure 3.1: Flow charts illustrating the four different experiments performed at the SAR units: experiments 1 to
4 in a to d, respectively. Regular operation on the left (b to d) and alternative operation on the right (b to d).
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3.3. RESULTS

3.3.1. RESULTS OF EXPERIMENTS

EXPERIMENT 1- DIFFERENT INJECTION VOLUMES

As concentrations of the extracted water for cycles 1, 3, 6, and 11 of SAR well A1, and 1,

3, 8, and 11 of SAR well A3 are shown in Figs. 3.2a and b, respectively. As removal im-

proves with successive cycles for both injection volumes but concentrations never drop

below the WHO provisional guideline (10μg/L). Considering the Bangladesh drinking

water standard (50 μg/L), As breakthrough occurred at V /V i = 1.1 at SAR well A1 with 1

m3 injection volume and at V /V i = 1.5 for SAR well A3 with 5 m3 injection volume af-

ter cycle 11. The corresponding extraction efficiencies are QE = 0.1 for SAR well A1 and

QE = 0.5 for SAR well A3. The results show that As concentrations never returned to the

background concentration for any of the experiments (black dashed line in graphs) even

after extraction of five times the injected volume. Results of this experiment show that

the extraction efficiency for As is 5 times higher at SAR well A3 than at SAR well A1.

Figure 3.2: Breakthrough curves showing the concentrations of As (a and b) and Fe (c and d) during experiment
1 with different cycles with different injection volumes (injection volume is 1 m3 for SAR well A1 and injection
volume is 5 m3 for SAR well A3). The black dashed lines represent the background concentrations at the SAR
wells. The red dashed lines represent exceedance of the Bangladesh guideline for cycle 11. The grey area
represents Bangladesh guideline for As (a and b) and Fe (c and d). The green dashed line represents WHO
guideline for As (a and b).

Fe concentrations of the extracted water for cycles 1, 3, 6, and 11 of SAR well A1 and

1, 3, 8, and 11 of SAR well A3 are shown for SAR well A1 and SAR well A3 in Figs. 3.2c and

d, respectively. Fe removal improves considerably with successive cycles. Fe removal ef-
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ficiency is higher at SAR well A3 with 5 m3 injection volume, compared to SAR well A1

with 1 m3 injection volume. Considering the Bangladesh standard (1 mg/L), Fe break-

through occurred at V /V i = 2.7 for SAR well A1 and at V /V i = 3.5 or higher for SAR well

A3 (Fe measurements were not continued to levels above 1 mg/L for all cycles). The cor-

responding extraction efficiencies are QE = 1.7 for SAR well A1 and at least QE = 2.5 for

SAR well A3. The extraction efficiency for Fe at SAR well A3 is about 70% higher than that

of SAR well A1 but the background Fe concentration at SAR well A3 is 30% lower than at

SAR well A1.

EXPERIMENT 2- REPEATED INJECTION-EXTRACTION OF AN EQUAL VOLUME

In experiment 2, efficiency of As and Fe removal by SAR was tested using alternating

regular cycles and alternative cycles (repeated injection- extraction cycles of an equal

volume) at SAR well A1 as detailed in Fig.3.1b. Measured As concentrations and pHs in

the extracted water for rounds 3 to 6 are shown in Fig. 3.3. The results show that during

each round, alternative cycles performed better than the regular cycles. The difference

in QE between alternative cycles and regular cycles is always about 0.6. In round 6, As

concentrations remained below the Bangladesh standard for 2.6V i for the alternative

operation (QE = 1.6) compared to the 1.9V i (QE = 0.9) for regular operation. It is noted

that the performance of regular operation is better than during Experiment 1, because

regular operation benefits from the alternating alternative operation.

The pH values of the extraction water are relatively high at the beginning of each cy-

cle and drop back to the background water condition with increasing extraction volume

for all cycles. Note that the pH of the injection water was greater than 8 for all cycles. The

pH values of the extracted water of alternative cycles are always higher than the regular

cycles from the beginning of extraction to ∼1.5 V i . The pH values of both alternative and

regular cycles return to the background condition after ∼1.5 V i . The measured concen-

trations of Si in the extracted water for rounds 3 to 6 are shown in Fig.3.4.

The Si concentrations of the extracted water start with a lower value at the beginning

of the extraction phase and approach the background water condition with increasing

extraction volume for all cycles. The results show that during each round, the Si concen-

trations for alternative cycles are lower than for regular cycles.

EXPERIMENT 3- LOWER PUMPING RATE

In experiment 3, pumping rates of 50 L/min (regular operation) and 13 L/min (alterna-

tive operation) were applied at SAR well A3. As concentrations of the extracted water

along with As speciation for rounds 3 to 5 are shown in Fig.3.5. The extraction efficien-

cies are always higher for cycles with a low pumping rate compared to those with a high

pumping rate. The QE for round 5 with low pumping rate is 0.75 while the QE for high
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Figure 3.3: Comparison of As concentrations and pH between regular cycles and alternative cycles (repeated
injection- extraction cycles of an equal volume) of experiment 2 performed at SAR well A1. The red (regular op-
eration) and green (alternative operation) dashed lines represent the exceedance of the Bangladesh guidelines.
The grey area represents Bangladesh guideline for As.

pumping rate is 0.5 (Fig.3.5). Performance of regular operation is again better than dur-

ing Experiment 1, because regular operation benefits from the alternating alternative

operation.

Delayed As breakthrough with the lower pumping rate continues after exceeding the

Bangladesh standard. With the higher pumping rate, 50% As breakthrough (100 μg/L) is

reached at V /V i =2.4, while with lower pumping rate, 50% As breakthrough is reached

after V /V i =3. As(III) concentrations show similar behavior for both high and low pump-

ing rates whereas As(V) concentrations show a marked difference between high and low

pumping rates (round 5). Initially, As(V) concentrations are similar for both pumping

rates, but the difference in As(V) concentrations increases with increasing extraction

volume: much lower As(V) is observed with lower pumping rate than with the higher

pumping rate for each round (Fig.3.5).

EXPERIMENT 4- INTERMITTENT PUMPING

In experiment 4, regular cycles are alternated with intermittent extraction cycles (Fig.3.6).

The results show that during the extraction phases of each intermittent cycle, As concen-

trations of the extracted water remained below the Bangladesh standard for at least 3V i
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Figure 3.4: Comparison of Si concentrations between regular cycles and alternative cycles (repeated injection-
extraction cycles of an equal volume) of experiment 2 performed at SARwell A1.

(only 3V i was extracted). The corresponding QE is greater than 2 for every round. On the

contrary, As concentrations of the extracted water for regular cycles remained below the

Bangladesh guideline for only ∼ 2.4V i corresponding to QE ≈ 1.4 for every round. Per-

formance of regular operation is again better than during Experiment 1, because regular

operation benefits from the alternating alternative operation. The pH of the extraction

water was high at the beginning of each cycle and returned to the background conditions

with increasing extraction volume for all rounds. The pH values of intermittent opera-

tion cycles are higher (except for round 1) than regular cycles until ∼ 1V i was extracted

and then returned to the background level. Note that the pH of the injection water was

greater than 8 for all cycles.

COMPARISON OF EXTRACTION EFFICIENCIES BETWEEN REGULAR AND ALTERNATIVE OPER-

ATION

Results of experiments 2, 3, and 4 are combined in Fig.3.7. The results of these experi-

ments show that the different alternative operations always performed better than reg-

ular operation. Alternative operations in Experiment 4 (intermittent pumping) resulted

in the highest extraction efficiency of all the experiments (Fig.3.7).
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Figure 3.5: Comparison of total As, As(III), and As(V) breakthrough of experiment 3 performed at SAR Well A3
for pumping rates of 50 L/min (red) vs. 13 L/min (green). The red (cycles with high pumping rate) and green
(cycles with low pumping rate) dashed lines represent the exceedance of the Bangladesh guidelines. The grey
area represents the Bangladesh guideline for As.

3.4. DISCUSSION

3.4.1. EFFECT OF PH ON AS REMOVAL

The pH of the injection water was always greater than 8, but during extraction the pH

started with a value lower than 8 (Figs.3.3 and 3.6). This pH difference between injection

and extraction water, also between regular and repeated injection-extraction cycles of an

equal volume (Fig. 3.3) and regular and intermittent operation (Fig.3.6), might be related

to Fe(II) oxidation in the subsurface during injection, which results in the production of

H+ following the reaction equation:

4Fe2++O2 +10H2O → 4Fe (OH)3 +8H+ (3.2)

Consequently, the larger the pH drop, the more Fe(II) must have oxidized. The experi-

ment with repeated injection-extraction cycles of an equal volume showed the smallest

reduction in pH, in line with the hypothesis that less Fe(II) is left to be oxidized after three

injection/extraction cycles of an equal volume. Also, the Fe concentration decreased
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Figure 3.6: Comparison of As concentrations and pH between regular cycles (red) and intermittent extraction
cycles (green) of experiment 4 performed at SAR well A1. The red dashed lines represent the exceedance of
Bangladesh guideline for regular cycles. Exceedance of the Bangladesh guideline for intermittent cycles was
beyond V /V i =3 and was not observed. The grey area represents Bangladesh guideline for As.

with successive cycles, which means less Fe(II) was oxidized during injection. This might

have caused the pH difference between regular cycles and repeated injection-extraction

cycles of an equal volume (experiment 2), and between regular cycles and cycles of in-

termittent operation (experiment 4). The higher pH may also relate to the increased

removal of As for the alternative operation in these experiments, because As adsorption

is pH sensitive. As adsorption on iron oxides increases with increasing pH till pH values

of 8.5, after which adsorption decreases with increasing values of pH [Kartinen Jr. and

Martin, 1995].

3.4.2. SURFACE COMPLEXATION AND EFFECT OF ION COMPETITION FOR SORP-

TION SITES ON AS REMOVAL

The compositions of the sediment surface complexes in equilibrium with the background

water (Table 2.1) are shown in Fig.3.8. They were calculated with PHREEQC (v. 2.17)

based on the surface complexation model proposed by Dzombak and Morel [1990] using
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Figure 3.7: Comparison of extraction efficiencies (QE ) between different operational modes during Experi-
ments 2, 3, and 4. The arrows on the bars of the results of the cycles of intermittent pumping (experiment 4)
indicate QE values may be higher but were only measured up to this point.

the wateq4f database extended with surface species for carbonate [Appelo and de Vet,

2003], silicate [Swedlund and Webster, 1999] and Fe(II) [Liger et al., 1999; Appelo et al.,

2002] as reported by Jessen et al. [2012]. The dominant surface species at both SAR units

are silicates and bicarbonates. The results show a higher surface concentration of Fe at

SAR well A1 compared to SAR well A3 indicating a stronger relative sorption of Fe at SAR

well A1 than at SAR well A3.

Figure 3.8: The surface speciation at equilibrium with pristine groundwater (Table 2.1), calculated for the sites
that are able to adsorb As, with the Dzombak and Morel [1990] model for ferrihydrite. The field for each el-
ement in the pie diagram may cover several surface species. The field denoted “H” indicates the sum of all
protonated or deprotonated surface sites.

Principal competitors of As for sorption sites are phosphate, bicarbonate, and sili-

cates [Sharma, 2001; Su and Puls, 2001; Meng et al., 2001; Appelo and de Vet, 2003; Stol-
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lenwerk et al., 2007; Hug et al., 2008; Guan et al., 2009; Van Halem et al., 2010b; Wallis

et al., 2011]. Meng et al. [2001] reported that typically a Fe/As ratio of >40 (mg/mg) or

53 (M/M) is needed to lower As levels to below 50 μg/L by the process of oxidation and

co-precipitation of As and Fe. The ratio of iron and phosphate is unfavorable in the most

affected districts of Bangladesh [Hug et al., 2008]. As long as there is free phosphate, As

removal is minimal because phosphate strongly competes with As for adsorption sites

[Meng et al., 2001; Sharma, 2001; Su and Puls, 2001; Stollenwerk et al., 2007; Hug et al.,

2008; Guan et al., 2009; Van Halem et al., 2010b].

A molar ratio of 1.5-2.0 Fe per P is needed to remove phosphate at neutral pH by

oxidation and co-precipitation. Only the remainder, after phosphate removal, is avail-

able to remove As(III) and As(V) [Hug et al., 2008]. The phosphate concentrations at the

study site are low compared to the median value of Bangladesh (Table 2.1). The molar

Fe to As ratio at the study site is 83 and the molar Fe to PO4 ratio is 267. Even though the

phosphate concentrations at the study site are low, it did not result in As levels below the

WHO guideline during SAR operation. This implies that As sorption may be limited due

to competitive sorption of other anions present in the groundwater at the study site, as

discussed in the following.

The limited extraction efficiencies at the study site during the cycles of all experi-

ments implies that As removal may be limited by competitive sorption of other solutes

such as dissolved organic carbon (DOC), silica, and bicarbonate (HCO3). According to

Appelo and de Vet [2003] and Wallis et al. [2011] bicarbonate is the major driving force

for As displacement from Hydrous Ferric Oxides (HFO). High concentrations of HCO3

at the study site may be the principal reason for lower extraction efficiencies than ex-

pected. Competitive displacement of As by silica may be another important reason for

the release of As during the extraction phase [Hug et al., 2008]. Note that Si concentra-

tions at the site were above the 90th percentile for Bangladesh. The speciation of sur-

face complexation shows silica and HCO3 as the main surface complex species (Fig.3.8),

which is an indication of ion competition for sorption sites. Breakthrough curves of Si

from experiment 2 show decreased concentrations of Si during the extraction phase (Fig.

3.4) which is further evidence of the sorption of H4SiO4 on HFO. This sorption of silica

on HFO is further evidence of ion competition for sorption sites.

Results from experiment 2 (Fig.3.3) demonstrate that repeated injection-extraction

cycles of an equal volume has potential for improved As removal. Si concentrations

show more sorption during alternative cycles compared to regular cycles (Fig.3.4) in the

same round. A possible reason is that the capacity for ion sorption is increased due to

additional sorption sites from freshly formed HFO and sites available from HFO from

previous cycles.
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3.4.3. INFLUENCE OF INJECTION VOLUME ON AS AND FE REMOVAL

A small improvement in extraction efficiency for As and Fe was observed when a five

times larger injection volume was used at SAR Well A3 as compared to SAR Well A1 (ex-

periment 1). The small improvement is more significant when it is taken into account

that the background composition of the groundwater differs between SAR Well A1 and

SAR Well A3 (Table 2.1) as will be explained later. The improved performance of a larger

injection volume seems to imply that the sorption process is kinetically limited.

During the injection phase, the five times larger injection volume resulted in a two

times wider oxidation zone and a three times longer residence time in this zone at SAR

Well A3 compared to SAR Well A1. The radius R of the oxidation zone and the residence

time tr in the oxidation zone are calculated using the following equations.

R =
√

V

Π×η×b
(3.3)

tr = V

Q
(3.4)

where V is the injection volume, η is the porosity which is set to 0.3, b is the screen

length, and Q is the pumping rate. In case of instantaneous equilibrium sorption, differ-

ent injection volumes would not make any difference in terms of extraction efficiency.

Better extraction efficiency was obtained with the larger injection volumes in this study

(Fig. 3.2), which implies that there may be kinetic limitations for the sorption of As and

Fe.

Extraction efficiency was larger at SAR Well A3 than at SAR Well A1, while the condi-

tions at SAR Well A1 are more favorable, as is explained in the following. This can only

be caused by the larger injection volume at SAR Well A3, which strongly suggests that the

sorption of As and Fe is kinetically limited. HCO3, Si, and PO4 are higher at SAR Well A3

than at SAR Well A1 (Table 2.1). This means that more competitive displacement of As

may be expected at SAR Well A3 than at SAR Well A1. This is clear when the equilibrium

concentrations of sorbed As at SAR Well A1 is compared to SAR Well A3. According to the

surface complexation model presented in this paper, the equilibrium concentrations of

As sorbed to HFO at SAR Well A1 and SAR Well A3 are 0.004 mmol/L and 0.0034 mmol/L,

respectively.The calculated distribution coefficients of As and Fe at SAR Well A1 are 1.46

and 9.92 respectively whereas at SAR Well A3 they are 1.28 and 5.41 respectively, which is

further evidence that the conditions are more favorable at SAR Well A1 than at SAR Well

A3.
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3.4.4. EFFECT OF PUMPING RATE AND INTERMITTENT OPERATION ON AS

REMOVAL

The pumping rate during the extraction phase may be an important factor for subsurface

As removal because As partitioning to aquifer material decreases with increased pore wa-

ter velocity [Darland and Inskeep, 1997] and the adsorption of As onto HFO cannot be

considered to be in local equilibrium when the pore water velocity is high [Sharma et al.,

2011]. Darland and Inskeep [1997] reported 7.2, 35.6, 53.3, and 74.3% recovery of applied

As(V) at pore water velocities of 0.048, 0.24, 2.4, and 21.6 m/day, respectively, in column

experiments. They proposed that sorption-related nonequilibrium existed even at veloc-

ities of less than 0.05 m/day. For this study, velocities are much higher than 0.05 m/day.

The calculated pore water velocities at the center of the well and at the edge of the injec-

tion zone are 13.6 and 2 m/day, respectively, at a pumping rate of 13 L/min. For a pump-

ing rate of 50 L/min, velocities at the center of the well and at the edge of the injection

zone are 52.3 and 7.4 m/day, respectively. As a result, sorption-related non-equilibrium

may be expected during the SAR experiments performed at the field site. According to

the results of experiment 3, a low pumping rate during the extraction phase shows in-

creased As removal compared to a high pumping rate (Fig.3.5). The average pumping

rate of a typical hand-pump used in Bangladesh is about 45 L/min. So, extraction with

a hand-pump during SAR operation would decrease As removal compared to the results

obtained in this study.

Improved extraction efficiency was observed during intermittent operation. Two

processes may explain this improvement. First, intermittent pumping results in increased

travel time through the oxidized zone of the aquifer. Second, every time the pump is

started, the flow paths are slightly altered [Veling and Maas, 2009]. These new flow paths

result in more As sorption opportunity.

3.4.5. COST ESTIMATE

During experiment 4, As concentrations dropped below the Bangladesh standard for at

least V /V i = 3.0 (QE = 2.0) at SAR Well A1. This means that 3000 liters of As safe (≤
50 μg/L) water was extracted from which 2000 liters can be used for drinking purposes

and 1000 liters needs to be saved for re-injection. 114 families can be served daily with

this amount of water, assuming 5 members per family and 3.5 l/day/capita drinking

water [Milton et al., 2006]. At present, the approximate cost for a SAR unit installation

with an injection capacity of 1m3 is around US$925.00 or little more than US$8.00 per

family. The operation and maintenance costs are estimated as US$1280.00 per year or

US$107.00 per month. Different parts of a SAR unit have different costs and life times

(see Table 2). In order to simplify the cost calculations for the entire life time of the SAR
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unit, costs for replacement parts are estimated as 20% of maintenance costs. In total, it is

estimated that the maintenance costs for one SAR unit with a 1 m3 injection capacity are

US$1540.00 per year or US$130.00 per month. This breaks down to US$13.00 per year

per family or a little more than US$1.00 per month, which is very low for a community-

level unit. The estimated cost for 1 m3 of drinking water is approximately US$2.00.

Table 3.1: Estimated costs of installation and operation and maintenance including life times of different parts
of a SAR unit with 1 m3 injection capacity. All values are based on presentmarket price.

Items for SAR unit installation Replacement cost
(life time in years) (US$)
Well (50) 350.00
Tank (20) 244.00
Pipes and joints (20) 85.00
Electric suction pump (10) 130.00
Hand pump (10) 30.00
Valves (5) 50.00
Flow meters (5) 37.00

Items for SAR unit operation Yearly cost
and maintenance (US$)
Operatior’s salary 878.00
Electricity 147.00
Repair 110.00
Miscellaneous 146.00

3.5. CONCLUSION

Exploratory experiments were carried out to determine the effect of alternative opera-

tions on subsurface As removal. It was shown that Fe and As removal in the subsur-

face during SAR operation was better at SAR Well A3 (larger injection volume) than at

SAR Well A1 (smaller injection volume) even though background groundwater condi-

tions were more favorable for Fe and As removal at SAR Well A1 than at SAR Well A3.

