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ABSTRACT 

Arsenic is a naturally occurring contaminant in ground water.  The link between human 

exposure to elevated levels of arsenic and the increase in cancerous and non-cancerous 

diseases is well documented. Consequently, arsenic removal from drinking water has 

been thoroughly investigated.  

Lowering the maximum contaminant limit of arsenic (from 50 to 10 ppb) will burden 

small water utilities, who either lack the financial or technical ability to comply. 

Adsorption onto solid media has been one of the most attractive options for small water 

utilities (EPA, 2001), but this process generates huge amounts of arsenic bearing solid 

residuals (ABSRs) complicating further this matter. 

Numerous studies have suggested that the Toxicity Characteristics Leaching Procedure 

(TCLP) does not properly reflect the actual leaching behavior of ASBRs under landfills 

(Ghosh et al., 2004). This work focuses on testing different arsenic iron- oxide and non- 

iron- based sorbents, likely to be used for arsenic removal, and assessing the long term 

behavior of these sorbents under landfill conditions. Our results indicate that microbial 

processes play a major role in the mobilization of As from granular ferric hydroxide 

(GFH). Long term operation of GFH sorbent showed that Fe (III) was reduced to Fe(II) 

and As(V) was reduced to As(III) under anaerobic/reducing conditions. Under semi batch 

landfill simulation experiments, our results show that non iron based media leached 

arsenic above the Toxicity Characteristics limit (TC) and it was observed that sorbate 

(As) might leach at a faster rate than the sorbent itself. It is thought that arsenic 

mobilization from iron-based sorbent occurs mostly due to iron reduction and its 
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subsequent dissolution. However, measured arsenic leaching rates from the sorbents used 

in this study are comparable with that of the ferric hydroxide media, which indicates that 

the mechanism of arsenic mobilization might be independent of the possible dissolution 

of the sorbent. Despite the fact that non- iron based media may have a higher arsenic 

adsorption capacity, they leach arsenic at a higher rate than iron based media under our 

simulated landfill conditions. 
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CHAPTER 1 

LITERATURE REVIEW 

Motivation and Overview 

Recently, human arsenic exposure and the contamination of ground water have been 

under extensive debate because of its adverse effects on human health. Elevated arsenic 

concentrations in natural waters are a source of concern worldwide. High As 

concentrations have been reported in USA, China, Chile, Bangladesh, Taiwan, Taiwan, 

Mexico, India and Canada (WHO, 2001). It is well known that arsenic is released to the 

environment from a variety of natural sources. Environmental sources of arsenic could be 

rock, soil, water and biota. High As concentrations were reported to be found in 

sedimentary rocks and iron and manganese ores by Welch et al. (1988). Other ways for 

arsenic transport are through erosion, dissolution, and weathering where As can be 

released to the groundwater or surface water (Welch et al, 1988). 

Several documented cases of toxicity by As have been documents; Hence the United 

States Environmental Protection Agency (USEPA) has taken a decision to lower the 

maximum contaminant limit (MCL) from 50 parts per billion (ppb) to 10 ppb (USEPA, 

2001). Furthermore, several agencies and organizations have lowered the MCL of As 

from 50 ppb to 10 ppb, of these agencies: World Health Organization (WHO) and 

European Union (EU). In the US in particular, a large number of small water utilities (in 

the US) will have a serious challenge to comply with the new rule specially if these 
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utilities do not have the financial or technical capacities to lower As in their drinking 

water distribution systems to 10 ppb.  

Arsenic Chemistry (Physical and Chemical Properties) 

Arsenic is widely distributed in the earth’s crust and exists in the environment in five 

different oxidation states: -3, 0, +1, +3 and +5. Arsenic does not commonly to be existed 

in its elemental form under natural conditions (Cullen et al., 1989).  

Arsenic is known to have a wide range of solubility depending on pH, 

oxidation/reduction potential, bio-chemical factors and concentrations of arsenic species 

in the system. These factored are reported to influence arsenic mobility and could 

increase arsenic release in the surrounding environment (WHO, 2001). The main As 

species are arsenate (As (V)) and arsenite (As(III)), both of the two species are affected 

by pH and redox (reduction/oxidation potential) conditions (EPA, 2000).  

Both As(V) and As(III) are the most common inorganic species of As, under oxidizing 

conditions, As(V) is thermodynamically stable at pH 4 and Eh -100 mV (Wagman et al., 

1982). Arsenate is commonly exists, in the water environment, on different valent states, 

depending on the pKa. The most common species of As(V) are: H3AsO4 , H2AsO4 
- , 

HAsO4 
-2,  and AsO4 

-3. The pKa values for those species are 2.3, 6.8 and 11.6 (Shultz et 

al., 1972). Arsenite is known to be more mobile and more toxic than As(V), it is reported 

to be thermodynamically stable at Eh values less than -100 mV at pH 8, and less than 300 

mV at pH 4 (Wagman et al., 1982). It is also exists, in the water environment, on 
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different valent states depending on the pH of surrounding environment. As(III) exists as  

H3AsO3 , H2AsO3 
 , and HAsO3 

-2 in aqueous solution with pKa values of 9.2 and 13.1” 

(Wagman et al., 1982).  Figure 1 illustrates the effect of redox potential (Eh) and pH on 

arsenic species in aqueous systems. 