As the As sorption on iron hydroxides is kinetically limited this explains the better per-

formance with a larger injection volume (and thus a larger oxidized zone). Repeated

injection-extraction cycles of an equal volume resulted in higher extraction efficiency.

The pH in the subsurface was increased, which benefits As removal. Repeated injection-

extraction cycles of an equal volume likely increased the ion sorption capacity in the

subsurface due to the precipitation of fresh HFO sorption sites and resulted in better re-

moval of As in the subsurface. Low pumping rates during extraction resulted in better

As removal. Similarly, better extraction efficiency was achieved with intermittent pump-

ing. This supports the evidence that As sorption to iron oxides is kinetically limited. A
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number of cycles are required to lower the As levels to the drinking water standard of

Bangladesh. In this study, more than 5 cycles were needed to lower the As levels to below

the Bangladesh guideline (50 μg/L) and more than 10 cycles were needed to increase the

QE above 1.

In an ideal setting, As concentrations are measured continuously in the extracted

water and a new volume of aerated water is injected when the concentration surpasses

the drinking water standard. This is not possible in a real-world setting. A more prac-

tical scenario is to consume a pre-set volume after which the injection tank is refilled,

water is aerated and re-injected. Comparison of extraction efficiencies between the ex-

periments is difficult as extraction with a lower pumping rate was done at SAR Well A3

while experiments with intermittent pumping followed after the experiments with re-

peated injection-extraction cycles of an equal volume at SAR Well A1, which might have

benefited performance of the cycles with intermittent pumping. As all three alternative

operations showed improvement, a combination of the three is recommended for appli-

cation in rural Bangladesh.
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4
REACTIVE TRANSPORT MODELING

OF SUBSURFACE ARSENIC REMOVAL

SYSTEMS IN RURAL BANGLADESH

This chapter is based on:

M.M. Rahman, M. Bakker, C.H.L. Patty, Z. Hassan, W.F.M. Röling, K.M. Ahmed, B.M. van Breukelen, Re-
active transport modeling of subsurface arsenic removal systems in rural Bangladesh., Science of the Total
Environment, (2015).
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Subsurface Arsenic Removal (SAR) is a technique for in-situ removal of arsenic from ground-

water. Extracted groundwater is aerated and re-injected into an anoxic aquifer, where the

oxygen in the injected water reacts with ferrous iron in the aquifer to form hydrous ferric

oxide (HFO). Subsequent extraction of groundwater contains temporarily lower As con-

centrations, because As sorbs onto the HFO. Injection, storage, and extraction together is

called a cycle. A reactive transport model (RTM) was developed in PHREEQC to determine

the hydrogeochemical processes responsible for As (im)mobilization during experimental

SAR operation performed in Bangladesh. Oxidation of Fe(II) and As(III) were modeled

using kinetic-rate expressions. Cation exchange, precipitation of HFO, and surface com-

plexation, were modeled as equilibrium processes. A best set of surface complexation re-

actions and corresponding equilibrium constants was adopted from previous studies to

simulate all 20 cycles of a SAR experiment. The model gives a reasonable match with ob-

served concentrations of different elements in the extracted water (e.g., the r2 value of As

was 0.59 or higher). As concentrations in the extracted water are governed by four ma-

jor processes. First, As concentration decreases in response to the elevated pH of injection

water and likewise increases when native neutral pH groundwater flows in. Second, the

sorption capacity for As increases due to the gradual buildup of HFO. Third, As sorption is

enhanced by preferential removal of As(V). Fourth, competitive sorption of Si limits the ca-

pacity of freshly precipitated HFO for As sorption. Transferability of the developed reactive

transport model was demonstrated through successful application of the model, without

further calibration, to two additional SAR sites in Bangladesh. This gives confidence that

the model could be useful to assess potential SAR performance at locations in Bangladesh

based on local hydrogeochemical conditions.
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4.1. INTRODUCTION

Elevated levels of arsenic (As) in groundwater of the shallow Holocene alluvial aquifers

of Bangladesh and West Bengal in India are a major public health concern [Bhattacharya

et al., 1997, 2002a; Nickson et al., 1998; Acharyya et al., 1999; BGS and DPHE, 2001;

McArthur et al., 2001; Ahmed et al., 2004; Ravenscroft et al., 2005] . SAR can be a cost-

effective way to provide safe drinking water in rural areas provided that the geochemical

characteristics of the aquifer are suitable to SAR. When a SAR system works correctly,

several times the injected water can be extracted before the As level rises above the drink-

ing water standard (see Chapter 3).

Insight into the mechanisms controlling SAR is still limited [Appelo and de Vet, 2003;

Van Halem et al., 2010b; Rahman et al., 2014] and therefore SAR performance is hard

to estimate a priori for a given location. For example, Appelo and de Vet [2003] and

Van Halem et al. [2010a] reported PO4 whereas Rahman et al. [2014] (Chapter 3) re-

ported H4SiO4 as the main competitor of As for HFO sorption sites. It is important to

determine which hydrogeochemical processes are responsible for the (im)mobilization

of As in the shallow subsurface during SAR operation and to develop a tool that can as-

sess potential SAR performance based on local hydrogeochemical conditions. Reactive

transport modeling represents a process based description of the geochemical reactions

and mechanisms controlling the (im)mobilization of As in the shallow subsurface during

SAR operation and may be used to assess potential SAR performance.

The only available reactive transport model (RTM) for subsurface As removal prior

to this study was reported by Appelo and de Vet [2003] for a location in the Netherlands.

They modeled subsurface As removal with an injection volume of approximately 1000

m3 whereas the injection volumes at the current systems ranges from 0.5 m3 to 5 m3.

The maximum groundwater As concentration at their site was 14 μg/L which is approx-

imately 15 times lower than at the study sites considered in this study. Kinetic oxidation

of Fe(II) and As(III) was not included in their model, whereas the current model sim-

ulates kinetic oxidation of both Fe(II) and As(III). Appelo and de Vet [2003] reported a

sudden increase in As concentration in the extracted water compared to the background

As concentration when the ratio between extracted and injected volume (V /V i ) is ap-

proximately 2 due to the competitive displacement of arsenic by PO4 and HCO3 present

in the native groundwater. After V/Vi ≈ 2, As concentration in the extracted water again

drops below the background level due to better sorption of As(III).

The objectives of this study are (i) to develop a RTM that simulates the SAR experi-

ments reported by Rahman et al. (2014), and (ii) to obtain mechanistic insight into the

interplay of the hydrogeochemical processes responsible for the (im)mobilization of As

during SAR operation, and (iii) to determine whether the developed RTM is transferable
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to other locations in Bangladesh. The latter was assessed through model application to

two other SAR sites in Bangladesh with different hydrogeochemical conditions.

4.2. EXPERIMENTAL CONDITIONS AT SAR WELL A3
A reactive transport model was developed for SAR Well A3 Fig. 2.1. The reactive transport

model was subsequently applied to SAR wells A2 and B without further calibration as

discussed in section 4.5. The conditions at SAR well A3 are discussed here in detail.

A SAR experiment was conducted at SAR well A3 from December 2011 to February

2012. The volume of the tank was 5 m3. Twenty cycles of injection, storage, and ex-

traction were carried out. Each cycle consisted of three steps. First, water previously

extracted from the aquifer was aerated and injected into the reduced aquifer. Second,

the water was stored in the aquifer for 15-18 hours. Third, groundwater was extracted.

The first 5 m3 were used to fill the tank for the next injection phase (except for cycle 19

where the second 5 m3 of extracted water was used to fill the tank) after which different

amounts of water were extracted depending on the cycle (see Fig. 4.1).

Figure 4.1: Volumes of injected and extracted water for cycles 1 to 20.

Concentrations of Na, K, Ca, Mg, Fe, Mn, As, and Si were measured during the extrac-

tion phases of cycle 1, 3, 8, 11, 16, 17, and 20. Injection of 5 m3 of water took ∼3.3 hours,

while the extraction rate ranged from 0.77-2.6 m3/hr. The first 5 m3 of extracted water

was used to fill the injection tank for the next injection phase to avoid sludge formation

in the tank. After cycle 16, a large amount of groundwater was extracted from the aquifer

(100 m3 over a 7 day period) to reduce imprints of cycles 1 - 16 as much as possible. Pre-

cipitation of iron in the tank was negligible as the extracted water was almost free of iron

at the beginning of each extraction (except for the first cycle), so that the tank needed no

cleaning.
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4.3. REACTIVE TRANSPORT MODEL SETUP

4.3.1. CONCEPTUAL MODEL

The conceptual process model of SAR is based on the processes published by Van Halem

et al. [2010a], Wallis et al. [2010], Wallis et al. [2011], and Appelo and de Vet [2003]. The

following processes are included in the model for the injection, storage, and extraction

phases (the modeling of these processes will be explained later).

Processes during injection and storage phase

a) Oxidation processes: during injection, oxidation of dissolved Fe(II) creates a HFO filter

or ‘curtain’ in the subsurface [Van Halem et al., 2010a]. Simultaneously, oxidation

of As(III) to As(V), and of soil organic matter forming alkalinity (not included in the

model) may occur.

b) Iron desorption: during injection, Fe(II) desorbs from clay and SOM surfaces via cation-

exchange reactions and via surface complexation reactions on HFO, further driving

process 1 [Wallis et al., 2010].

c) Sorption reactions: during the storage phase, As(III), As(V), Fe, HCO3, PO4, Si, and to

a lesser degree other ions, sorb via surface complexation reactions to initially present

and newly formed HFO [Wallis et al., 2010, 2011].

Processes during extraction phase

a) Sorption reactions: The HFO curtain filters out As and other ions until the capacity is

reached and arsenic breakthrough occurs [Appelo and de Vet, 2003].

b) Competitive sorption processes: Other ions such as Fe(II), HCO3, PO4, and Si sorb si-

multaneously with As(III) and As(V) during the extraction phases when native ground-

water flows towards the SAR well. This simultaneous sorption of Fe(II), HCO3, PO4,

and Si limits the removal of As. During extraction, Fe(II) also sorbs to the cation ex-

changer (clay minerals and organic matter) via cation exchange reactions.

4.3.2. MODELING FRAMEWORK

The PHREEQC code (v. 2.17, [Parkhurst et al., 1999]) was used to develop a one-dimens-

ional axisymmetric reactive transport model of the SAR operation. Regional groundwa-

ter flow was neglected as it is small (0.071 m/day) compared to the maximum radius and

life time of the injection water bubble (1.06 m and ∼15 hours, respectively).

A one dimensional PHREEQC model consists of a series of cells. The length of the

cells is chosen such that the residence time is equal for each cell. The cell lengths were
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calculated according to Appelo and Postma [2005]. The length L1 of the first cell is

L1 = Ltot�
Ntot

(4.1)

where Ntot is total number of cells (52) and Ltot is the total model length (1.08 m). The

length Ln of cell n is computed as

Ln = L1

(�
n −�

n −1
)

(4.2)

Note that a cylinder of aquifer with radius Ltot and aquifer thickness b can store a volume

V = θΠbL2
tot (4.3)

where θ is the porosity of the aquifer. The volume of the model is V = 5.36 m3 based

on a radius Ltot = 1.08 m, porosity θ = 0.3 and aquifer thickness b = 4.87 m which is more

than the maximum injection volume (5.16 m3) used in the SAR experiment. The volume

of each cell is

Vcel l =
V

Ntot
= 0.103m3 (4.4)

During each advective time step called a shift in PHREEQC, the solution in each cell

moves to its neighboring cell in the direction of flow. During the injection phase, water

from the storage tank enters the first cell, and the water of the final cell leaves the model.

The number of shifts for each injection and extraction phase was calculated by divid-

ing the volume of injected or extracted water by the cell volume (0.103 m3). Time steps,

reflecting the residence time in each cell, were calculated by dividing the total time of

each stress period (injection or extraction) by the number of shifts. The storage phase

during SAR cycles was modeled as one time step equal to its duration.

Diffusion and longitudinal dispersion were not modeled, as the simulation period is

only a few days. This considerably decreased the model run time without any noticeable

influence on the model output.

The initial distribution of mineral and soil organic matter content was approximated

as homogeneous and contents were determined from the sediment samples collected

from the aquifer (Table 2.1). The initial distribution of solutes in the water was also taken

as homogenous and based on the groundwater sample collected from SAR well A3 prior

to SAR operation (Table 2.1). Since the maximum number of shifts never exceeded the

total cell number and hydrodynamic dispersion was excluded, the composition of the

outer two model cells kept invariant and equal to the initial values during the simulation,

such that they always represented native groundwater.



511502-L-bw-rahman511502-L-bw-rahman511502-L-bw-rahman511502-L-bw-rahman
Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017 PDF page: 73PDF page: 73PDF page: 73PDF page: 73

4. Reactive transport modeling of subsurface arsenic removal systems in rural
Bangladesh 47

4.3.3. SIMULATION OF HYDROGEOCHEMICAL PROCESSES

KINETIC OXIDATION OF DISSOLVED FE(II) TO HFO

Kinetic oxidation of dissolved Fe(II) to Fe(III) as HFO required a modification of the

PHREEQC database in order to decouple the two valence states of iron and to calculate

the kinetic oxidation of Fe(II) to Fe(III) in water [Antoniou et al., 2013; Parkhurst et al.,

1999]. The oxidation rate is given by Singer and Stumm [1970]:

rFe2+ =−(
k [OH−]2 PO2

)
mFe2+ (4.5)

where PO2[atm] is the partial pressure of oxygen, mFe2+ [mol L−1] is the total molality

of ferrous iron in solution, and k is a rate constant with a value of 1.33 x 1012 [L2 mol−2

atm−1 s−1] at 25° C. This constant was allowed to adjust to a value of 1.41 x 1012 [L2 mol−2

atm−1 s−1] at the in-situ groundwater temperature of 26.5° C (Table 2) since, according to

Stumm and Lee [1961], the rate increases about ten-fold for a 15° C temperature increase.

Dissolved ferric iron was modeled in thermodynamic equilibrium with Ferrihydrite (log

K = 4.891).

KINETIC OXIDATION OF DISSOLVED AS(III) TO DISSOLVED AS( V )

As(III) in the native groundwater at the study site is ∼80 % of total As[Rahman et al.,

2014] (Chapter 3). Introduction of oxygen in the groundwater may lead to oxidation of

As(III) to As(V) but the rate of oxidation in groundwater is usually slow and deviation

from redox equilibrium controlled arsenic speciation is common in nature [Smedley and

Kinniburgh, 2002]. A large number of studies [Oscarson et al., 1981; De Vitre et al., 1991;

Manning et al., 2002b,a; Hug and Leupin, 2003; Amirbahman et al., 2006] proposed that

arsenic speciation in natural groundwater is controlled by abiotic oxidation processes

and has been attributed to the presence of MnO2 [Manning et al., 2002b; Amirbahman

et al., 2006; Oscarson et al., 1981], iron oxides, and oxygen [De Vitre et al., 1991; Man-

ning et al., 2002a; Hug and Leupin, 2003]. However, biological oxidation may also occur

and can be conducted by several microbial respiratory and nonrespiratory enzymatic

systems[Hassan et al., 2015]. Oxygen and nitrate are important electron acceptors in

aquifers for biologically mediated oxidation[Oremland and Stolz, 2003]. Arsenic specia-

tion data of the extracted water suggests that there may be some oxidation of As(III) to

As(V) in the aquifer [Rahman et al., 2014] (Chapter 3).

A kinetic rate expression was used to describe the transition from As(III) to As(V). The

As(V)/As(III) redox speciation was disconnected from the overall redox equilibrium and

all equilibrium controlled redox reactions of As(III) to As(V) were deactivated accord-

ing to Wallis et al. [2010]. Albeit the presence of microbial As oxidizers are widespread

in Bangladesh [Hassan et al., 2015], only abiotic oxidation of As(III) by oxygen was in-
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cluded in the model as the observed extents of As(III) oxidation at SAR well A3 [Rah-

man et al., 2014] (Chapter 3) and SAR well B were very low. Abiotic As(III) oxidation by

Fe-and Mn-oxides has been shown to dramatically increases the As(III) oxidation rate

[Driehaus et al., 1995; Oscarson et al., 1981, 1983a,b; Sun and Doner, 1998]. Initial model

results with the latter process included produced poor model data agreements (results

not shown). Therefore, the As(III) oxidation by iron- and Mn-oxides was not further in-

cluded in the model. The rate expression for As(III) to As(V) oxidation was taken from

Wallis et al. [2010]:

r As(I I I ) =−kC As(I I I )Coxi d ant (4.6)

where CAs(III) and Coxidant are the As(III) and oxidant concentrations [mol-L−1] and

k is the second order rate constant with a value of 3.0 x 10-3 [mol-L−1s−1] with O2 as

oxidant (Table 4.2).

MINOR RELEVANCE OF OTHER OXIDATION PROCESSES

Organic matter oxidation was not included in the model despite the presence of minor

amounts of soil organic matter in the aquifer (0.1 % d.w.) because the measured alkalin-

ity in the extracted water did not show a considerable increase and variation with respect

to the native groundwater. Furthermore, a simulation including SOM oxidation using

representative literature values for the rate parameters following Antoniou et al. [2013]

demonstrated negligible differences in modeled outcome (results not shown).

Pyrite oxidation was also excluded from the model because X-ray diffraction analysis

did not identify pyrite in the aquifer material and there was only a negligible increase of

sulfate compared to the native groundwater (from 0.3 mg/L native to max 1.4 mg/L in

the extracted water) suggesting the presence of pyrite in agreement with the low SO4:Cl

ratio of the groundwater. If the sulfate increase would relate to pyrite oxidation it would

be equivalent to a consumption of O2 of only 0.45 mg/L (5.6% of the injected O2 level of

≈ 8 mg/L).

The native groundwater was supersaturated with respect to FeCO3 (saturation index

= 1.37) but X-ray diffraction analysis, albeit having a high detection limit, could not iden-

tify FeCO3 in the aquifer material. Moreover, Antoniou et al. [2013] showed that FeCO3

is a minor oxygen consumer. Potential FeCO3 oxidation was therefore not included.

CARBONATE MINERAL INTERACTION

The calculated saturation index (SI) of calcite of the extracted water ranges from -0.74 to

-0.32, which indicates that the small amount of calcite found in the aquifer (0.39 moles/L

or 6.33 g/kg)) is not in equilibrium. Therefore, calcite was allowed to dissolve/precipitate
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Table 4.1: Parameters used in the PHREEQC model.

Parameter Model Units Literature References
values values

kFe(II)Ox 1.41×1012 L2 mol−2 atm−1 s−1 1.41×1012a a[Singer and Stumm, 1970]
k As(III)ox 3×10−3 mol-l−1 s−1 3×10−3b bcalculated from Clifford et al. [1983]
Weak site densities for HFO 0.2 mol/mol 0.2c c[Dzombak and Morel, 1990]
Strong site densities for HFO 0.005 mol/mol 0.005c

Weak site densities for goethite 5.12×10−5 mol/mol 1.02×10−4d d[Stollenwerk et al., 2007]
Strong site densities for goethite 1.28×10−4 mol/mol 2.55×10−6d

Surface area for HFO 6.41×104 m2/mol 6.41×104c

Surface area for Goethite 257.21 m2/mol 257.21d

AC alci te /V 2.98×10−4e m2/L−1 Sand: (0.4-1.8)×10−1f e[Antoniou et al., 2013]
Silt: (1.1-7.7)×10−2f f [Descourvieres et al., 2010]
Clay: (3-4)×10−4f

kinetically according to Plummer et al. [1978]:

rcal =
(
k1

[
H+]+k2 [CO2]+k3 [H2O]

)( Acal

V

)(
m

m0

)0.67

cal
(4.7)

where brackets indicate activities, k1, k2, k3 are temperature dependent constants (cm−2

s−1), Acalci te
V is the ratio of initial calcite surface area to solution volume (m2 L−1), and m0

is the initial content of calcite (Table 4.2). The simulation without the calcite interaction

shows that the effect of this process is only minor due to short periods of reaction during

SAR cycles (discussed later).

CATION-EXCHANGE

The following solutes participated in cation-exchange reactions: Na, K, Ca, Mg, Fe(II),

and Mn(II). The cation-exchange coefficients from the PHREEQC database were used

unchanged. Cation-exchange was included in the model, as a main part of Fe(II) in the

aquifer was initially sorbed to clay minerals and organic matter (both sorbents are typi-

cally lumped as the cation exchanger) and can be released to the groundwater by means

of cation-exchange when dissolved Fe(II) decreases in concentration, for example, when

it oxidizes to HFO. Furthermore, during extraction phases, dissolved Fe(II) from native

water enters the HFO enriched and Fe(II)X2 (i.e., cation-exchangeable Fe(II)) depleted

zone around the SAR well and resorbs to both HFO and the cation exchanger. This re-

sults in subsurface iron removal and in the case of HFO also in desorption of As, since

Fe(II) competes with As for HFO surface sites.

SURFACE COMPLEXATION MODELING

The adsorption of As and other compounds such as HCO3, Fe(II), PO4, and Si was mod-

eled as surface complexation reactions on freshly formed HFO surfaces, on initially pre-

sent reactive amorphous iron oxide surfaces, and on initially present less reactive goethite

surfaces. The initial reactive amorphous iron oxide content was also considered as HFO
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surface for model simplicity. HFO and goethite were considered as different surfaces in

the model (Table 4.1). The combination of goethite and initial reactive amorphous iron

oxide surface assemblages improved the model results compared to the simulations that

assumed the initial iron oxide surfaces to be only goethite (results not shown).

A large number of different combinations of surface complexation reactions and cor-

responding equilibrium constants for HFO were evaluated until a set was found that

gave reasonable results for measured concentrations of Fe, Mn, As, HCO3, and Si in the

extracted water of the first cycle (Table 4.2). Quantification of goodness of fit between

modeled and observed data is given in section 4.6.1.For goethite the surface complex-

ation reactions and corresponding equilibrium constants were taken from Stollenwerk

et al. [2007]. The modeled results for different combinations of surface complexation re-

actions are presented in Fig. 4.2. Unfortunately, PO4 was not measured at SAR well A3,

Figure 4.2: Observations and model simulations of As breakthrough during the extraction phases of cycles
1, 5, 10, 15, and 20 at SAR well B for different surface complexation models for As sorption. Change in As
breakthrough pattern is also shown for best fit model with one unit higher As log k value.

however, it was measured at SAR well A2 and B. For HFO, the double layer surface com-

plexation model by Dzombak and Morel [1990] was modified and extended with surface

species for carbonate [Stollenwerk et al., 2007], silicate [Stollenwerk et al., 2007; Swed-

lund and Webster, 1999], Fe(II) [Appelo and de Vet, 2003; Liger et al., 1999], As(III) and

As(V)[Dixit and Hering, 2003; Wallis et al., 2010], PO4, and protons [Stollenwerk et al.,
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2007]. A similar kind of modification and combination was used before by e.g.,Dixit and

Hering [2003], Wallis et al. [2010], Robinson et al. [2011], and Jessen et al. [2012].

The sorption behaviors of species strongly depend on the surface complexation mod-

els used [Jessen et al., 2012]. It is therefore important to use the surface complexation

parameters that can closely reproduce the measured data. Therefore, we need to assess

whether it is reasonable to apply the set of surface complexation parameters used by

others as obtained for their sites to the data from our site. The surface complexation

reactions and equilibrium constants for Fe(II), Si, PO4, and protons used in the current

model were previously used by Stollenwerk et al. [2007] for Pleistocene oxidized sedi-

ments in Bangladesh. Jessen et al. [2012] showed that the adsorption data for As(III) on

Holocene sediments measured by Itai et al. [2010] plot close to the As(III) adsorption data

for Pleistocene sediments reported by Stollenwerk et al. [2007]. Therefore Jessen et al.

[2012] used the Stollenwerk et al. [2007] surface complexation model for their Holocene

reduced aquifer system. The same constants are used here as the study site also repre-

sents a Holocene reduced aquifer system. Surface complexation parameters for As(III)

and As(V) used in the current model were not taken from Stollenwerk et al. [2007] but

adopted from other studies (see Table 4.2) to enable a better reproduction of our obser-

vations.

The adsorption of species to both iron oxides was described by equilibrium mass

action equations using the surface complexation approach. The Dzombak and Morel

[1990] model includes both strong and weak binding sites on HFO. The adsorption of

different species depends strongly on the reactions and thermodynamic constants used,

and on the adopted surface assemblage (number of strong and weak adsorption sites

and HFO surface area). Dzombak and Morel [1990] proposed a surface area of 6.41x 104

m2/mol of HFO, site densities of 0.2 mol weak sites/mol of HFO, and 0.005 mol strong

sites/mol of HFO. The numbers of weak and strong sites for HFO adopted in this model

were therefore 0.2 and 0.005, respectively (Table 4.2). We adopted those values without

further change (Table 4.2).

As mentioned earlier (see section 2.7.1) the amount of crystalline iron oxides initially

present in the aquifer was considered as goethite surfaces for surface complexation re-

actions. In order to include the goethite surface in the model, the wateq4f database was

modified according to the model for adsorption on Pleistocene aquifer sediment from

Bangladesh [Stollenwerk et al., 2007] to simulate surface complexation to goethite. The

number of weak and strong sites for goethite was optimized by maintaining the propor-

tion between site densities and goethite content reported by Stollenwerk et al. [2007] and

the values are 5.12 x 10−4 and 1.28 x 10−5, respectively, roughly five times higher than ap-

plied by Stollenwerk et al. [2007] (Table 4.2). Note a similar kind of optimization was

done by Jessen et al. [2012].
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Table 4.2: The surface complexation reactions and equilibrium constants for HFO evaluated and used in this
model.

Adsorption reaction Log ka Log kb Log kc Log kd Log ke Log kf Log kg Log kh

Allison D&M S&W D&H VG Stoll Wallis Model

Hfo_sOH + H+ = Hfo_sOH2
+ 7.29 7.29 Allison

Hfo_sOH + H+ = Hfo_sO−+H+ -8.9 -7.03
Hfo_wOH + H+ = Hfo_wOH2

+ 7.29 7.29
Hfo_wOH + H+ = Hfo_wO−+H+ -8.9 -7.03

Arsenate
Hfo_wOH + As(V)O4

−3 + 3H+ = Hfo_wH2As(V)O4+H2O 29.31 29.88 30.66 D&H
Hfo_wOH + As(V)O4

−3 + 2H+ = Hfo_wHAs(V)O4
−+H2O 23.51 24.43 22.34

Hfo_wOH + As(V)O4
−3 + 2H+ = Hfo_wOHAs(V)O4

−3 10.58 10.54 11.88 Wallis
Hfo_wOH + As(V)O4

−3 + 2H+ +H+ = Hfo_wAs(V)O4
−2 18.1 8.7 D&H

Hfo_sOH + H3As(V)O4= Hfo_sH2As(V)O4+ H2O 8.61 NMi

Hfo_wOH + H3As(V)O4= Hfo_wH2As(V)O4+ H2O 8.61
Hfo_sOH + H3As(V)O4 = Hfo_sHAs(V)O4

− + H+ 2.81
Hfo_wOH + H3As(V)O4 = Hfo_wHAs(V)O4

− + H+ 2.81
Hfo_sOH + H3As(V)O4 = Hfo_sHAs(V)O4

−3 + 3H+ -10.12
Hfo_wOH + H3As(V)O4 = Hfo_wHAs(V)O4

−3 + 3H+ -10.12

Arsenite
Hfo_wOH + As(III)OH3

−3 + 3H+ = Hfo_wH2As(III)O3+H2O 38.76 37.5 D&H
Hfo_wOH + As(III)OH3

−3 + 2H+ = Hfo_wHAs(III)O3
−+H2O 31.87 32.1

Hfo_wOH + As(III)OH3
−3 + H+ = Hfo_wAs(III)O3

2−+H2O 30.01 Stoll
Hfo_wOH + H3As(III)OH3 = Hfo_wH2As(III)O3+H2O 5.41 NMi

Carbonate
Hfo_wOH + CO3

−2 + H+ = Hfo_wCO3
−+H2O 12.56 10.56 Stoll

Hfo_wOH + CO3
−2 + 2H+ = Hfo_wCO3+H2O 20.62 15.62 Stoll

Silica
Hfo_wOH + H4SiO4 = Hfo_wH3SiO4+H2O 4.28 3.78 Stoll
Hfo_wOH + H4SiO4 = Hfo_wH2SiO4

−+H++H2O -3.22 -6.71
Hfo_wOH + H4SiO4 = Hfo_wHSiO4

2−+2H++H2O -11.69 NMi

Phosphate
Hfo_wOH + PO4

−3 + 3H+ = Hfo_wH2PO4+H2O 31.29 32.8 Stoll
Hfo_wOH + PO4

−3 + 2H+ = Hfo_wHPO4
−+H2O 25.39 24.89

Hfo_wOH + PO4
−3 + H+ = Hfo_wHPO4

−2+H2O 17.72 13.56

Iron (II)
Hfo_sOH + Fe+2 = Hfo_sFe++H+ -0.95 D&M
Hfo_wOH + Fe+2 = Hfo_wFe++H+ -2.98
Hfo_wOH + Fe+2+H2O = Hfo_wOFeOH +2H+ -11.55

Manganese (II)
Hfo_sOH + Mn+2 = Hfo_sOMn++H+ -0.4 D&M
Hfo_wOH + Mn+2 = Hfo_wOMn++H+ -3.5
a[Allison, J.D. et al., 1990]
b[Dzombak and Morel, 1990]
c[Swedlund and Webster, 1999]
d[Dixit and Hering, 2003]
e[van Geen et al., 2004]
f[Stollenwerk et al., 2007]
g[Wallis et al., 2010]
hUsed in this study
iNot Modeled
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4.3.4. COMPOSITION OF THE INJECTION WATER

In the model, the measured chemical composition (except Si) of the injection water was

used, which differed slightly for each injection phase (see Figure 4.3). The pO2 values of

the dissolved oxygen levels in the injection water are higher than the saturation values,

as the water in the tank was thoroughly aerated with disk aerators and an air compressor.

The tank remained clean of suspended iron particles after cycle 2, therefore the concen-

tration of suspended iron injected into the aquifer was not included in the model. This

means that the input of iron into the aquifer was at most underestimated for the first

two cycles. Fe measured in the injection water was assumed to be Fe(III) since the water

in the tank was aerated for at least 4-5 hours before injection while the half life of Fe(II)

under oxic conditions is only a few seconds at pH above 8 (Eq. 4.5). In the PHREEQC

model, injected Fe(III) instantaneously precipitates to HFO in the first model cell and

consequently lowers the pH in cell 1 somewhat, which is not quite correct as Fe(III) ac-

tually occurs as suspended HFO in the injection water. This error is only relevant for the

first cycle, after which Fe levels drop to less than 1 mg/L (Bangladesh standard). Arsenic

redox speciation for each cycle was calculated with Equation 4.6 and the rate constant

presented in Table 4.2, and used as input concentration in the model. These calculations

corroborate the findings of Rahman et al. [2014] (Chapter 3). Note the elevated pH levels

of the injection water. The pH levels were elevated due to the degassing of CO2 in the

groundwater during the aeration process in the tank.

Si concentrations of the injection water were not measured but speciation of surface

complexation suggested that Si is one of the dominant surface species (see section 4.5).

So the average modeled Si concentration of the first extracted volume (5 m3) was used

for each cycle since the first extracted volume (5 m3) was always saved in the aeration

tank for the next injection phase (Fig. 4.3).

4.4. RESULTS AND DISCUSSION

4.4.1. GENERAL MODEL RESULTS AND PERFORMANCE

The measured and modeled concentrations of eight elements (Fe, As, Mn, Si, Ca, Mg,

Na, and K) in the extracted water are presented in Fig. 4.2 for cycle 1. The horizontal axis

represents the extracted volume (V ) normalized by the injected volume (V i ). The redox

sensitive elements are presented in the first row whereas the major cations are presented

in the second row. Note that the pH, Alkalinity, and P values of the extracted water were

not measured during the experiments at SAR well A3, but the values were measured and

modeled at SAR wells A2 and B (to be reported later in section 4.5).

The model-data comparison in Fig. 4.4 illustrates that the model provides a reason-

able representation of the key processes that influence the major ion and redox chem-



511502-L-bw-rahman511502-L-bw-rahman511502-L-bw-rahman511502-L-bw-rahman
Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017 PDF page: 80PDF page: 80PDF page: 80PDF page: 80

54 4.4. Results and Discussion

Figure 4.3: Measured composition of injection water used for each cycle at SAR well A3. (a) temperature and
pH (secondary y axis), (b) dissolved oxygen concentrations and calculated pO2 (secondary y axis), (c) Fe(III)
and HCO3(secondary y axis) concentrations, (d) total As and Si (average calculated from the modeled results)
concentrations (secondary y axis), (e) Na and K (secondary y axis) concentration, (f) Ca and Mg (secondary y
axis) concentrations, (g) PO4 and SO4 (secondary y axis) concentrations, and (h) Mn and Cl (secondary y axis)
concentrations during each cycle. Groundwater background levels (dotted lines) are shown with dotted lines
when they are of the same order else they are off the graph.

istry during SAR operation. Fe(II) and Mn(II) concentrations start with a low value due

to their sorption to newly formed iron oxides and present clay minerals, and gradually

increase as native groundwater reaches the well. The same pattern is seen for As and Si

which sorb to newly formed iron oxides. The model fit for Mg, Na, and K is reasonable,

which indicates that the cation exchange process was modeled correctly in the model.

The model was run for all 20 cycles in order to evaluate its performance. Results are

shown in Fig. 4.5 for the cycles during which measurements were made. The break-

through of Fe(II), As, and partly Mn(II) for different cycles was modeled reasonably well.

The observed and modeled breakthrough curves of Fe(II), As, and Mn(II) show signif-

icantly larger removal for cycle 16 compared to cycles 1, 3, 8, 11, 17, and 20. This is a

direct consequence of the experimental setup. Cycles 13-16 were performed differently

in an attempt to improve SAR performance (Fig. 4.1; section 4.2). The injection and ex-
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Figure 4.4: Observations and model results for various elements during the extraction phase of cycle 1 of SAR
well A3. The dots represent observed values and the solid lines represent modeled results. The dashed lines
represent background concentrations and the dotted lines represent injected concentrations.

traction volumes were equal during cycles 13-15 (Fig. 4.1) which resulted in decreased

Fe(II), As, Mn(II), and Si concentrations during cycle 16. The increased removal of these

elements is due to the increased sorption capacity as sorption sites were produced when

HFO precipitated and additional sites were also available from cycles 13-15. The model

simulates the performance of cycle 16 quite well (Fig. 4.5). Removal of As, Mn(II), and Si

was somewhat less in cycle 17 as compared to cycle 16 (Fig. 4.5), because the aquifer was

flushed before performing cycle 17 to reduce the imprints of cycles 1- 16 as much as pos-

sible (Fig. 4.1). This is the reason why the model breakthrough curves for As, Mn(II), and

Si also show a sudden decrease in the removal as compared to cycle 16 during extrac-
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Figure 4.5: Observations and model output for various elements during the extraction phases of cycles 3, 8,
11, 16, 17, and 20 for SAR well A3. The dots represent observed values and the solid lines represent modeled
results.

tion phase. The observed decrease of SAR performance was less than simulated by the

model. The observed removal of As, Mn(II), and Si during cycle 20 is also smaller than

the previous cycles because the second extracted volume with much higher As concen-

tration was used during the injection phase of cycle 19 compared to cycles 16-18 (see

Fig. 4.3) and that still had impact on the subsurface removal during cycle 20. The model

also predicted this effect reasonably well. The overall agreement between the observed

and modeled results for different experimental conditions at SAR well A3 indicates that

the reactive transport model is applicable to various SAR experimental conditions.

The model simulated negligible Fe(II) concentrations during the extraction phases



511502-L-bw-rahman511502-L-bw-rahman511502-L-bw-rahman511502-L-bw-rahman
Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017 PDF page: 83PDF page: 83PDF page: 83PDF page: 83

4. Reactive transport modeling of subsurface arsenic removal systems in rural
Bangladesh 57

after cycle 3, whereas Fe(II) is still observed in low concentration (< 0.5 mg/L) during the

extraction phases of all SAR cycles. This small discrepancy between observed and mod-

eled results might relate to iron-reduction occurring after oxygen has depleted but it is

more likely that the measured total Fe includes some Fe(III). This dissolved Fe(III) in the

water samples may have come from colloidal Fe-oxyhydroxide particles formed during

oxidation, but was too small to be removed by filtration over 0.45 μm before analysis. In-

terference of colloidal Fe-oxyhydroxide particles in filtered water samples was reported

by Appelo and de Vet (2003) and Rott et al. (1996). Colorimetric measurements at SAR

well A2 of Fe(II), Fe(III), and Fe(total), according to Viollier et al. (2000), also support the

mechanism discussed above (see Fig. 4.6). The model assumes all Fe(III) precipitates to

HFO and colloids are not formed.

Figure 4.6: Colorimetric measurements, showing Fe(II) concentrations (a), Fe(III) concentrations (b) and
Fe(total) concentrations (c) for cycle 10 (solid black line) and 20 (dashed black line. The regression between
the colorimetric (Fe(II)) and the ICP determination (Fe(total)) is shown in panel d including the 1:1 line.
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4.4.2. BEHAVIOR OR IRON: DEVELOPMENT OF HFO AND SORPTION OF IRON

The development of HFO precipitates progressively extends away from the well (Fig. 4.7)

because the originally sorbed ferrous iron near the well has been oxidized already and

the inflowing ferrous iron is effectively sorbed to HFO that forms at the outskirts of the

SAR influence zone. The sorption of ferrous iron on HFO is crucial for the removal of

Figure 4.7: Modeled contents of newly formed HFO precipitates (solid lines, primary y axis) and of sorbed
Fe(II) content (dashed lines, secondary y axis) versus distance away from the SAR well A3 at the end of cycles
1, 3, 8, 11, 16, 17, and 20.

trace elements such as As and Mn(II) during SAR operation. Sorbed Fe(II) oxidizes dur-

ing the injection phase and precipitates as HFO. Freshly precipitated HFO increases the

opportunity for As, Fe(II), and Mn(II) to sorb on HFO. The modeled concentration of

sorbed Fe(II) on the exchanger and HFO at SAR well A3 is shown for the first four cycles in

Fig. 4.8. Sorption of Fe(II) on HFO and the exchanger decreases during the injection and

storage phases (Fig. 4.8) as the oxic injection water, deprived of Fe(II), triggers Fe(II) des-

orption and its subsequent oxidation. During subsequent extraction, the surface sites

on HFO and the exchange complex get replenished with Fe(II) from the native ground-

water. From Fig. 4.8 it is clear that the concentration of sorbed Fe(II) on the exchanger
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Figure 4.8: Modeled adsorbed concentrations of Fe(II) at SAR well A3 on the HFO (primary y axis) and on the
exchanger (secondary y axis).

and HFO at SAR well A3 decreases with successive cycles. The lower concentration of

exchanged and adsorbed Fe(II) at SAR well A3 is due to the lateral expansion of the HFO

filter zone away from the SAR well with successive cycles (Fig. 4.7).

4.4.3. BEHAVIOR OF ARSENIC

EFFECT OF SURFACE COMPLEXATION MODEL PARAMETERS ON AS SORPTION

SAR experimental results reported by Rahman et al. [2014] (Chapter 3) show that SAR

performance increases with larger injection volume and with lower extraction rate, which

indicates As sorption is kinetically limited. In this study, a reasonable model fit is ob-

tained by simulating the sorption reactions to be in equilibrium with a set of surface

complexation parameters adopted from literature (see section 4.3.3). Note that the model

tends to underestimate the removal of As even though equilibrium sorption was simu-

lated. Kinetic sorption with the same set of surface complexation parameters may be

expected to result in even less As removal simulated by the model. This means that con-

stants for sorption reactions of As(III) and As(V) need to be increased beyond values
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reported in the literature in order to produce a reasonable model fit when kinetic sorp-

tion is modeled. Simulation with increased sorption reaction constants of As(III) and

As(V) results in increased As removal during SAR operation, but the agreement with the

observations is much worse (Fig. 4.2). For the sake of model simplicity, it was therefore

decided not to simulate surface complexation reactions as kinetically-controlled but in

thermodynamic equilibrium.

EFFECT OF ION COMPETITION FOR SORPTION SITES ON AS REMOVAL

Phosphate and silicates are the main competitors of As for sorption sites (e. g. [Meng

et al., 2001; Su and Puls, 2001]. Identification of HCO3 as a major driving force for As

displacement from HFO was reported by Appelo and de Vet [2003] and Wallis et al. [2011],

whereas a minimal effect of HCO3 on As(V) adsorption by HFO was reported by Wilkie

and Hering [1996], Meng et al. [2000], Radu et al. [2005], and Stollenwerk et al. [2007] .