 

Figure 1.1: Effect of redox potential (Eh) and pH on arsenic species in aqueous system (Fergusson et al., 

1972).
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Treatment Options for Arsenic Removal  

There are several options to treat As. Some of these treatment options include processes 

such as lime softening, precipitation/coagulation, enhanced ultra filtration and membrane 

technology. Recently adsorption onto solid media has attracted further attention due to 

the stricter MCL that has been imposed by regulatory agencies particularly in the US and 

Western Europe. 

Lime Softening 

Hardness in water is caused by calcium and magnesium compounds in solution. Lime 

softening is used to shift the carbonate equilibrium and enables the removal of hardness 

(AWWA, 1999). Once lime is added to the hard water, pH increases and bicarbonate is 

converted to carbonate. As a result, calcium is precipitated as calcium carbonate. This 

process has been used to remove to treat As(III) and As(V), this could be done by adding 

excess lime. This process is reported to be effective at pH 10.5 or higher to achieve 

acceptable levels of As removal (AWWA, 1999).  

In a survey of a full scale water treatment plant, As(V) removal approaches 100% and 

As(III) removal approaches 75% at pH greater than 10.5 (McNeill et al., 1995). The 

drawbacks for lime softening are related to the pH sensitivity of the process. At pH 10.5 

or higher, over 90% arsenic removal could be achieved whereas the removal range could 

drop down to 70 % at optimal pH and even to a lower range if this process is used in 

situations below optimal pH range (McNeill et al., 1995).  
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Coagulation/Filtration 

Coagulation/filtration is a common water treatment methodology used to remove 

suspended and dissolved solids from source water. In this process suspended solid or 

colloids could agglomerate in solution to form bigger particles, these bigger particles 

could then be removed by gravity or by filtration. This process consists of three steps 

(AWWA, 1999): 1- coagulant formation; 2- particle destabilization and 3- intra-particle 

collisions. Both steps 1 and 2 occur during rapid mixing stage while step three occurs 

during flocculation stage. Coagulants are substances that are used to change the surface 

charge of the solid to promote agglomeration forming bigger size particles. Of the most 

common coagulants are alum and iron (III) salt such as iron chloride (O’Melia et al., 

1990).  At the end of the process, large particles that have been formed can be filtered or 

settle under the influence of gravity or via filtration stage. 

Membrane Filtration 

Membranes form a selective barrier, which permits some constituents to pass while 

blocking passage for others (AWWA, 1999). Microfiltration, used for treatment of 

surface waters, can remove a wide range of particular matter, including bacteria, 

protozoan cysts and particles that cause turbidity (AWWA, 1999). Depending on the 

membrane filtration process and the size of pore size, this process can be used in several 

applications and for various water quality scenarios. Currently, membrane separation 

processes are widely use due to the fact that these membranes could achieve higher 

removal values and they can achieve a higher arsenic removal and could potentially 
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generate lower waste by product (Katrina et al., 1995). Therefore several studies 

(Vrijenhoek et al., 2000; Kang et al., 2000) have been done on microfiltration (MF), 

ultra-filtration (UF), nano filtration (NF) and reverse osmosis (RO) for arsenic removal 

efficiency. Several NF and RO membranes (polyimide, cellulose acetate and polyvinyl 

alcohol) were used to study arsenic removal at variable pH environments. Simulated 

water, groundwater samples with arsenic concentrations range between 10 -600 ppb, have 

been tested (Kang et al., 2000). In another a study on using NF and RO, it was reported 

that NF and RO were found to remove arsenate ions over 90 and 95% respectively (EPA, 

2000). However, both of the processes use dense membranes that are usually operated 

under high pressure and require more energy (Kang et al., 2000). It is also reported that 

NF systems require 240 kPa- 700 kappa input pressure for NF membranes and 750 

kappa- 1345 kPa for RO membranes (EPA, 2000).  

Some of the disadvantages of the RO and NF systems are related to low fluxes and low 

water recovery (EPA, 2000).  As water recovery requirement increases the removal 

efficiency of NF decreases.  For example EPA reports a NF removal efficiency of 65% 

for a water recovery of 65%, and 16% for a water recovery of 90%. 

Ultra-filtration (UF) membrane requires energy for operation, just like RO and NF, but 

with lower operating pressure and lower energy consumption (EPA, 2000).  The UF 

separation mechanisms are also quite different from RO and NF methods. UF uses 

physical sieving for separation while the other two use chemical diffusion as the 
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mechanism (Aptel et al., 1996). Moreover, UF and MF are reported (Brandhuber et al., 

2001) to be more efficient in removing arsenic from water. 