Meng et al. [2002] reported small effects of bicarbonate on As(III) sorption. The initial

composition of the sediment surface complexes in equilibrium with the native water are

shown for SAR well A3 in Fig. 4.9. The dominant surface species is silicate. According

to the current model setup HCO3 sorption is too low (not shown in Fig. 4.9) and is not

important at the study site. The sorption of PO4 at the study site is also very low (about

5%) (Fig. 4.9), because the background PO4 concentrations at SAR well A3 are very low

(Table 2.1). The distribution of different ions on sorption sites at the SAR well during

SAR operation is presented in Fig. 4.10. Results indicate that the distribution of ions on

sorption sites remains largely similar to the initial conditions and is unaffected during

SAR operation with the exception of Si (Fig. 4.10).

During the SAR operation at SAR well A3, As concentrations in the extracted water

never dropped below the WHO guideline of 10 μg/L even though the native P concen-

tration is low compared to the P concentration of Bangladesh groundwater (see Table

2.1). This implies that As removal may be limited by competitive sorption of other so-

lutes such as silica and bicarbonate as mentioned earlier. According to the model re-

sults, HCO3 is not responsible for the limited As removal since HCO3 occupies only a

very small percentage of sorption sites even though the native HCO3 is high at SAR well

A3 (Table 2.1). As mentioned earlier, the current model uses surface complexation con-

stants for HCO3 from Stollenwerk et al. [2007] and the use of these constants gives a rea-

sonable model fit. When surface complexation constants published by van Geen et al.

[2004] were used they resulted in stronger carbonate sorption and the fit for As, HCO3,

and other species decline (Fig. 4.2). Competition between As and silicate for sorption

sites is another reason that makes it difficult to remove As from Bangladesh groundwa-

ter [Hug et al., 2008; Stollenwerk et al., 2007]. Silica has been shown to decrease ad-

sorption of As on HFO [Waltham and Eick, 2002]. Note that Si concentrations at SAR
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Figure 4.9: The surface speciation at equilibrium with native groundwater at SAR well A3 (Table 2.1), calculated
for the sites that are able to adsorb arsenic, with the surface complexation model for HFO with the current
surface complexation model settings. The field for each element in the pie diagram may cover several surface
species. The field denoted “H” indicates the sum of all protonated or deprotonated surface sites.

well A3 were above the 90 percentile for Bangladesh (Table 2.1. The distribution of sur-

face complexation shows silica as the main surface complex species (Figs. 4.9 and 4.10),

which confirms ion competition for sorption sites between As and Si. Modeled break-

through curves of Si show decreased concentrations of Si during the extraction phase

(Figs. 4.4 and 4.5) which is further evidence of the sorption of H4SiO4 on HFO. Similar

breakthrough curves for Si were obtained in another SAR pilot in Bangladesh [Rahman

et al., 2014] (Chapter 3).

EFFECT OF PH ON AS SORPTION

The modeled dissolved As concentrations (total As, As(III) and As(V)) and pH at SAR

well A3 (first model cell) during injection, storage, and extraction phases for cycles 1, 5,

10, and 15 are shown in Fig. 4.11. The total As, As(III) and As(V) concentrations decrease

with increasing values of pH. pH values are higher than the pH of the native groundwater

(6.97) at the beginning of each extraction phase because of the high pH of the injection

water. Dissolved As concentrations are low at the beginning of each extraction phase
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Figure 4.10: Modeled distribution of different surface species on sorption sites of newly formed HFO for cycles
1, 5, 10, and 15 at SAR well A3.

compared to As concentrations of the injection water even when higher levels of As were

injected (during the first cycle). Dissolved As concentrations increase with decreasing

pH values.

Lower values of As at the beginning of each extraction phase may be related to the

higher pH during SAR operation, because arsenic adsorption is pH sensitive [Dixit and

Hering, 2003; Kartinen Jr. and Martin, 1995; Stollenwerk et al., 2007] . The mixing of high

pH and low As injection water with the neutral pH and high As background water during

the injection phase after cycle 1 also plays a role for the low As concentrations during

injection, storage and extraction phase at SAR well A3.

The effect of pH on As mobilization from HFO is modeled for the native groundwater

composition and is presented in Fig. 4.12. Figure 4.12 clearly illustrates that with higher

pH dissolved As concentrations dramatically decrease due to enhanced sorption. The

surface complexation reaction equations listed in Table 4.2 suggest that As sorption de-

creases with higher pH. However, because of much stronger desorption of P at higher

pH (Fig. 4.12) the net extent of sorption increases with higher pH over the relevant pH
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Figure 4.11: Modeled pH (primary y axis) and dissolved concentrations of As (secondary y axis) at SAR well A3.
The solid red lines represents total As, dashed red lines represents As(III) and dotted red lines represents As(V).
The dashed and dotted black lines represent background and injection water As concentrations respectively.
The dashed and dotted green lines represent background and injection water pH respectively.

range. These results indicate that As sorption to HFO together with the elevated pH of

the injection water exert strong control on As levels of the extracted water.

4.4.4. EVALUATION OF POTENTIAL IMPACT OF HFO PRECIPITATES ON CLOG-

GING

After 20 cycles the modeled amount of newly formed HFO at SAR well A3 is ∼22 mmol

Fe(OH)3/L (Figure 4.7). The newly precipitated HFO after 20 cycles occupies 0.07% of

the porosity, assuming a density of 3.0 kg/dm3 for the precipitate according to Appelo

and de Vet [2003]. The portion of the porosity that is occupied by the precipitates is

small which indicates that clogging of the aquifer is negligible. This is corroborated by

measurements at the study site, where clogging was not observed during the SAR exper-

iments as the rate of infiltration was the same for all cycles performed at the SAR well.

Considering a linear increase in the development of HFO with successive cycles, only 4%

of the porosity would be occupied if the SAR system was extended for 1000 cycles. These
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Figure 4.12: Effect of pH on total As, As(III), As(V), P, Mn, Fe, and Si mobilization from HFO (solid line) and
corresponding dissolved total As, As(III), As(V), P, Mn, Fe, and Si concentrations (dashed line) due to pH de-
pendent mobilization. Mobilization is defined here as the aqueous concentration over the total (sorbed and
aqueous) concentration. Native groundwater composition of SAR well A3 (see Table 2.1) was used to calculate
the effect of pH on total As, As(III), As(V), P, Mn, and Si mobilization. Only the relevant pH interval observed
during the SAR operation is shown.

calculations indicate that aquifer clogging will not be an issue for SAR systems that run

for a longer period of time. Similarly, clogging has not been observed in the subsurface

iron removal systems in the Netherlands which have been operating for over 20 years

[Meyerhoff, 1996]. Appelo and de Vet [2003] hypothesized that injected water may flow

around pores that are closing due to the precipitation of HFO, which may ensure more

uniform reactions in space.

4.5. TRANSFERABILITY OF THE REACTIVE TRANSPORT MODEL

TO OTHER AREAS IN BANGLADESH
The transferability of the current reactive transport model has been assessed through

comparison with two additional SAR experiments referred to as SAR wells A2 and B. Note

that the model for SAR well A3 was not calibrated on P, alkalinity, and pH as these were

not measured at SAR well A3. These quantities were measured at SAR wells A2 and B,

which allows for an independent check of the performance of the model for these quan-

tities.

4.5.1. SAR WELLS A2 AND B
SAR well A2 is located approximately 75 m from SAR well A3 and SAR well B is located

in Singair upazila in Manikganj (23.78095E, 90.06831N) district in Bangladesh (Fig. 2.2).

The native hydrogeochemistry of all three SAR sites are significantly different from each
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other (Table 2.1). The native As concentration at SAR well A2 is about 2 and 5 times

higher than at SAR wells A3 and B, respectively. Alkalinity at SAR well A2 is also higher

compared to the other SAR wells. The pH is lowest at SAR well B (6.67 compared to 6.95

at SAR well A2). HFO content is higher and the cation exchange capacity is also slightly

higher at SAR well B compared to the other SAR wells. Silica levels at all three sites are at

the high end but somewhat lower for well B compared to well A3.

The reactive transport model described in the previous is applied with only minor

modifications related to the operational aspects of the SAR pilots. The injection volume

for SAR well A2 was 0.5 m3 so that the model length was reduced to 0.43 m. The injection

volume for SAR well B was 1 m3 which corresponds to a model length of 0.6 m. The

number of cells for both SAR wells A2 and B were the same as for SAR well A3. For SAR

well B, the last volume of extracted water was used for injection rather than the first

volume since the first extracted volume contains water with the lowest As concentrations

which is better for the consumers. The rate constant for Fe oxidation at SAR well B was

adjusted to 1.54 x 1012 [L2 mol−2 atm−1 s−1] as the native groundwater temperature is

28.90 C which is slightly higher than SAR well A3 (Table 2.1). The HFO and goethite

contents and cation exchange capacity for SAR well B are also adjusted according to the

background values given in Table 2.1.

4.5.2. MODEL RESULTS FOR SAR WELLS A2 AND B
The observed and modeled concentrations of pH, alkalinity, As, Fe(II), Si, P, Ca, and Mg

in the extracted water at SAR wells A2 and B are presented in Figs. 4.13 and 4.14 re-

spectively. The results show that the general trends of the observed values for different

parameters are produced reasonably well by the model, except for P for V /V i < 1 at both

sites (discussed later); quantification of model fit is discussed in section 6.1.

The model underestimates arsenic removal. The observed and modeled breakthrough

curves for As reach a lower plateau (i.e., the more or less constant As levels at higher

V /V i ) at V /V i > 2 for both SAR wells A2 and B than the respective background levels

4.13 and 4.14. With successive cycles the observed and modeled level of this plateau

declines until it becomes approximately stable. A possible explanation of the succes-

sive decline of the plateau level is the progressive increase of the sorption capacity due

to the gradual buildup of HFO directly around the well (see Figs. 4.15 and 4.16). A fur-

ther lowering of the plateau requires the availability of iron in the injection water. This

is shown at SAR well A2 where iron levels remained high in the extracted water and the

As plateau decreased for many subsequent cycles. Hence, suboptimal subsurface iron

removal (SIR) is beneficial for SAR. Note that for SAR well B, cycles 15 and 20 reach a

slightly higher plateau level compared to cycle 10. This is likely due to the slow buildup

of HFO directly around the well after cycle 5 (Figure 4.16). The ratio between As(III) and
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Figure 4.13: Observations and model simulations for various parameters during cycles 1, 3, 5, 10, and 20 for
the SAR experiment at SAR well A2. The dots represent the observed values and the solid lines represent the
modeled results.

total As of the modeled cycles at SAR wells A2 and B shows that As(III) oxidizes to As(V),

which is preferentially removed from the water (as it sorbs less) and thereby As(III) dom-

inates in the end (Fig. 4.17). The overall As sorption increases due to this process. This

is an additional explanation for both lower As levels for V /V i < 1 and for the plateau at

V /V i > 2 for SAR wells A2 and B. Similar ratios were also obtained for the modeled cycles

at SAR well A3 (Fig. 4.17).

The model nicely predicts the gradually increasing iron removal with successive cy-

cles at well A2. At SAR well A2 the modeled iron removal shows a gradual improvement,

whereas for the other SAR wells the modeled iron shows near zero concentrations from

cycle 3 onward while low Fe(II) concentrations are still observed during the extraction

phases of all SAR cycles. As mentioned earlier for SAR well A3, this may be caused by
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Figure 4.14: Observations and model simulations for various parameters during cycles 1, 5, 10, 15, and 20 for
the SAR experiment at SAR well B. The dots represent the observed values and the solid lines represent the
modeled results. Modeled results for Fe(II) for subsequent cycles are so small that they are not visible.

the presence of colloidal Fe(III) that passed the 0.45 μm filter, whereas the model as-

sumed all Fe(III) precipitates to HFO. Note that the model nicely predicts the gradually

increasing iron removal with successive cycles at well A2. At SAR well A2 the modeled

iron removal shows a gradual improvement, whereas for the other SAR wells the mod-

eled iron shows near zero concentrations from cycle 3 onward. This is because at SAR

well A2, the background Fe concentration is highest. Also the ratio between the extracted

and injected volumes (V /V i ) at SAR well B is 7 whereas at SAR well A3 and B V /V i is 5

and 4 respectively. At SAR well A2 the extraction volume was 7V i in an attempt to in-

crease the inflow of Fe(II) and subsequent oxidation to provide more sorption sites for

As.

The observed and modeled pH starts with high values (as injection water has ele-
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Figure 4.15: Model simulations of As breakthrough during the extraction phases at SAR well A2 and the mod-
eled development of HFO along the flow path at SAR well A2. Results are shown for cycle 1, 3, 5, 10, and 20.

vated pH) and then returns to the background condition for both SAR wells A2 and B;

the pH increases with increasing cycle number for V /V i < 1.

The general trend of the observed and modeled alkalinity is similar for both SAR wells

A2 and B. The model predicts a slight decrease in alkalinity at the beginning of the ex-

traction till V/Vi ≈1. After V /V i ≈1 modeled alkalinity starts to increase and eventually

returns to the background condition for both SAR wells B and.

The modeled P concentrations in the extracted water at SAR wells A2 and B deviate

from the observed P values for V /V i <1. The observed P breakthrough curves start with

a low value and show a gradual increase with increasing extraction, whereas at the be-

ginning of the extraction phase the modeled P concentrations are very high and remain

too high till V /V i ≈1. The high pH of the injection water has clearly lead to P desorption

in the model. After V /V i ≈1, P sorbs again on HFO because lower pH water is extracted.

After V /V i ≈1 the modeled P concentrations plot close to the observed P values (Figs.

4.13 and 4.14). It was not possible to improve the P fit for V /V i <1 by adjusting the equi-

librium constants of the surface complexation reactions within reasonable limits (see

Fig. 4.18).

The model fit is very good for Ca and Mg at SAR wells A2 and B considering the ki-

netic dissolution/precipitation of calcite during SAR operation. However, the simulation
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Figure 4.16: Model simulations of As breakthrough during the extraction phases at the well B and the modeled
development of HFO along the flow path at SAR well B. Results are shown for cycle 1, 5, 10, 15, and 20.

Figure 4.17: Ratio between As(III) and total As during the extraction phases at SAR well A3, A2, and B. Results
are shown for cycle 1, 3, 8, 11, 16, 17, and 20 at SAR well A3. Results are shown for cycle 1, 3, 5, 10, and 20 at
SAR well A2. Results are shown for cycle 1, 5, 10, 15, and 20 at SAR well B. The black dashed lines represent the
initial ratio between As(III) and total As in the Background groundwater.

without the calcite interaction shows negligible change in the model results (Fig. 4.19).

This means that the effect of this process is only minor due to the short reaction periods

during SAR cycles and could have been excluded from the model.

The model-data comparisons in Figs.4.13 and 4.13 illustrate that the model provides
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Figure 4.18: Observations and model simulations of As and P breakthrough during the extraction phases of
cycles 1, 5, 10, 15, and 20 at SAR well B for best fit model and for best fit model with one unit higher P log k
value.

a reasonable representation of the key processes that influence the major ion and redox

chemistry during SAR operation and notably the As and Fe removal. The simulation of

SAR wells A2 and B based on the model for SAR well A3 indicates that the developed

reactive transport model is transferable to other areas of Bangladesh where aquifer sed-

iments have similar chemical and physical properties.

4.6. MODEL PERFORMANCE

4.6.1. GOODNESS OF FIT

The goodness of fit between modeled and observed data for Alkalinity, pH, As, Fe, Si, and

P was evaluated by calculating the root mean squared error percentage (RMSEP) and the

coefficient of determination (r2). The RMSEP is the root mean squared error divided by

the observed data range. The RMSEP was calculated as follows:

RMSEP =

√√√√√
nobs∑
i=1

(Obsi −Modi )2

nobs

Obsmax −Obsmi n
(4.8)



511502-L-bw-rahman511502-L-bw-rahman511502-L-bw-rahman511502-L-bw-rahman
Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017Processed on: 10-7-2017 PDF page: 97PDF page: 97PDF page: 97PDF page: 97

4. Reactive transport modeling of subsurface arsenic removal systems in rural
Bangladesh 71

Figure 4.19: Observations and model simulations of different parameters during the extraction phases of cycles
1, 5, 10, 15, and 20 at SAR well B. Results are shown for models with and without calcite interaction.

where Obsi , and Modi are the observed, and modeled values of observation i respec-

tively, and nobs is the number of observations. The coefficient of determination (r2) was

calculated for each individual species following Karlsen et al. (2012)

r 2 = 1−

nobs∑
i=1

(Obsi −Modi )2

nobs∑
i=1

(Obsi −Obs)2

(4.9)

where Obs is the average of the observations of the specific species. Table 4 sum-

marizes the goodness of fit between modeled and observed data. The RMSEP values in

Table 4 shows that model prediction for alkalinity, pH, As, Fe, and Si at all three SAR wells

is within 25% for all species. The RMSEP for P at SAR wells A2 and B is very high com-

pared to the other species. The correlation (r2) between observed and modeled data is

larger than 0.5 for most of the species at all three SAR wells. The r2 for pH at SAR well

A2 is lower compared to the other species. The r2 for alkalinity and Si at SAR well B is

low compared to the other species among all SAR wells. The r2 for P at SAR wells A2 and

B is very low compared to other species. The variation in r2 values for different species
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Table 4.3: Statistics of model goodness of fit for SAR wells A3, A2, and B. RMSEP denotes root mean squared
error percentage compared to the data range for each parameter.

Parameter RMSEP(%) r2

SAR well A3 SAR well A2 SAR well B SAR well A3 SAR well A2 SAR well B
Alkalinity N/A 12 17 N/A 0.57 -.44
pH N/A 22 18 N/A 0.28 0.53
As 20 15 14 0.59 0.65 0.81
Fe 15 19 13 0.62 0.60 0.72
Si 24 14 24 0.33 0.78 0.17
P N/A 58 148 N/A -3.31 -38.5

among SAR wells is likely due to the difference in background hydrochemistry. The low

r2 value obtained for alkalinity at SAR well B compared to SAR well A2 is likely due to

some outliers in the observed values. The goodness of fit for P at SAR wells A2 and B is

poor compared to the other species because the model predicts elevated levels of P for

V/Vi ≤ 1, whereas measurements showed decreased P levels for V/Vi ≤ 1 (see Figs. 4.13

and 4.14 and section 4.5.2). The RMSEP and r2 values are consistent for all species at all

three SAR wells except for Si where RMSEP values for SAR wells A3 and B are the same

but r2 at SAR well B is lower than SAR well A3. Most importantly, r2 values for As and Fe

at all three SAR wells were higher than (almost) all other species. The r2 value for As is

even larger at SAR wells A2 and B than at SAR well A3.

4.6.2. COMPARISON BETWEEN OBSERVED AND MODELED SAR PERFORMANCE

The performance of SAR systems is defined as the volume of water extracted (V ) with

As concentrations below the Bangladesh standard (<50 μg/L) divided by the volume of

injected water (V i ). The observed SAR performance at SAR wells A3 and B is compared

with the corresponding modeled SAR performance at the respective locations (Fig. 4.20).

The performance of SAR systems (V /V i ) is defined as the volume of water extracted (V )

with As concentrations below the Bangladesh standard (<50 μg/L) as compared to the

volume of injected water (V i ). For SAR well A2 both observed and modeled SAR per-

formance is zero for all cycles and was not added to Fig. 4.20. The model was able to

reproduce the observed SAR performances reasonably well for both SAR wells A3 and B

(Fig. 4.20). The change in SAR performance with successive cycles depends on variations

in injection water composition and experimental conditions. The model tends to under-

estimate SAR performance which is useful from a practical perspective as prognoses are

generally conservative estimates. The observed and modeled SAR performance is higher

at SAR well B than at SAR well A3 because at SAR well B the background As concentration

is about 65% lower than at SAR well A3 (Table 2.1). In practice the model is expected to

be useful to give minimum estimates of SAR performance for specific locations and to

identify locations where SAR performance may be feasible.
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Figure 4.20: Comparison between observed and modeled SAR performances at SAR wells A3 and B.

4.7. CONCLUSIONS

A one-dimensional radially symmetric reactive transport model was developed to model

key hydrogeochemical reactions during SAR operation. Oxidation of Fe(II) and As(III)

was modeled using kinetic-rate expressions. Cation exchange, precipitation of HFO, and

surface complexation, were modeled as equilibrium processes. The model gave reason-

able results for measured concentrations of As, Fe(II), Mn(II), Si, Mg, Na, and K in the

extracted water at SAR well A3. This indicates that the key processes taking place in

the subsurface during SAR operations were modeled correctly by the model. Modeled

breakthrough curves of Fe(II), Mn(II), and As indicate that the variations among cycles

in subsurface removal depends on the injection water compositions and experimental

conditions. High pH and Fe levels in the injection water and multiple injection extrac-

tion cycles of an equal volume facilitates As removal during SAR operation. The overall

agreement between the observed and modeled results for different experimental condi-

tions indicates that the reactive transport model is applicable to various SAR experimen-

tal conditions. The pH of the groundwater in the SAR system during injection, storage,

and extraction had significant impact on As sorption in the subsurface. Particularly, the

high pH of injection water (as a result of CO2 degassing during aeration) promoted As

sorption. During SAR operation As(III) oxidizes to As(V) which is preferentially removed
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from the water and thereby As(III) dominates in the end. These processes increase the

overall As sorption. The gradual development of HFO and the increased sorption ca-

pacity of precipitated HFO facilitates better As removal during SAR operation. A set of

surface complexation reactions and corresponding equilibrium constants was compiled

from earlier studies. The chosen set of surface complexation parameters was found to be

most suitable in describing observed concentration trends of three SAR systems placed

in Holocene reduced aquifer systems in Bangladesh. The results of surface complexa-

tion modeling suggest that simultaneous sorption of H4SiO2 is an important factor for

limiting As removal during SAR operation. The simulated amounts of freshly precipi-

tated HFO are such that aquifer clogging does not seem to be an issue. The model was

applied to simulate subsurface As removal at two other SAR sites in Bangladesh result-

ing in r2 values for As that were larger than for the original model. The model is able to

reproduce the observations reasonably well for most of the parameters discussed in this

paper and performed best for As and Fe; As removal was generally underestimated by the

model. The model can be used to assess potential SAR performance at other locations in

Bangladesh with similar aquifer characteristics based on local hydrogeochemical condi-

tions.
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Subsurface Arsenic Removal (SAR) involves injection of aerated groundwater into an anoxic

aquifer, where oxygen in the injected water reacts with iron in the groundwater to form hy-

drous ferric oxide (HFO). Groundwater with lower arsenic (As) can be extracted because As

sorbs onto the HFO. The performance of a SAR system is defined here as the volume of wa-

ter that can be extracted with As concentrations below the Bangladesh standard (<50 μg/L)

relative to the volume of injected water. A previously developed reactive transport model

was coupled to a new aeration model using a Python script to quantify the sensitivity of

SAR performance to As, Fe, P, Si, pH, alkalinity, HFO, and CEC. The SAR performances at

200 locations in Bangladesh is calculated with the same model and a preliminary map

of suitable locations for SAR application is generated. SAR performance in Bangladesh

ranges from 0 to above 4. The results suggest that SAR performance is lower for higher

background levels of As, P, and Si. SAR performance is higher for higher background levels

of Fe, alkalinity, CEC, HFO (except for the highest background HFO), and molar ratio of

Fe over As. The effect of background pH on SAR performance varies. SAR performance is

highest for the base case model background pH (6.85) and lowest for the maximum back-

ground pH (7.66). For the minimum background pH value (5.85), SAR performance is

slightly lower compared to the base case model background pH. The nationwide SAR per-

formance calculations show that SAR technology may be useful for locations with back-

ground groundwater As concentrations ranging from 50 to 150 μg/L. 27.5% of the stud-

ied locations resulted in SAR performance above 1, which indicates that the potential for

SAR application in Bangladesh is substantial. The results also indicate that a significant

amount of As can be removed from groundwater with very high levels of As using SAR even

if the targeted drinking water standard cannot be achieved. SAR performance drops after

peak performance has been reached. The results of this modeling study show that it takes

on average more than 300 cycles for performance to drop below 50% of peak performance

for most of the locations in Bangladesh when peak SAR performance is above 0.5.
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5.1. INTRODUCTION
Arsenic contaminated shallow groundwater is a major public health and environmental

concern in many parts of the world especially when the groundwater is used as a source

of drinking water [Nordstrom, 2002; Nriagu et al., 2007]. Subsurface Arsenic Removal

(SAR) can be a cost-effective way to provide safe drinking water in rural areas, provided

that the geochemical characteristics of the aquifer are suitable for SAR. SAR experiments

were carried out at several locations in Bangladesh and a reactive transport model was

developed to determine the dominant reactions and parameters that influence As re-

moval in the subsurface (see Chapters 3 and 4).

The dominant mechanisms limiting As removal during SAR operation at the study

sites were:

1 The effect of pH (see Chapter 4; section 4.4.3)

2 Oxidation of As(III) to As(V) (see Chapter 4; section 4.4.3)

3 Sorption capacity increase due to gradual development of HFO (see Chapter 4; section

4.5.2)

4 Simultaneous sorption of H4SiO4 along with As and other elements. (see Chapter 4;

section 4.4.3)

The results of the reactive transport model (RTM) discussed in Chapter 4 demon-

strated that the model was able to asses SAR performance for a given set of hydrogeo-

chemical parameters at three different sites.

An important remaining question is whether SAR can be a potential As mitigation

option for Bangladesh as the spatial variability of Bangladesh groundwater quality is very

high [BGS and DPHE, 2001]. To answer this question, it is explored how the performance

of SAR systems varies under different hydrogeochemical settings. The SAR systems are

simulated with the previously developed RTMs and performance Ps is defined as:

Ps =
(

V

Vi

)
(5.1)

where V is the volume of extracted water meeting the drinking water standard and V i

is the volume of injected water. The Bangladesh drinking water standard of 50 μg/L

for As is used to calculate Ps . Note that SAR performance in Chapter 3 is expressed in

terms of the extraction efficiency (QE ) (see Equation 3.1). The volume of injected water

is subtracted in the definition of QE because the first extracted volume of water with low

As was injected into the aquifer during the next cycle, so what mattered was how much

additional low As water could be withdrawn during the extraction phase. In this chapter,
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the volume of injected water was not subtracted in the definition of Ps because the last

extracted volume of water (with higher As) was injected during the next cycle.

The objectives of this chapter are:

1. To extend the RTM developed in Chapter 4 with a separate model to simulate the

aeration phase resulting in the composition of the injection water.

2. To quantify the potential SAR performance under different hydrogeochemical set-

tings in Bangladesh with a RTM.

3. To quantify the effect of key water quality parameters on SAR performance.

4. To determine the spatial variability of SAR performance across Bangladesh by devel-

oping a preliminary map of potential SAR application.

5.2. MODIFICATION OF RTM TO SIMULATE INJECTION WATER

COMPOSITION
SAR operation for this chapter was simulated with the RTM as described in Rahman et al.

[2015] (Chapter 4) with one important modification. In Chapter 4, measured values of

different water quality parameters were used for the injection water composition in the

model. In this Chapter the composition of injection water is simulated using a separate

PHREEQC model to enable prediction based on background groundwater composition

only. In this section, the process of computing the injection water composition is de-

scribed and results of the modified RTM are compared to results of the RTM of Chapter

4 (with measured injection water composition).

5.2.1. DEVELOPMENT OF PYTHON SCRIPT TO COUPLE THE PHREEQC AER-

ATION MODEL AND THE PHREEQC RTM
The simulations of SAR operation, aeration, and calculation of injection water compo-

sition were carried out with a Python script coupled to PHREEQC version 3.0. The RTM

discussed in Chapter 4 and a new PHREEQC model to simulate aeration and injection

water composition were coupled using the Python script. The new PHREEQC model

used to simulate aeration and injection water composition is referred to as the aeration

model. Different steps of the Python script that runs the aeration model and the RTM is

presented in Fig. 5.1 and discussed in the following. The Python script first generates an

input file for the aeration model for the first SAR cycle based on the background ground-

water composition and then runs the aeration model to calculate the injection water

composition. The Python script then uses the calculated injection water composition

and writes input for the RTM to simulate one SAR cycle. The input for the RTM includes
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the injection water composition, the background hydrogeochemical settings, the back-

ground conditions and definition of the flow path, the rates of the kinetic reactions, and

the transport steps. The simulated injection volume is 5 m3 and the simulated extraction

volume is 20 m3. Note, that the last 5 m3 of the extracted volume was used for injection

after the first cycle onward. The RTM is run by the script to generate the output for the

SAR performance calculation and the input file for the aeration model for the next SAR

cycle. The script performs a maximum of 500 cycles but automatically stops when the

SAR performance reduces to 50% of the peak performance. The script reads the model

output after each injection and extraction phase using the new DUMP and INCLUDE$

functions introduced in PHREEQC v.3.0.

Figure 5.1: Flow chart illustrating the coupling between the Python script and the PHREEQC models.

5.2.2. SIMULATION OF AERATION AND INJECTION WATER COMPOSITION

For the first cycle, the background groundwater composition was used to simulate aera-

tion and subsequent injection water composition (solution 0). During aeration, kinetically-

controlled oxidation reactions of Fe(II) to Fe(III), and of As(III) to As(V) were simulated

as described in Rahman et al. [2015] (Chapter 4). The precipitation of iron oxide and

thereby removal of Fe(III) from the aqueous phase during aeration was not simulated

since the iron flocks remained in the water as suspended matter due to the physical mix-

ing induced by aeration. The formed Fe(III) was assumed to be injected into the aquifer

and the actual precipitation reaction (to form Fe(OH)3) was allowed to take place there.
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Note that formation of iron hydroxide during aeration of water decreases pH (see Equa-

tion 3.2). Therefore, the simulated pH values in the injection water may exceed the ob-

served values. This effect can only be seen during the first few cycles as ferrous iron was

only present in relevant concentrations during those first cycles. The CO2 in the ground-

water is stripped during the aeration process in the tank, which increases the pH of the

injection water as the following equation:

H++HCO−
3 → H2O +CO2

(
g
)

(5.2)

The aeration and CO2 degassing processes were simulated as equilibrium processes,

i.e., it was assumed that the water in the tank was at complete oxygenated conditions

from the start of the aeration process. During aeration the water in the tank was there-

fore equilibrated with atmospheric O2. CO2 requires a longer aeration/stripping time

to achieve atmospheric equilibrium due to its higher solubility compared to O2. Clearly,

CO2 did not reach saturation with the atmosphere within the period of aeration/stripping

(Fig. 5.2). Therefore, during aeration the water in the tank was not equilibrated with at-

mospheric but higher CO2 pressure. The log pCO2 levels of the injection water for all

observed cycles of experiment SAR well B of Chapter 4 were calculated with PHREEQC

(see Fig. 5.2). The simulation of aeration process not only saturated the water with oxy-

gen and oxidized most of the reduced compounds, but also induced degassing of CO2

from the water, which increased the pH of the injection water. The calculated CO2 level

in the injection water did not drop for the cycles where the pH level was high (Figs. 5.2a

and 5.3a). This could be due to some uncertainties in the alkalinity measurements. The

accuracy of the alkalinity measurements was ±10 mg/L and this translates in uncertainty

of calculated dissolved CO2 levels.

The observed values at SAR well B show that pCO2 is initially high but after a few

cycles fluctuates around an average value (Fig. 5.2b). The minimum, maximum, and av-

erage log pCO2 levels for all observed injection water compositions for SAR well B were

calculated. These values were used as target CO2 partial pressures to calculate the in-

jection water compositions for SAR simulation. Injection water composition for each

cycle was also calculated with pCO2 levels calculated from the observed injection wa-

ter composition (referred to as the calculated pCO2 value). The pCO2 value is difficult

to predict or simulate. So, four different pCO2 values were considered to calculate the

composition of injection water for SAR simulation. The results obtained with these four

pCO2 values were compared with the measured injection water composition to deter-

mine the best fit model parameters for further calculations (see the following sections).

The time for aeration was not always constant during experiment SAR well B of Chap-

ter 4. Notably, aeration times for monitored cycles were much longer compared to the
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other cycles in order to ensure thorough aeration of the water in the tank. On average the

aeration time was around 2 hours for general cycles and around 4 hours for monitored

cycles. Therefore, two hours of aeration for general cycles and 4 hours for monitored cy-

cles were simulated before injection into the aquifer. Aeration time for the simulations

of SAR performance calculations was also 4 hours. The calculated injection water com-

position was then used. The average composition of the last 5 m3 of the extracted water

from each cycle was used to simulate the aeration and calculate injection water compo-

sition for the next cycle. Note that the simulated extraction volume for each cycle is 20

m3.

5.2.3. COMPARISON OF SIMULATED AND MEASURED RESULTS

Injection water composition for the four different pCO2 values were compared with the

measured values of water quality parameters (Fig. 5.3) for SAR well B of Chapter 4. For

comparison, the simulations were using the same approach as in SAR well B in Chap-

ter 4. The CO2 equilibrium constant for the green dots was -1.61 (maximum value), the

equilibrium constant for the blue dots was -3.28 (minimum value), the equilibrium con-

stant for the magenta dots was -2.61 (average value), and pCO2 values calculated from

the observed injection water composition was used for the cyan dots (see Fig. 5.3). The

results show that there are large discrepancies between measured and simulated values

for pH, HCO3, and As. The simulated pH values for pCO2 = -3.28 indicate that CO2 de-

gassing was higher compared to the degassing during the field experiment whereas the

degassing was lowest with pCO2 = -1.61. The pH value of the observed extraction cycles

(5, 10, 15, and 20) are considerably higher compared to the other cycles as aeration time

for those cycles were much higher than the others. The pH value for the calculated pCO2

value compares well to the measured pH values for all cycles whereas the pH value for

the average pCO2 value is more or less comparable with measured pH values for most of

the cycles (Fig. 5.3). Overall, the average log pCO2 level gave the most reasonable results

for all four quantities and will be used on the remainder of this chapter.

There is a discrepancy between the observed and modeled concentrations of As in

the injection water (Fig.5.3). The measured concentrations of As were used in the model

discussed in Chapter 4. The concentrations of As were measured in filtered samples and

therefore the sorbed concentrations of As to the suspended Fe-oxides in the injection

water were not measured. The model discussed in this chapter does not simulate the

formation of suspended Fe-oxide but keeps all elements in solution. The model there-

fore predicts higher dissolved concentrations in the injection water than observed.

The measured and modeled levels of different parameters (pH, alkalinity, As, Fe, Si, P,

Ca, and Mg) in the extracted water are compared for the model of Chapter 4 (solid lines

Fig. 5.4) and the model used in this chapter (dotted lines Fig. 5.4). The horizontal axis
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Figure 5.2: Calculated dissolved CO2 concentrations (a) and calculated log pCO2 levels (b) from observations
at SAR well B (see Chapter 4 for description about SAR well B). The dashed line in panel b represents the
atmospheric log pCO2 value.

Figure 5.3: Comparison between measured and simulated injection water composition for four different log
pCO2 values at SAR well B.

represents the extracted volume (V ) normalized by the injected volume (V i ). The model

used in this chapter compares reasonably well with the model of Chapter 4.

The observed SAR performance at SAR well B is compared with the SAR performance

calculated with the RTM of Chapter 4 and this chapter (based on the average log pCO2

value) in Fig. 5.5. The results show that SAR performance of the modified RTM with

average log pCO2 value is similar to the SAR performance simulated in Chapter 4 (Fig.

5.5). The SAR performance for Cycles 10, 15, and 20 calculated by the RTM of Chapter

4 are higher than the SAR performance for the same cycles calculated by the RTM dis-

cussed in this chapter. This discrepancy is due to longer aeration times and thus lower
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Figure 5.4: Observations and model (Chapter 4 and 5) simulations for various parameters during cycles 1, 5,
10, 15, and 20 for the SAR experiment at SAR well B. The dots represent the observed values and the solid lines
represent the results of Chapter 4 model. The dotted lines represent results of modified RTM of this chapter
with average log pCO2 levels as the equilibrium constant for CO2.

pCO2 values for the RTM of Chapter 4 than the average log pCO2 value used in the model

used in this chapter. Note that the simulated performance is smaller than the measured

performance (as in Chapter 4) so that assessment of the performance is conservative.

5.3. HYDROGEOCHEMICAL DATA REQUIREMENT FOR SAR SIM-

ULATION

The key hydrogeochemical parameters required for SAR RTM simulation include: back-

ground groundwater pH, alkalinity of the background groundwater, background con-

centration of total As, As speciation (As(III) and As(V)) of background groundwater, back-

ground concentrations of Fe2+, PO4, and Si, HFO content, and cation exchange capacity

(CEC). Other minor hydrogeochemical parameters (which have negligible effect on SAR

performance) include: background concentrations of Ca, Mg, Na, K, Mn, SO4, and Cl,

Goethite content, soil organic matter (SOM) content, CaCO3 content, and FeCO3 con-

tent. All parameters are summarized in Table 5.1, including the literature source used
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Figure 5.5: Comparison between observed and simulated SAR performances (Chapter 4 and 5). The red bars
represent the observed SAR performances. The green bars represent the SAR performances calculated with
Chapter 4 model. The blue bars represent SAR performance calculated with Chapter 5 model for simulation
with injection water composition calculated with the average of observed log pCO2 values as the equilibrium
constant for CO2.

for their values (to be discussed in the following).

5.3.1. DATABASES USED FOR HYDROCHEMICAL PARAMETERS

Arsenic in groundwater along with 19 other parameters were measured during a hydro-

geochemical survey performed by the British Geological Survey (BGS) and Department

of Public Health and Engineering (DPHE) [BGS and DPHE, 2001]. This data set is re-

ferred to as the BGS/DPHE data set. The BGS/DPHE data set consists of 3,354 wells from

433 of the 496 upazilas (sub districts) with coordinates of the wells. The well locations

were selected to have an even spatial coverage with a sampling density of 1 per 37 km2.

The BGS/DPHE data set include 1884 location with As concentration less than 10 μg/L,

1470 locations with As concentration greater than 10 μg/L, and, 876 locations with As

concentration greater than 50 μg/L. This is the only data set that provides hydrochem-

ical information for the entire country of Bangladesh. However, the BGS/DPHE data

set does not include information on pH, alkalinity, and Cl. The BGS and DPHE [2001]

database includes a separate data set generated by the Bangladesh Water Development

Board (BWDB) which is referred to as the BWDB data set. The BWDB data set includes

alkalinity and Cl information at 113 locations across Bangladesh but only 16 of those

locations have As concentrations larger than the Bangladesh guideline. Therefore, 184
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Table 5.1: Hydrogeochemical parameters required for SAR simulation and corresponding sources.

Key Hydrogeochemical Parameters Source
pH [Aziz Hasan et al., 2009]
Alkalinity [Aziz Hasan et al., 2009]
As(Total) [BGS and DPHE, 2001]
As(III) 80% of the total As [Rahman et al., 2015]
As(V) 20% of the total As [Rahman et al., 2015]
Fe [BGS and DPHE, 2001]
P [BGS and DPHE, 2001]
Si [BGS and DPHE, 2001]
HFO 0.71 mol/L [Rahman et al., 2015]
CEC 0.095 mol/L [Rahman et al., 2015]

Other Hydrogeochemical Parameters
Ca [BGS and DPHE, 2001]
Mg [BGS and DPHE, 2001]
Na [BGS and DPHE, 2001]
K [BGS and DPHE, 2001]
Mn [BGS and DPHE, 2001]
SO4 [BGS and DPHE, 2001]
Goethite 3.2 mol/L [Rahman et al., 2015]
SOM N/A
CaCO3 0.39 mol/L [Rahman et al., 2015]
FeCO3 N/A
Note: Chapter 4 is based on Rahman et al. [2015]

locations with As concentration greater than 50 μg/L from the BGS/DPHE data set (see

section 5.5 for details) and these 16 locations from the BWDB data set were used for the

nationwide SAR performance calculations in this chapter.

5.3.2. PARAMETER VALUES TAKEN FROM OTHER DATABASES

Nationwide information on pH, alkalinity, and arsenic speciation is not available for

Bangladesh. The background speciation of As for all simulations of this study was as-

sumed to contain 80% As(III) and 20% As(V), similar to the speciation reported from

their study sites by Rahman et al. [2014] (Chapter 3). Similar results on As speciation

were also reported by Freitas et al. [2014] and Van Halem et al. [2010a]. The values of pH

and alkalinity used for this study are 6.85 and 231.8 (mg/L), respectively, which are the

mean values published by Aziz Hasan et al. [2009]. The data set published by Aziz Hasan

et al. [2009] consists of 160 wells from six upazilas, namely Daudkandi, Chandina, Mu-

radnagar, Debidwar, Burichang, and Comilla Sadar of Comilla district, covering an area

of approximately 1500 km2 with locations of wells selected to have even spatial coverage
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with a sampling density of 1 per 10 km2. This region is one of the most hydrogeochem-

ically diverse areas of Bangladesh [Aziz Hasan et al., 2009]. The region includes severely

As affected upazilas where 60–90% of the domestic wells are pumping water with As

above the Bangladesh guideline [BGS and DPHE, 2001]. This region also includes in-

termediate to low As affected upazilas such as Burichang and Comilla Sadar. None of the

locations from this data set were used for SAR simulation in this chapter because two

SAR wells from the same area namely SAR well A2 and A3 were simulated in Chapter 4.

Spatial geochemical data are not available for Bangladesh. Only a few data points on

HFO content are available for Bangladesh [Stollenwerk et al., 2007; von Brömssen et al.,

2008]. The measured values reported in Chapter 4 for HFO (0.71 mol/L) and CaCO3 (0.39

mol/L) content and the calculated value in Chapter 4 for CEC (0.095 mol/L) were used

for all simulations in this chapter.

5.4. SENSITIVITY ANALYSIS

5.4.1. SENSITIVITY OF SAR PERFORMANCE TO KEY HYDROGEOCHEMICAL

PARAMETERS

A sensitivity analysis was performed in order to determine the effect of variations in

background levels of As, Fe, P, Si, pH, alkalinity, HFO, and CEC on SAR performance.

The above parameters were identified as key controlling parameters for As removal in

Chapter 4. The PHREEQC model discussed in Chapter 4 was used with the modification

discussed in Sections 5.2.1 to 5.2.3 to develop a base case model. The median values of

the locations with As concentrations higher than 10 μg/L from the BGS/DPHE data set

were used as background groundwater composition for the base case model. Note that

the dissolved oxygen concentration was assumed as 0 mg/L in the groundwater since the

shallow Holocene aquifers in Bangladesh are commonly found to be anoxic[Ravenscroft

et al., 2009]. The base case model parameters are presented in Table 5.2.

The levels of As, Fe, P, and Si were varied separately using the 5, 10, 25, 75, 90, 95th

percentiles of the measured values of the locations with As concentration higher than

10 μg/L from the BGS/DPHE data set (Table 5.3). The data distribution and background

concentrations of As, Fe, P, and Si are shown using a cumulative distribution function in

Fig. 5.6. This graph plots the proportion of samples which are equal to or less than a

given concentration. The curve rises from 0% at the minimum concentration to 100%

at the maximum value measured in the sample set. The number of log-cycles on the

horizontal axes of the plots in Fig. 5.6 indicate that the concentrations of the param-

eters are highly variable. The graphs indicate the 10, 25, 50, 75, and 90th percentiles

with dotted vertical lines. The median values of other hydrochemical parameters used

in the sensitivity analysis are presented in Table 5.4. Only one parameter was varied at
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Table 5.2: Hydrogeochemical parameters used for the base case model.

Parameter Value
As(total) (μg/L) 68.6
As(III) (μg/L) 54.8
As(V) (μg/L) 13.7
Fe (mg/L) 3.8
P (mg/L) 0.90
Si (mg/L) 19.5
Ca (mg/L) 49.55
Mg (mg/L) 23.3
Na (mg/L) 30.4
K (mg/L) 4.3
Mn (mg/L) 0.31
SO4 (mg/L) 0.5
Alkalinity (mg/L) 231.8
pH 6.85
O 0
HFO (mol/L) 0.71
CEC (eq/L) 0.095

a time while all other parameters of the model were kept at the value of the base case

model. This approach is similar as the approach followed by Van Breukelen and Rolle

[2012]. Six PHREEQC models were run for each parameters to quantify its effect on SAR

performance. In total, 25 PHREEQC models, including the base case model, were run to

quantify the effect of As, Fe, P, and Si on SAR performance.

Sensitivity analysis was also performed for different background levels of HFO, CEC,

pH, and alkalinity but not according to the Bangladesh statistical distribution since na-

tionwide data for these parameters are not available. The same base case model was

used. The HFO and CEC values were varied by using 0.25, 0.5, 2.0, and 4.0 times the

background value of the base case model. The background pH and alkalinity levels were

varied by taking the maximum and minimum pH (maximum and minimum pH values

are 7.66 and 5.85, respectively) and alkalinity values (maximum and minimum alkalinity

values are 716.14 and 58.6 mg/L, respectively) from Aziz Hasan et al. [2009]. The data dis-

tribution and background concentrations of pH and alkalinity used for sensitivity anal-

ysis are presented in Fig. 5.7.

Peak SAR performance was calculated for each model using the same Python script

used for SAR simulation based on the highest extracted volume of water with As concen-

tration below 50 μg/L.
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Figure 5.6: Relative cumulative fraction of As, Fe, P, and Si. The vertical dotted lines represent the concentra-
tions of the 10, 25, 50, 75, 90th percentiles (from left to right in each subplot) n = 1470.

Figure 5.7: Relative cumulative fraction of pH and alkalinity reported by Aziz Hasan et al. [2009]. The verti-
cal dotted lines represent the concentrations of the 10, 25, 50, 75, 90th percentiles (from left to right in each
subplot). n = 160

5.4.2. EFFECT OF KEY HYDROCHEMICAL PARAMETERS ON SAR PERFOR-

MANCE

The effect of different background levels of As, Fe, P, Si, pH, alkalinity, HFO, and CEC on

peak SAR performance is presented in Fig. 5.8. Note that SAR performance increases to

peak level with successive cycles due to gradual buildup of HFO acting as sorbent for As.

SAR performance starts to decline after reaching the peak due to pH buffering by HFO in

the subsurface, which lowers the pH of the injection water and thereby decreases the po-

tential for As sorption onto HFO. It is important to mention that for different parameter,

a different number of cycles was required to reach peak SAR performance (see Table 5.5).
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Table 5.3: Percentiles values of different water quality parameters [BGS and DPHE, 2001] used for sensitivity
analysis.

percentile
Parameter

5th 10th 25th Median 75th 90th 95th

As(total) (μg/L) 12.6 15.2 27.5 68.6 172.0 330.0 471.5
As(III) (μg/L) 10.1 12.2 22.0 54.8 137.6 264.0 377.2
As(V) (μg/L) 2.5 3.0 5.5 13.7 34.4 66.0 94.3
Fe (mg/L) 0.4 0.7 1.6 3.8 7.6 12.7 16.4
P (mg/L) 0.20 0.20 0.50 0.90 1.60 2.70 3.76
Si (mg/L) 11.9 13.8 16.1 19.5 23.0 26.6 28.2

Table 5.4: Median value of other water quality parameters [BGS and DPHE, 2001] used for sensitivity analysis.

Parameter Median (mg/L)
Ca 49.5
Mg 23.3
Na 30.4
K 4.3

Mn 0.3
SO4 0.5

SAR performance decreases with increasing background levels of As. Note that ground-

water with background levels of As below 50 μg/L (5, 10, and 25th percentile) will have

SAR performance of infinity at base case as As will never exceed the standard (50 μg/L)

considered here for SAR performance calculation. Therefore, the group just above the

standard (50th percentile) of course has the highest performance at base case. The 75th ,

90th , and 95th percentile of As resulted in SAR performance of zero, which means that As

levels never drop below 50 μg/L at base case (Fig. 5.8a). These results indicate that SAR

will not work when background groundwater As level is above the 75th percentile and

all other parameters are equal to the base case. The relationship between background

groundwater As levels and SAR performance is discussed in details later in this chapter.

SAR performance is fairly constant for increasing levels of background P and Si till

the median value and then start to decrease with increasing background levels of P and

Si. SAR performance is fairly constant for increasing levels of background Fe till the me-

dian value and then start to increase with increasing background levels of Fe (Fig. 5.8a).

SAR performance is higher for higher background levels of alkalinity (Fig. 5.8b) and CEC

(Fig. 5.8c). The effect of background groundwater pH on SAR performance varies. SAR

performance is highest for the background pH used in the base case model and lowest

for the maximum background pH. For the minimum background pH value, SAR per-
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Table 5.5: Cycles required to reach peak SAR performance for various values of different water quality param-
eters [BGS and DPHE, 2001]. Cycle numbers for 5, 10, and 25 percentiles values of As were not calculated as
background As levels were below the Bangladesh guideline. Cycle number for 75, 90, 95 percentile values of As
and for maximum pH value was not calculated as SAR performance was always 0.

Cycles to reach peak PS

Parameter

5th 10th 25th Median 75th 90th 95th

As - - - 7 - - -
Fe 4 4 5 7 9 200 20
P 14 14 8 7 6 3 3
Si 7 5 6 7 8 8 9

Min Base model Max
pH 20 7 -
Alkalinity 2 7 5

0.25X 0.5X Base model 2X 4X
HFO 6 7 7 10 8
CEC 7 7 7 9 8

formance is slightly lower compared to the background pH value used in the base case

model (Fig. 5.8b). SAR performance is higher for higher levels of background HFO till

twice as much of the base case model value. Peak SAR performance is lower when the

HFO value is equal to four times the base case model.(Fig. 5.8c). The above results are

discussed separately in the following sections.

5.4.3. EFFECT OF BACKGROUND ARSENIC ON SAR PERFORMANCE

The effect of As on SAR performance was assessed with varying background levels of

As. The results show, not surprisingly, that SAR performance is lower for higher back-

ground levels of As (Fig. 5.8a). The levels of pH, As, and Fe in the extracted water and the

amount of sorbed As in the aquifer for different background levels of As are presented in

Fig. 5.9. The results show that SAR performance is lower for higher levels of background

groundwater As (Fig.5.9c). The absolute As removal is considerably higher at higher lev-

els of background groundwater As than at lower levels of background As (Fig.5.9d) even

though for water with As levels just above the drinking water standard (50 μg/L), a much

higher volume of water with As below 50 μg/L can be extracted. These results indicate

that a much higher amount of As can be removed from groundwater with very high lev-

els of As compared to groundwater with relatively lower levels of As using SAR even if the

extracted water does not meet the drinking water standard for As.

The concentration of dissolved Fe in the extracted water is a little bit higher for higher

background levels of As (Fig. 5.9b) due to increased sorption of As on to HFO (Fig. 5.9e).
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Figure 5.8: (a) Peak Ps for different background levels of As, Fe, P, and Si according to the statistical distribution
of Bangladesh (5-10-25-75-90-95th percentiles), (b) Peak Ps for different background levels of pH and alkalinity
according to the minimum, mean, and maximum values reported by Aziz Hasan et al. [2009], and (c) Peak Ps
for different background levels of HFO and CEC according to the 0.25, 0.5, 2.0, and 4.0 times the background
value of the base case model.

The increased As adsorption on HFO induces desorption of Fe and thus the concentra-

tion of dissolved Fe in the extracted water increases.

5.4.4. EFFECT OF BACKGROUND IRON ON SAR PERFORMANCE

Background levels of Fe in groundwater has influence on As removal during SAR oper-

ation as dissolved Fe in the water precipitates to form HFO during the injection phase.

The precipitated HFO provides surface sites for As to be adsorbed [Sharma, 2001; Appelo

and de Vet, 2003]. The effect of different background levels of Fe on SAR performance

was assessed and the results are shown in Fig. 5.10. The concentration of dissolved As in

the extracted water is lower for higher background Fe concentration during the entire ex-

traction phase (Fig. 5.10c, d, e), due to higher sorption capacity for higher background Fe

concentration. The sorption capacity is higher for higher background Fe concentration

due to significantly higher the content of precipitated HFO in the aquifer (Fig. 5.10f).

This is why As removal is also slightly higher for higher background levels of Fe at the

base case (Fig. 5.8a). The amount of sorbed Fe and As (Fig. 5.10g and h, respectively)

also suggests that due to higher content of precipitated HFO for higher background lev-

els of Fe, the concentrations of dissolved As in the extracted water is lower (Fig. 5.10c,

d, e). During the injection and storage phase, more Fe oxidizes when the background

Fe concentration is higher. Fe oxidation in the subsurface results in the production of
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Figure 5.9: Effect of different background levels of As on levels of As, Fe, and pH in extracted water and sorbed
As in the aquifer near the well on SAR performance. The figure shows the results of the final cycle when peak
SAR performance is achieved.

H+ during the formation of Fe(OH)3 following the reaction Equation 3.2. Consequently,

the more oxidation of Fe occurs in the subsurface the larger the pH drop. The pH lev-

els in the extracted water for different background levels of Fe corroborate the reaction

Equation 3.2 (Fig. 5.10a).

5.4.5. EFFECT OF BACKGROUND PHOSPHORUS ON SAR PERFORMANCE

PO4 is one of the main competitors of As for sorption sites [Stollenwerk et al., 2007;

Van Halem et al., 2010a] . That means high levels of background P may have negative

impact on SAR performance. Fig. 5.11 shows the effect of different background levels

of P on SAR performance. The sorbed amount of Fe and As are lower for higher back-

ground levels of P levels (Fig. 5.11i and j), because higher background levels of dissolved

P lead to higher background amounts of sorbed P which in turn results in lower back-

ground amounts of sorbed Fe and As due to ion competition for sorption sites [Dixit and

Hering, 2003; Guan et al., 2009; Hug et al., 2008; Meng et al., 2000; Sharma, 2001; Stol-

lenwerk et al., 2007; Su and Puls, 2001; Van Halem et al., 2010a] . The lower dissolved

concentration of Fe in the extracted water for higher background levels of P limits the

oxidation of Fe during the injection phase and thus lower content of HFO is formed for

higher background P (Fig. 5.11h). The concentration of dissolved As in the extracted wa-
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Figure 5.10: Effect of different background levels of Fe on levels of As, Fe, and pH in extracted water and sorbed
As, Fe, and the content of HFO in the aquifer near the well on SAR performance. The figure shows the results
of the final cycle when peak SAR performance is achieved.

ter is higher for higher background P concentrations during the entire extraction phase

(Fig. 5.11c) because of higher P sorption (Fig. 5.11g). The higher P sorption for higher

background levels of P decreased the sorption of As due to ion competition for sorption

sites in the aquifer (Fig. 5.11j). The lower content of HFO in the aquifer (Fig. 5.11h) for

higher background levels of P limits the sorption of As in the subsurface and thus also re-

sults in higher dissolved levels of As in the extracted water. The dissolved concentration

of As(III) in the extracted water is higher for higher background P concentration (Fig.

5.11d). Similar results were reported for As(III) by Dixit and Hering [2003] and Hug et al.

[2008].
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Figure 5.11: Effect of different background levels of P on levels of As, Fe, P, and pH in extracted water and sorbed
As, Fe, P, and the content of HFO in the aquifer near the well on SAR performance. The figure shows the results
of the final cycle when peak SAR performance is achieved.

5.4.6. EFFECT OF BACKGROUND SILICON ON SAR PERFORMANCE

Si is another competitor of As for sorption sites [Meng et al., 2001; Su and Puls, 2001].

The effect of Si on As removal was assessed with varying background levels of Si. The

results show that SAR performance is slightly lower for higher background levels of Si

(Fig. 5.8a). The levels of pH, As, Fe, and Si in the extracted water and the amount of

sorbed Si, Fe, and As in the aquifer for different background levels of P are plotted in

Fig. 5.12. Total dissolved As concentrations is only slightly higher in the extracted water

(Fig. 5.12c, d, e) and the sorption of As in the aquifer is lower (Fig. 5.12i) for higher

background concentrations of Si. These higher dissolved As and lower As sorption for
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higher background Si concentrations are due to competitive sorption between As and

Si. The competitive sorption between As and Si is also reported by Hug et al. [2008];

Meng et al. [2000, 2001]; Rahman et al. [2014]; Stollenwerk et al. [2007]. The effect of

background Si is generally negligible on Fe (Fig. 5.12b and h). The results show that the

effect of Si on As removal is very small whereas the results in Chapters 3 and 4 showed

that Si is an important competitor of As for sorption sites on HFO. Thus one could expect

a stronger impact of Si on As removal than simulated results presented in this chapter.

Figure 5.12: Effect of different background levels of Si on levels of As, Fe, Si, and pH in extracted water and
sorbed As, Fe, and Si in the aquifer near the well on SAR performance. The figure shows the results of the final
cycle when peak SAR performance is achieved.
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5.4.7. EFFECT OF BACKGROUND HFO CONTENT ON SAR PERFORMANCE

The gradual builup of HFO in the sediment has a large impact on the sorption of As, Fe,

Mn, P, and Si [Antoniou et al., 2013; Appelo and de Vet, 2003; Rahman et al., 2015]. The

effect of HFO on SAR performance was also tested with varying background contents

of HFO. The results show that SAR performance is higher for higher content of back-

ground HFO except for the highest content of background HFO (Fig. 5.8c). Background

HFO shows significant effects on the pH of the extracted water from the beginning of

extraction phase till V /V i ≈ 1 during SAR operation. The pH of the extracted water is

much lower for higher background HFO content from the beginning of the extraction

phase till V /V i ≈ 1 (Fig. 5.13a). This is possibly because of the oxidation of dissolved

and sorbed Fe2+ on HFO during the injection phase. The lower pH in the extracted wa-

ter for higher background HFO may also be related to the pH buffering of injection wa-

ter due to desorption of H+ from the HFO. Higher background HFO levels mean higher

levels of adsorbed Fe, As, and P in the aquifer. The availability of Fe in the aquifer is

thus higher and potentially more HFO can be formed. Aqueous and sorbed Fe2+ levels

remain high during the entire extraction phase for the highest background HFO con-

tent. Higher availability of Fe2+ implies more Fe2+ oxidation and new HFO formation

(see Equation 3.2) and as a result a decline in pH. Therefore, the higher the oxidation

of Fe2+ the larger the pH drop. HFO also (de)sorbs H+ and may tend to buffer the pH.

Thus with higher background HFO the pH of the injection water is stronger buffered by

H+ exchange on the HFO and results in a further reduction in the pH of the injection

water. The pH decline is inversely related to an As increase (compare Fig. 5.13a and c)

illustrating the pH-dependent sorption behavior of As. Although SAR performance in-

creased with higher background HFO levels except for the highest one, the reduction in

the As level until around V/Vi = 1 is higher for the lower the background HFO level. The

lower desorption of P due to lower pH in the extracted water for higher background con-

tent of HFO resulted in higher desorption of As due to ion competition for sorption sites

[Hug et al., 2008; Meng et al., 2000; Rahman et al., 2015; Stollenwerk et al., 2007]. The

higher desorption of As due to lower P desorption for higher background HFO content

increased the dissolved As levels in the extracted water from the beginning of the extrac-

tion phase till V /V i ≈ 1. After V /V i ≈ 1, pH levels in the extracted water is higher for

higher background HFO (Fig. 5.13a) which induced higher P desorption and higher As

adsorption. Higher background contents of HFO also have a similar effect on dissolved

Fe as As (Fig. 5.13b). The amount of sorbed Fe and As is higher for higher background

HFO content (Fig. 5.13g and h respectively) due to the availability of more sorption sites

for higher background content of HFO. The effect of goethite on As removal during SAR

operation is negligible [Rahman et al., 2015] (Chapter 4) and thus not discussed in this

chapter.
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Figure 5.13: Effect of different background contents of HFO on concentrations of As, Fe, P, and pH in extracted
water and sorbed As, Fe, P, and content of HFO in the aquifer near the well on SAR performance. The figure
shows the results of the final cycle when peak SAR performance is achieved.

5.4.8. EFFECT OF BACKGROUND CATION EXCHANGE CAPACITY (CEC) ON

SAR PERFORMANCE

CEC can influence SAR performance, because high CEC in the aquifer may result in high

amounts of exchanged Fe. During injection this exchanged Fe will oxidize and produce

higher content of HFO which in turn increases the As sorption. The results however show

that SAR performance is only minimally higher for higher background levels of CEC (Fig.

5.8c). The levels of pH, As, and Fe in the extracted water and the content of exchanged

Fe, sorbed As and Fe in the aquifer for different background levels of CEC are plotted

in Fig. 5.14. The lower dissolved As concentrations in the extracted water for higher
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background CEC (Fig. 5.14c, d, and e) is due to slightly higher contents of precipitated

HFO in the subsurface. The slightly higher content of HFO for higher background CEC

increases the opportunity for As to be adsorbed. The content of HFO is significantly

higher for higher background CEC (Fig. 5.14g) due to oxidation of exchanged Fe during

injection phase. The result also show not surprisingly that exchanged Fe is considerably

higher for higher background CEC (Fig. 5.14f).

Figure 5.14: Effect of different background levels of CEC on levels of As, Fe, and pH in extracted water and
exchanged Fe(II), and content of HFO in the aquifer near the well on SAR performance. The figure shows the
results of the final cycle when peak SAR performance is achieved.
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5.4.9. EFFECT OF BACKGROUND PH ON SAR PERFORMANCE

Sorption of As and P is pH sensitive [Dixit and Hering, 2003; Kartinen Jr. and Martin,

1995; Stollenwerk et al., 2007] . The effect of background groundwater pH on SAR perfor-

mance was tested with varying background pH levels. The results show that SAR perfor-

mance is highest for the base case model background pH and lowest for the maximum

background pH (Fig. 5.8b). The pH of the extracted water for the highest background

groundwater pH does not increase above the background level at the beginning of the

extraction phase till V /V i ≈ 1 (Fig. 5.15a). This is because, at the highest background

pH there will be less dissolved CO2 in the background groundwater and thus there will

be less CO2 stripping from the injection water during aeration. Therefore pH of the in-

jection water does not increase above the background level. The background pH levels

have a significant effect on the total dissolved As concentrations during SAR operation

(Fig. 5.15c). At the beginning of the extraction phase with maximum background pH,

the As concentration is highest and surprisingly largely exceeds the background As level.

This is possibly due to the lower P concentration in the extracted water (Fig. 5.15d). The

lower P desorption should have caused lower P concentrations and higher As concen-

trations in the extracted water for the highest background pH from the beginning of the

extraction phase till V /V i ≈ 1 but the sorbed As and P content do not corroborate this

(Fig. 5.15e and f). After V /V i ≈ 1 the dissolved As concentration in the extracted wa-

ter continues to increase and surprisingly largely exceeds the background As level with

increasing extracted volume (Fig. 5.15c). At the beginning of the extraction phase with

minimum background pH level, P concentration in the extracted water is higher com-

pared to the other background pH levels (Fig. 5.15d). The higher P concentration leads

to lower dissolved As till V /V i ≈ 1 due to competitive sorption (Fig. 5.15c) but again

the sorbed As and P content in the aquifer near the SAR well do not support this (Fig.

5.15e and f). After V /V i ≈ 1, the concentration of dissolved As continues to increase

with increasing extracted volume due to the extraction of more acidic water (Fig. 5.15c).

Extraction of water with minimum background pH level also has higher levels of dis-

solved Fe compared to the other background pH levels (Fig. 5.15b). It is unclear how the

dissolved As concentration in the extracted water exceeds beyond the background level

for highest background groundwater pH instead of a reduction towards a lower level.

Therefore further exploration is required to understand the processes that produced the

results discussed in this section.

5.4.10. EFFECT OF BACKGROUND ALKALINITY ON SAR PERFORMANCE

The effect of alkalinity on SAR performance was tested with varying background levels

of alkalinity. The results show that SAR performance is higher for higher background al-
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Figure 5.15: Effect of different background levels of pH on levels of As, Fe, P, and pH in extracted water and
content of sorbed As, P and Fe and HFO in the aquifer near the well on SAR performance. The figure shows the
results of the final cycle when peak SAR performance is achieved.

kalinity (Fig. 5.8b). The pH of the extracted water is significantly higher for higher levels

of background alkalinity from the beginning of the extraction phase till V /V i ≈ 1 (Fig.

5.16a). This is due to higher CO2 stripping from water for higher background levels of

alkalinity during aeration. The water with higher background levels of alkalinity con-

tains more dissolved CO2 as the pH is assumed constant. During aeration more CO2 is

stripped out of the water and as a result the pH of the injection water becomes higher

for higher background levels of alkalinity. Similar effect was also reported by Safari et al.

[2014]. The higher pH in the extracted water from the beginning of the extraction phase

till V /V i ≈ 1 leads to stronger sorption of Fe, Mn, and As which resulted in lower concen-

trations of dissolved Fe, Mn, and As in the extracted water for higher levels of background

alkalinity (Fig. 5.16c, d, and e respectively).
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Figure 5.16: Effect of different background levels of alkalinity on levels of As, Fe, Mn, P, pH, and alkalinity in
extracted water and content of HFO in the aquifer near the well on SAR performance. The figure shows the
results of the final cycle when peak SAR performance is achieved.

5.4.11. SUMMARY OF SENSITIVITY ANALYSIS

The effect of different background levels of As, Fe, P, Si, pH, alkalinity, HFO, and CEC on

SAR performance was investigated using the modified RTM. The results show that SAR

performance is lower for higher background levels of As, P, and Si. SAR performance is

higher for higher background levels of Fe, alkalinity, and CEC. SAR performance is sig-

nificantly higher for higher background contents of HFO except for highest background

content of HFO. SAR performance is highest for background pH of the base case model

and lowest for maximum background pH. SAR performance is slightly lower for min-

imum background pH compared to the background pH of the base case model. SAR

performance is lower for higher background levels of As but the absolute As removal is
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significantly higher for higher background levels of As which indicate that a significant

amount of As can be removed with SAR technology even if the drinking water standard

could not be achieved during SAR operation. The results of sensitivity analysis indicate

that As is by far the most important background parameter that controls SAR perfor-

mance. Other key background parameters that control SAR performance include HFO,

alkalinity, and pH. The parameters that have minor impact of SAR performance include

Fe, P, Si, and CEC. It is important to note that only one parameter was varied at a time in

the sensitivity analysis while some parameters like As, Fe, and P may be correlated but

these effects were not studied in the sensitivity analysis.

5.5. NATIONWIDE SAR PERFORMANCE CALCULATION
The BGS/DPHE data set was used to select different locations in Bangladesh to calculate

SAR performance with the RTM. The locations for SAR performance calculation were se-

lected in such a way that their spatial distribution covers the entire country. Note, all the

selected locations for nationwide SAR performance calculation contains As level more

than 50 μg/L. A total of 184 locations in Bangladesh were selected covering the range

of parameter variation. As mentioned earlier, sixteen additional sites with As concen-

trations above 50 μg/L were selected from the BWDB data set. SAR was simulated for

200 locations and peak SAR performance was calculated for each location. Maps of peak

SAR performance and its relation to key parameters were created for all 200 locations

(Fig. 5.17).

Table 5.6: SAR performance assessment for Bangladesh groundwater.

Ps Number of locations
0 97 (48.5%)

0 - 1 48 (24%)
1 - 2 35 (17.5%)
2 - 3 3 (1.5%)
3 - 4 17 (8.5%)

5.5.1. ASSESSMENT OF SAR PERFORMANCE FOR BANGLADESH GROUND-

WATER

Assessment SAR performance for Bangladesh groundwater is summarized in Tables 5.6

and 5.7. The results show that 27.5% of the studied locations resulted in peak SAR perfor-

mance greater than 1 and 24% of the studied locations resulted in peak SAR performance

ranging between above 0 to 1 (Table 5.6). The results of SAR performance calculation

show that SAR works better for background groundwater As levels ranging from above 50
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to 150 μg/L (Table 5.7 and Fig. 5.17a). About 22% and 5% of the locations showed peak

SAR performance above zero with background As concentrations ranging from 150-200

μg/L and more than 200 μg/L respectively (Table 5.7). The above results indicate that

SAR technology has a great potential for locations with background groundwater As con-

centrations ranging between 50 and 150 μg/L but SAR might be useful for locations with

background groundwater As levels of above 200 μg/L as well.

Table 5.7: SAR performance and its relation to background groundwater As.

Groundwater As (μg/L) n sites sites with Ps > 0 sites with Ps > 1
50 - 100 46 (23%) 97% 93%

100 - 150 56 (28%) 82% 38%
150 - 200 37 (19%) 22% 0%

>200 61 (30%) 5% 0%

Peak SAR performance and number of cycles required to achieve peak performance

is computed with the RTM at 200 locations in Bangladesh. Results and their relation

with background groundwater As concentrations are presented in Fig. 5.17. Peak perfor-

mance is shown in Fig. 5.17a. The number of cycles to reach peak performance is shown

in Fig. 5.17b. There is no distinct spatial pattern in SAR performance except that areas

with high As level show low performance and vice versa (Fig. 5.17a). There are some

locations for each range of background groundwater As level shown in Fig. 5.17a where

As levels below 50 μg/L cannot be achieved with SAR. These locations are referred to as

zero SAR performance. The percentage of locations with zero SAR performance is lower

for lower levels of background groundwater As (Fig. 5.17a). For most of the locations

with more than 200 μg/L of background As concentrations, SAR performance is zero.

For locations with background As concentrations ranging between 150-200 μg/L, peak

SAR performance is slightly higher (0-1) with fewer locations with zero performance.

Peak SAR performance is considerably higher (ranging between 1-2) for most locations

when background As concentrations ranges from 100-150 μg/L. The number of loca-

tions with zero performance is considerably lower when background As concentrations

ranges from 100-150 μg/L. Peak SAR performance is best (between 2-4) and the num-

ber of zero performance locations is smallest for background As concentrations ranging

from 50-100 μg/L (Fig. 5.17a).

SAR performance increases with successive cycles due to gradual buildup of HFO in

the subsurface [Rahman et al., 2015] (Chapter 4). It is important to determine how many

cycles it takes to reach peak SAR performance at each location. The number of cycles

required to reach peak SAR performance is presented in Fig. 5.17b. For the locations of

the BGS/DPHE data set (circles) the number of cycles required to reach peak SAR per-
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formance varies over the full range of 2 to 500, while only a small number of locations

required more than 250 cycles. For the locations of the BWDB data set (squares), 2 cycles

were required for most sites to reach peak SAR performance while only two locations re-

quired 20 to 60 cycles to reach peak SAR performance. In general, a smaller number of

cycles was required to reach peak performance when peak performance was relatively

small.
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5.5.2. RELATION BETWEEN PEAK SAR PERFORMANCE AND DIFFERENT BACK-

GROUND WATER QUALITY PARAMETERS

A simple linear regression analysis was performed in order to determine the correlation

between peak SAR performance computed at 200 locations in Bangladesh and back-

ground groundwater As, P, and Fe levels, as well as the ratio of background groundwater

Fe over As concentrations (Fig. 5.18). The results of the regression analysis are sum-

marized in Table 5.8. From Fig. 5.18a it is clear that peak SAR performance is inversely

related to background groundwater As concentrations. There is a slight positive correla-

tion between Peak SAR performance and the ratio of background groundwater Fe over

As concentrations (Fig. 5.18d). Background groundwater Fe and P levels do not show

any significant correlation with peak SAR performance ((Fig. 5.18b and c).

Figure 5.18: Relationship between SAR performance and As (a), SAR performance and P, (b), SAR performance
and Fe (c), and SAR performance and molar ratio of Fe and As (d).

Linear regression analysis shows a moderately strong and statistically significant re-

lationship (R2 = 0.48, p < 0.001) between As and SAR performance corresponding to a

decrease in SAR performance with higher levels of background groundwater As. For
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Table 5.8: Regression Analysis of SAR performance as a Function of Different parameters (Ps = aX + C) for As,
P, Fe, [Fe]/[As].

X a C R2 p
As -0.01 2.44 ± 0.69 0.48 <0.001
P -0.22 1.66 ± 0.21 0.043 <0.001

Fe 0.02 0.63 ± 0.08 0.01 <0.01
[Fe]/[As] 0.01 0.14 ± 0.54 0.30 <0.001

[Fe]/[As], the linear regression shows a weak but statistically significant relationship (R2

= 0.30 with p value of less than 0.001) corresponding to an increase in SAR performance

with higher [Fe]/[As] values. For background groundwater P and Fe the linear regres-

sion shows no significant relationship (R2 = 0.043 and 0.01 respectively with p values of

< 0.001 and < 0.01 respectively). Meng et al. [2001] reported that in order to lower As

levels using a household filter with through co-precipitation and filtration system to be-

low 50 μg/L, typically a [Fe]/[As] ratio of >40 (mg/mg) or 53 (M/M) is required but the

results presented in Fig. 5.18d and Table 5.8 do not entirely corroborate the finding of

Meng et al. [2001]. The results of linear regression analysis indicate that it is very diffi-

cult to predict SAR performance on the basis of a single parameter except background

groundwater As.

5.5.3. LIFETIME OF POTENTIAL SAR SYSTEMS IN BANGLADESH

SAR performance initially increases with the gradual built up of HFO acting as sorbant

for As. However, with prolonged built up of HFO in the subsurface, the HFO starts to

act as a pH buffer lowering the pH of the injection water and thereby decreasing the po-

tential of As for sorption to HFO. The pH buffering of the injection water by HFO there-

fore causes a slow decline of the SAR performance after reaching peak performance. It

is important to determine the lifetime of SAR locations simulated in this study. Model

simulations were continued to determine how many cycles are required for SAR perfor-

mance to decrease 50% of peak performance for each location. Model simulations were

stopped when SAR performance declined to 50% of peak performance or after comple-

tion of the 500th cycle, whichever occurred first. The decline to 50% of peak performance

was only computed for locations with peak performance above zero. Results of SAR per-

formance and cycle numbers are presented in Figs. 5.19a and b. A large number of cycles

(200 to 500) is required for SAR performance to decline below 50% of peak performance

for most of the locations and for both data sets. There are a few locations which took

only between 3 to 50 cycles to decline below 50% of peak SAR performance (Fig. 5.19b).

These results indicate that the life time of SAR systems can be considerable at most of

the studied locations.
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5.5.4. LIMITATIONS OF THIS MODELING STUDY

The model used in this chapter was calibrated at one SAR well and the transferability

of the model was tested at two other sites but still the range in hydrogeochemistry was

considerably smaller than the variability that is present across Bangladesh. For locations

with very low or high values of background hydrogeochemical parameters, the model

prediction may be less reliable. The results produced by the model for the sensitivity

analysis with high background groundwater pH are not reliable and further research is

needed to understand SAR and model SAR in aquifers with high background pH. There

are some other limitations to this modeling study mainly because of the lack of data on

background pH, alkalinity, As speciation, HFO, CEC, SOM, CaCO3 content, and FeCO3

content. The model used the same pH, alkalinity, HFO, and CEC content for all locations

in this study, and the As speciation was 80% As(III) and 20% As(V) for all locations. In

reality, there will be some variability of these parameters, but this was not taken into

account.

The SAR performance calculations with the RTM reported in this study did not con-

sider the potential impact of SOM and pyrite oxidation processes and FeCO3 dissolution

process, as these processes were not relevant for the SAR study sites considered in Chap-

ter 4. The nationwide data for these parameters is not available as well. The oxidation

process of SOM may be relevant for locations with very high SOM content. For locations

with high SOM content, the SOM oxidation process could consume a large amount of

injected O2 [Antoniou et al., 2013] resulting in a reduction of O2 available for Fe(II) and

As(III) oxidation. The pyrite oxidation process could also consume a large amount of O2,

[Antoniou et al., 2013] and can even release As into the system [Wallis et al., 2010, 2011].

As concentrations in the extracted water could eventually increase due to the release

of As caused by pyrite oxidation. The overall impact of FeCO3 dissolution on oxygen

consumption is negligible as reported by Antoniou et al. [2013] but location with high

content of FeCO3 might have impact on overall oxygen consumption process. An exten-

sion including SOM and pyrite oxidation and FeCO3 dissolution processes to the current

model is recommended in order to estimate SAR performance for locations with high

SOM, pyrite, FeCO3 content.

5.6. SUMMARY AND CONCLUSIONS

In this chapter, the potential for SAR application was investigated across Bangladesh.

The reactive transport model of Chapter 4 was combined with a new aeration model

to quantify the effects of variation on concentrations of As, Fe, P, Si, pH, alkalinity, and

contents HFO, and CEC on SAR performance. The results of the new combined model

for SAR well B was compared to the results of the RTM of Chapter 4. Data from BGS and
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DPHE [2001], BWDB, and Hasan et al. [2009] was used for background hydrochemistry

of the model simulated in this study. For background geochemistry, measured values

of HFO, Goethite, and CEC were taken from Chapter 4 and used in the model for this

study. All simulation in this study were run upto a maximum of 500 cycles even if peak

performance was not achieved. It is also important to note that SAR performance slowly

declines after reaching peak performance. Therefore, model simulations were continued

to determine how many cycles are required to go down to 50% of peak performance for

each location. Model simulations were stopped when SAR performance declined to 50%

of peak performance or 500 cycles whichever came first.

The SAR performances was calculated at 200 locations in Bangladesh and a prelim-

inary map of potential SAR performance was generated. SAR performance of the stud-

ied locations in Bangladesh ranges from 0 to 4 and 28% had SAR performance above 1.

The results of the nationwide SAR performance calculation indicate that SAR technology

might be useful for locations with background groundwater As concentrations ranging

from 50 to 150 μg/L. The results also indicate that the potential for SAR application in

Bangladesh is substantial as 27.5% percent of the studied locations resulted in SAR per-

formance above 1 and 48.5% of the studied locations resulted in SAR performance above

0.5. Note that SAR performance of 0.5 means that injection of 5,000 L of water results in

2,500 L of As safe water, which is enough drinking water for 143 families per day assum-

ing five members per family and 3.5 L/day/capita drinking water [Milton et al., 2006].

The results of the SAR simulation suggest that SAR performance is lower for higher

background levels of As and it is by far the most important controlling parameter for

successful SAR application. According to the results, absolute As removal is significantly

higher for higher background levels of As. The background levels of Fe, P, Si, and CEC

have minor impact on SAR performance. SAR performance is higher for higher back-

ground levels of alkalinity and [Fe]/[As]. SAR performance is highest for the background

pH of the base case model and lowest for the maximum background pH considered.

SAR performance is slightly lower for the minimum background pH compared to the

background pH of base case model. Peak SAR performance is higher for higher levels of

background HFO except for the highest background HFO content. The results of sensi-

tivity analysis and the regression analyses indicate that SAR performance is influenced

simultaneously by a combination of parameters. So in order to identify a suitable loca-

tion for SAR operation in Bangladesh, background levels of As, Fe, P, pH, alkalinity, CEC,

and HFO need to be considered and SAR performance should be assessed with the RTM

discussed in this chapter before field application of the technology.

According to the results of this modeling study, the lifetime of SAR systems for most of

the locations in Bangladesh can potentially be significant but sometimes SAR units may

become nonfunctional before the expected lifetime due to broken parts. The modeling
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results reported in Chapter 4 and in this chapter show that the model calculations tend

to underestimate SAR performance. The model is expected to be useful to give a lower

bound on expected SAR performance for most locations.

The estimates on SAR performance for particular location can be useful for the local

users. Users of SAR system cannot, in practice, measure As concentrations. A feasible

operation procedure is as follows: The users can store a preset volume of water based

on the estimates during the extraction phase of a SAR cycle for drinking purpose. After

storing the drinking water, people can use another preset volume of water for other daily

household purposes and finally the injection tank can be refilled, aerated, and injected

into the aquifer for the next SAR cycle. The modeled SAR performance can also be use-

ful to identify locations where SAR performance is expected to be better compared to

alternative As mitigation options.
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The overall objective of this research is to asses the potential applicability of subsur-

face arsenic removal (SAR) technology in Bangladesh. Specifically, the following objec-

tives are considered in this research: 1) To determine the effect of operational parameters

on SAR performance. 2) To develop a reactive transport model in order to understand the

processes that control the (im)mobilization of As during SAR operation in Bangladesh.

3) To determine the sensitivity of subsurface arsenic removal to different key hydrogeo-

chemical parameters. 4) To quantify and map the potential performance of SAR sys-

tem under different hydrogeochemical settings in Bangladesh with a developed reactive

transport model. Field experiments were conducted and a reactive transport model was

developed through simulation of the SAR experiments reported in Chapter 3 and applied

in order to achieve the objectives of this research.

In this chapter, a synthesis of the research is presented. The implications for process-

based SAR performance calculation are highlighted and future research directions for

SAR application in other parts of the world are discussed.

6.1. EFFECTS OF OPERATIONAL PARAMETERS ON SAR (OBJEC-

TIVE 1
Four SAR exploratory experiments were carried out at two wells (As in groundwater =

200 μg/L) in Bangladesh. The aim of these experiments was to determine the effects

of operational parameters on SAR performance to asses the potential of applicability of

SAR technology in Bangladesh (chapter 3). Each experiment investigated a different ap-

proach to increase the opportunity for subsurface As immobilization by adsorption on

hydrous ferric oxide (HFO) surfaces. SAR performance was quantified with the extrac-

tion efficiency (QE ) (Eq 3.1).

The effect of larger and smaller injection volumes with saturated levels of dissolved

oxygen on As removal was investigated with the first experiment. SAR operation with

larger injection volume was more favorable for As and Fe removal in the subsurface than

smaller injection volume with extraction efficiency (QE ) of 0.1 and 0.5 for As with smaller

and larger injection volume respectively. The QE for Fe with smaller and larger injection

volumes are 1.7 and 2.5 respectively.

The effect of repeated injection-extraction-injection cycles of an equal (extraction=inj-

ection) volume (of water) followed by extraction of a larger volume than was injected on

SAR was investigated with the second experiment. Repeated injection-extraction cycles

of an equal volume resulted in higher As removal (QE = 1.6) compared to regular cycles

(QE = 0.9). Repeated injection-extraction cycles of an equal volume likely increased the

ion sorption capacity in the subsurface due to the precipitation of more HFO sorption

sites compared to regular operation and resulted in higher As removal in the subsurface.
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The effect of pumping rates on SAR during the extraction phase was investigated with

the third experiment. Higher As removal was observed during extraction phase with a

reduced pumping rate with maximum observed QE of 0.5 and 0.75 for higher and lower

pumping rates respectively.

Finally, the effect of intermittent pumping rather than continuous pumping on SAR

was investigated with the fourth experiment. Similarly, SAR operation with intermittent

pumping resulted in higher As removal (QE ≥ 2) than cycles with continuous pumping

(QE ≈1.4). Better As removal with a larger injection volume, reduced pumping rate and

intermittent pumping indicate that the sorption of As on iron hydroxides is kinetically

limited.

Experiments with repeated injection-extraction-injection cycles of an equal volume,

reduced pumping rates, and intermittent pumping are referred to as alternative opera-

tions. All three alternative operations resulted in better As removal than regular opera-

tion. The highest QE during regular operation was 0.5. Cycles with intermittent pumping

resulted in the highest extraction efficiency (QE ≥ 2) and cycles with reduced pumping

resulted in the lowest extraction efficiency (QE = 0.75) of all the alternative operations

performed in this study. A combination of all three alternative operations is recom-

mended for SAR application in rural Bangladesh. The WHO guideline (10 μg/L) was

never achieved with any of the SAR experiments performed in Bangladesh during this

study but the Bangladesh guideline (50 μg/L) was achieved with all the experiments per-

formed in this study with a maximum QE ≥ 2. The estimated number of families that

can be supported by a SAR unit is 114 when 1000 L of As safe water is produced. The

approximate cost for a SAR unit installation with an injection capacity of 1 m3 is around

US$925.00 or a little more than US$8.00 per family and the maintenance cost for one

SAR unit with a 1 m3 injection capacity per family is US$13.00/year. The price of a SONO

filter (a household As removal system) is US$45.00 to 50.00 with an average lifetime of 1

year [Shafiquzzaman et al., 2009]. The yearly cost for a SAR unit per family with a 1 m3

injection capacity is almost half of the cost for an unit of SONO arsenic removal filter.

6.2. REACTIVE TRANSPORT MODELING OF SAR OPERATION IN

BANGLADESH (OBJECTIVE 2)
In Chapter 4, development and results of a reactive transport model for a strongly reduc-

ing shallow Holocene aquifer were discussed. The one-dimensional radially symmetric

reactive transport model was developed with PHREEQC (version 2.17) to model key hy-

drogeochemical reactions during SAR operation. Oxidation of Fe(II) to Fe(III) and As(III)

to As(V) was modeled using kinetic-rate expressions. Cation exchange, precipitation of

HFO, and surface complexation were modeled as equilibrium processes whereas the re-
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sults of SAR field experiments reported in Chapter 3 indicate that the sorption of As is

kinetically limited (discussed later). The reasonable model fit with the measured con-

centrations of As, Fe(II), Mn(II), Si, Mg, Na, and K in the extracted water at the SAR well

indicates that the key processes taking place in the subsurface during SAR operation

were simulated reasonably well by the model. The sorption of As is significantly influ-

enced by the pH of the groundwater in the SAR system during injection, storage, and

extraction phases. Particularly, the high pH of injection water facilitated As sorption.

During SAR operation As(III) oxidizes to As(V) which is preferentially removed from the

water and thereby As(III) dominates in the end. These processes increase the overall As

sorption. The increased sorption capacity due to gradual buildup of HFO facilitates As

removal during SAR operation. The surface complexation modeling suggests that simul-

taneous sorption of H4SiO4 is an important factor that limits As removal during SAR op-

eration. The simulated content of freshly precipitated HFO is such that aquifer clogging

does not seem to be a problem.

The model was applied to two additional SAR sites in Bangladesh to assess its trans-

ferability. The model is able to reproduce the observations reasonably well for most of

the parameters discussed in Chapter 4. This is an important finding, as reactive trans-

port models are not commonly transferred from one site to another site.

As sorption is kinetically limited as indicated by Rahman et al. [2014] (Chapter 3).

The modeled SAR performance was generally underestimated compared to the observed

performance at the SAR wells even though the equilibrium sorption was simulated with

a set of surface complexation parameters adopted from the literature. Kinetic sorption

with the same set of surface complexation parameters may be expected to result in a fur-

ther reduction of As removal simulated by the model. Therefore, a kinetically-controlled

simulation will require increased constants for sorption reactions of As(III) and As(V) to

produce a reasonable model fit and it may give a better fit than was obtained now, be-

cause the sorption of As on HFO is kinetically limited (Chapter 3). For the sake of model

simplicity, the surface complexation reactions were simulated in thermodynamic equi-

librium (see Chapter 4). Considering the overall results it is concluded that the model

may be useful to give a lower bound on expected SAR performance for specific locations

and may be used to assess potential SAR performance at other locations in Bangladesh

with similar aquifer characteristics based on local hydrogeochemical conditions.

6.3. ASSESSMENT OF THE POTENTIALS OF SAR TECHNOLOGY

IN RURAL BANGLADESH (OBJECTIVES 3 AND 4
The reactive transport model discussed in Chapter 4 was coupled with a new aeration

model using a Python script to quantify the effects of As, Fe, P, Si, pH, alkalinity, HFO,
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and CEC on SAR performance in Chapter 5. Data from BGS and DPHE [2001], BWDB,

and Hasan et al. [2009] were used for background hydrochemistry used in the model. For

background geochemistry, measured values of HFO, Goethite, and CEC were taken from

the RTM discussed in Chapter 4. The combination of the aeration model and reactive

transport model (RTM) model performed almost as good as the RTM of Chapter 4 that

used the measured injection water composition of each phase.

All simulations discussed in Chapter 5 were run upto a maximum of 500 cycles even if

peak performance was not achieved. It is important to note that SAR performance slowly

declines after reaching peak performance. Therefore, model simulations were continued

to determine how many cycles are required to go down to 50% of peak performance for

each location. Model simulations were stopped when SAR performance declined to 50%

of peak performance or 500 cycles were reached, whichever came first.

SAR performance was calculated at 200 locations in Bangladesh and a preliminary

map of suitable locations for SAR application was generated. The results suggest that

SAR performance is lower for higher background levels of As, P, and Si. SAR performance

is higher for higher background levels of Fe, alkalinity, CEC, HFO (except for the high-

est background HFO due to higher oxidation of sorbed Fe2+ onto HFO during injection

phase for the highest background HFO), and molar ratio of Fe over As. The effect of back-

ground groundwater pH on SAR performance varies. SAR performance is highest for

the base model background groundwater pH (6.85) and lowest for the maximum back-

ground groundwater pH (7.66). For the minimum background groundwater pH (5.85)

value , SAR performance is slightly lower compared to the base model background pH.

SAR performance is lower for higher levels of background groundwater As but it is

important to realized that the absolute amount of As removal is considerably higher at

higher levels of background groundwater As than at lower levels of background As (see

Chapter 5). These results indicate that a significant amount of As can be removed from

groundwater with very high levels of As compared to groundwater with relatively lower

levels of As using SAR even though the targeted drinking water standard could not be

reached. A high volume of water (≈ 3 Vi ) that meets the Bangladesh standard for Fe (1

mg/L) can be extracted during SAR operation (Chapters 3, 4, and 5). Although the ex-

tracted water does not meet the drinking water standard for As, it meets the standard for

Fe which means it can be useful for various other household purposes including washing

and bathing and possibly irrigation.

SAR technology may be useful for locations with background groundwater As con-

centrations ranging from 50 to 150 μg/L as indicated by the nationwide SAR perfor-

mance calculations. SAR technology has a small potential for locations with background

groundwater As concentrations larger than 150 μg/L (Chapters 3 and 5). 27.5% of the

studied locations resulted in SAR performance above 1 and 48.5% of the studied loca-
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tions resulted in SAR performance above 0.5, which indicates that the potential for SAR

application in Bangladesh is substantial. Note that SAR performance of 0.5 means that

injection of 5,000 L of water results in 2,500 L of As safe water, which is enough drinking

water for 143 families per day assuming five members per family and 3.5 L/day/capita

drinking water [Milton et al., 2006]. The results of this modeling study showed that the

lifetime of SAR systems for most of the locations in Bangladesh where SAR performance

is above 0.5 can be significant as the average is more than 300 cycles.

6.4. IMPLICATIONS FOR PROCESS-BASED SAR PERFORMANCE

CALCULATIONS

The results presented in Chapter 5 indicate that it is difficult to predict SAR performance

based solely on background groundwater composition. Assessment of SAR performance

based on process-based reactive transport modeling is better than based solely on back-

ground groundwater composition and is considered to be a novel approach. Therefore,

the sole use of the background groundwater composition may not be useful to predict

SAR performance. In SAR operation, background groundwater is aerated before injec-

tion, hence the composition is changed. The composition of the injection water is there-

fore not comparable to the background groundwater composition which makes it diffi-

cult to predict SAR performance based on background groundwater composition alone.

The estimation of SAR performance based on process-based reactive transport modeling

may be useful to determine the site-specific applicability of SAR technology for aquifers

under strongly reducing condition with different hydrogeochemical settings.

The Sector Development Plan (FY 2011-25): Water Supply and Sanitation Sector in

Bangladesh [GoB, 2011] includes a section on SAR and recommends field trials of SAR

to determine the technical feasibility and optimum conditions for As removal, optimiza-

tion of costs, and operational procedures for implementation of SAR by GOs or NGOs.

The results of the SAR field studies (2011 to 2014) with different hydrogeochemical set-

tings (Chapters 3 and 4) and cost estimation (see Section 3.4.5 and 6.1) and the pre-

liminary map with potential locations for SAR application (Chapter 5) presented in this

thesis can provide useful information for future As mitigation in Bangladesh.

6.5. DIRECTIONS FOR FUTURE RESEARCH

The approach of predicting SAR performance using a reactive transport model may be

applicable to other deltaic regions with elevated arsenic concentrations and similar hy-

drogeochemical properties. The Mekong and the Red river delta may be two poten-

tial regions for SAR application because geologically these regions are very similar to
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Bangladesh [Hug et al., 2008]. The aquifers of these regions are under strongly reducing

conditions [Smedley and Kinniburgh, 2002]. The average groundwater composition of

the Red river and Mekong delta are more or less similar to Bangladesh [Hug et al., 2008]

and may be suitable for SAR application. Geochemical properties such as HFO content

(0.2 to 2.5 mol/L) in the Mekong and the Red River delta [Eiche et al., 2008; Postma et al.,

2007] is also similar to the Bangladesh range (0.08 to 1.7 mol/L) [Hasan et al., 2007; von

Brömssen et al., 2008].

Table 6.1: Assessment of potential for SAR performance for the average groundwater composition of Red River
delta (Vietnam), Mekong Delta (Vietnam), and Mekong Delta (Cambodia) as reported in Hug et al. [2008]. PS
was not calculated for Red River delta at 60 (μg/L) of As and for Mekong delta (Vietnam) PS was not calculated
at 30, 50, and 60 (μg/L) of As.

SAR Red River Mekong delta Mekong delta
performance delta Vietnam Cambodia

PS ((std = 10 (μg/L)) 0 0 0
PS ((std = 15 (μg/L)) 0 0.3 0
PS ((std = 20 (μg/L)) 0 0.9 0
PS ((std = 30 (μg/L)) 0.2 - 0
PS ((std = 50 (μg/L)) 1.5 - 0
PS ((std = 60 (μg/L)) - - 0.1

Groundwater Red River Mekong delta Mekong delta
composition delta Vietnam Cambodia

pH 7 6.8 6.9
Alkalinity (mg/L) 512.5 231.8 335.6

Ca (mg/L) 76.1 68.1 44.1
Mg (mg/L) 21.8 63.2 24.3
Si (mg/L) 17.0 20.0 20.0
Fe (mg/L) 13.7 2.6 2.2
P (mg/L) 0.8 0.3 0.5

Mn (mg/L) 0.6 3.4 0.7
As (μg/L) 159.0 39.0 150.0

Standard for As (μg/L) 10 10 50

Arsenic removal using sand filters has been the main mitigation option in Vietnam

[Berg et al., 2006]. The dissolved Fe(II) in the precipitates to form HFO when comes in

contact with the atmosphere. The dissolved As in the water partly co-precipitates along

with Fe(II) during the formation of HFO and partly sorbed onto the newly formed HFO.

The sand filters are used to removed the precipitated HFO with sorbed As through fil-

tration or by settling [Hug et al., 2008]. So far there is no effective As mitigation option

in use in Cambodia [Chiew et al., 2009]. SAR performance for an average (representa-

tive) groundwater composition of the Red river (Vietnam), and Mekong delta (Vietnam

and Cambodia) were calculated using the same model discussed in Chapter 5 to obtain
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preliminary assessment of the potential of SAR technology for these delta regions. SAR

performance was calculated for different drinking water standards. For Vietnam, the

guideline for As is 10 μg/L [Sampson et al., 2008], whereas for Cambodia, the guideline

for As is 50 μg/L [Agusa et al., 2014]. SAR performance for the red river and Mekong delta

are presented in Table 6.1. According to the results the target drinking water standard

was not achieved with SAR simulations for the average groundwater composition of the

Red river and Mekong delta used in the model. The reasons for not reaching the drinking

water standard may be that the average As concentration at the Red River delta is very

high to reach the low drinking water standard of 10 μg/L (Table 6.1) but the performance

is 1.5 for a standard of 50 μg/L (as used in Bangladesh and Cambodia). For the Mekong

delta (Vietnam and Cambodia), the average background Fe concentrations are too low

to achieve the drinking water standard (Table 6.1).

Despite the fact that the targeted drinking water standard was not achieved for the

three deltas discussed here, a significant amount of water can be extracted with much

lower As concentrations compared to the background groundwater As concentration

(Table 6.1). Approximately 0.2 V i (V i is the volume of injected water) and 1.5 V i of water

can be extracted with As concentration below 30 μg/L and 50 μg/L respectively for the

average groundwater composition of Red river delta even after 150 cycles. For the Viet-

namese part of the Mekong delta it is 0.3 V i and 0.9 V i with As concentrations below 15

μg/L and 20 μg/L, respectively, after 200 cycles. For the Mekong delta of Cambodia, it is

0.1 V i and 0.5 V i with As concentration below 60 μg/L and 80 μg/L, respectively, after 47

cycles.

The presence of high levels of natural iron in the groundwater of the Red river delta

(Table 6.1) facilitates arsenic removal [Hug et al., 2008]. People in the Vietnamese vil-

lages use sand filters to remove dissolved Fe from water. The sand filters remove con-

siderable amount of dissolved arsenic from water during the precipitation of the iron

on the surface of the sand. Berg et al. [2006], reported that more than 90% of the tested

sand filters were able to reduce the arsenic concentration below 50 μg/L and 40% were

able to reduce the concentration below the WHO guideline of 10 μg/L. So, there is a great

potential for SAR technology to achieve the drinking water standard for locations in the

Red river delta of Vietnam where the dissolved As, P, and Si levels are lower compared

to the average value and dissolved Fe is high or within the range of the reported average

value (Table 6.1). SAR could be considered as a better As removal option compared to

the sand filters in Vietnam (Red river delta) if the drinking water standard of 10 μg/L is

achieved, because it can be operated with negligible waste generation compared to the

sand filters. The targeted drinking water standard may possibly be achieved for other

locations of the Vietnamese and Cambodian part of the Mekong delta where dissolved

background Fe levels are higher, and As, P, and Si levels are lower or near the average
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values given in Table 6.1. In conclusion, estimation of SAR performance using process-

based reactive transport model and field trials of SAR for other deltaic regions similar to

Bangladesh deserves further exploration.

Subsurface manganese removal was beyond the scope of this thesis, but elevated

manganese concentrations have been reported in Bangladesh groundwater over the past

years [BGS and DPHE, 2001; Hasan et al., 2007; Aziz Hasan et al., 2009]. Chronic expo-

sure to manganese through drinking water above the WHO guideline of 0.4 mg/L [WHO,

2006] may have neurological effects. Subsurface manganese removal has been success-

fully operated in several European countries [Hallberg and Martinell, 1976; Van Beek,

1983] and in Egypt [Olsthoorn, 2000]. Subsurface removal of Mn along with SAR may

also be feasible in Bangladesh as indicated by the results presented in Section 4.4.1 of

Chapter 4. The results of the RTM also show a reasonable fit with the observed values of

Mn in the extracted water. The model fit for the observed values of Mn may be improved

by extending and calibrating the model. The process of kinetic oxidation of Mn(II) for the

formation of Mn oxides may be included in the model as Mn(II) oxidizes during the aer-

ation phase. The exchange coefficients for Mn may be calibrated for better simulation

of Mn sorption on the exchanger. The surface complexation constants for Mn may be

calibrated and Mn oxide may be included as a separate surface in the model. Estimation

of Mn removal with field experimentation and RTM are an interesting future research

topic to asses the potential of subsurface Mn removal along with SAR in Bangladesh.

6.6. OVERALL CONCLUSION

Field experiments were conducted at several locations with different hydrogeochemi-

cal conditions to assess the potential for subsurface arsenic removal (SAR) technology

in Bangladesh. A reactive transport model (RTM) was developed and applied to un-

derstand the processes that control the (im)mobilization of arsenic (As) in the shallow

aquifer during SAR operation in Bangladesh. The RTM was coupled with a new aeration

model with a Python script and used to determine the sensitivity of SAR to different key

hydrogeochemical parameters and to quantify and map the potential performance of

SAR under different hydrogeochemical settings in Bangladesh. The ultimate goal was to

investigate whether the WHO standard of 10 μg/L for As can be reached with SAR tech-

nology. The results of this thesis show that the WHO guideline was never achieved with

any of the conducted SAR experiments and simulations, but the Bangladesh standard of

50 μg/L for As was achieved at several locations in Bangladesh. The results also show

that the potential of SAR technology in Bangladesh is substantial as significant amounts

of water that meet the Bangladesh drinking water standard can be extracted at 27.5% of

the studied locations. A significant amount of As was removed from the groundwater at
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sites where the Bangladesh standard could not be reached. A large volume of water that

meets the standard for Fe can be extracted during SAR operation, So that the water can

be used for other household purposes besides drinking. Overall, the preliminary map

of suitable locations for SAR application presented in this thesis can form the basis for

future exploration of the possibilities of SAR in Bangladesh.
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The principle of Subsurface Arsenic (As) Removal 
(SAR) is to extract anoxic groundwater, aerate it and 
reinject it. Oxygen in the injected water reacts with 
iron in the resident groundwater to form hydrous ferric 
oxide (HFO). Dissolved As sorbs onto the HFO, which 
allows for the extraction of groundwater with lower As 
concentrations.
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