Micellar Enhanced Ultra Filtration 

Several studies have shown that arsenic can be removed from water using UF membranes 

with high rejection if surfactants are added to the contaminated stream (Gecol et al, 2004, 

EPA, 2000; Dunn, 1987). Micellar Enhanced Ultra-filtration (MEUF) has been used for 

removal of inorganic, organic and nutrients such as nitrate and phosphate (Morel et al., 

1997; Gocel et al., 2004). Gzara et al., (2000) also investigated the usage of (MEUF) in 

removing chromate from aqueous waste streams. Yurlova et al., (2002) demonstrated 

nickel removal from wastewater by MEUF.  

In these processes, surfactant micelles complex with the metal ion, but when surfactant 

concentration is higher than the critical micelle concentration (CMC) surfactants form 

micelles that have a spherical or rod-like aggregates shapes (Gecol et al., 2004). Cationic 

surfactants, with a positive surface charge, could form micelles with arsenite or arsenate, 

these anions are normally attracted/ adsorb to/on the surface of the micelles by 

electrostatic interaction (Dunn et al., 1987). In chapter 4 of the dissertation, TTAB has 

been evaluated to remove arsenic from feed streams using different UF membrane 

molecular weight cutoff (MWCO) sizes. 
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Adsorption 

For small water utilities, adsorption could be an attractive option to treat arsenic in 

drinking water system. This is a physical and chemical process by which ions are 

potentially adsorbed onto the surface of the metal/metal oxide (AWWA, 1999). Once 

ions are adsorbed onto the surface of the metal oxides they are then filtered out of the 

water stream (AWWA, 1991). Iron oxides are widely used sorbents for arsenic removal, 

some of these oxides are granulated ferric hydroxide (GFH) and Bay oxide (E33) which 

are among the most common sorbents used to treat arsenic in drinking water sources. 

After arsenic is adsorbed on these sorbents, they become arsenic-bearing solid residuals 

(ABSRs) that are considered not suitable for reuse and ultimately have to be disposed 

either to a sanitary or hazardous landfills (Ghosh, 2005). 

Adsorption onto solid media is recommended by EPA (EPA, 2001) because of their low 

cost and high arsenic adsorption capacity. When the new arsenic MCL rules are strictly 

enforced, landfills are expected to start receiving significant amounts of ASBRs.  Arsenic 

desorption is then expected to be of serious concern to landfill as they start impacting the 

groundwater system.  However this problem is yet to receive the proper research attention 

compared to arsenic adsorption (Horman et al., 2004; Ghosh  et al., 2004). 

Appropriateness of the TCLP Protocol for Arsenic Leachate 

It is anticipated that lowering the MCL limit for As will lead to a higher production of  

ABSRs in the near future (Ghosh, 2005). Disposing ASBRs to sanitary or municipal 
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landfills will be subject to EPA TCLP protocols.  This protocol assigns the waste to either 

be disposed in a sanitary landfill or be diverted to a hazardous landfill. Studies, however 

indicate that TCLP fails sometimes to correctly quantify the risk of disposing ABSRs in 

municipal landfills (Ghosh et al., 2004). Under this protocol, ASBRs are extracted under 

pH (4.95) which is different than the pH that could prevail in MSW landfills (Ghosh, 

2005). However, the average pH in a landfill could be mildly to alkaline pH (pH 6 – 9) 

where anaerobic microbes dominate (Christensen et al., 2001, Kjeldsen et al., 2002). 

These conditions are expected to be more prevalent in landfills compared to the assumed 

TCLP conditions.  Furthermore, these conditions promote higher microbial activity and 

consequently As(V) is reduced to As(III) which is a more toxic and mobile specie of 

arsenic Ghosh et al, (2004). 

Municipal Landfills  

Landfill is a complex chemical and biological environment and in which waste is 

degraded and transformed. As water percolates through the landfill, contaminants leach 

to the surrounding environment (Pohland et al., 2005). Several mechanisms have been 

identified under these conditions and by which contaminants leach from the waste 

material. Biodegradation of organic material could generate some soluble leach products, 

and wash out as fine colloids. Pohland et al. (2005) reported that the type of leachate 

generated depends on the types of solid waste being disposed and the hydro-geochemical 

parameters (i.e. hydrology, rate of precipitation, moisture content) as well as the design 

and operation of the landfill. 
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Landfills go through several transformation phases and two of them are considered the 

most dominant (Ehrig et al., 1989): 

1) The first called acidic phase, it is considered the early stage of waste degradation, it is 

characterized by low BOD (biochemical oxygen demand) to COD (chemical oxygen 

demand) ratio of 0.1 (Ehrig et al., 1989). The accumulation of VFA is another aspect that 

characterizes the acidic phase and at later stage sytem will reach the methanogenic phase 

(Kjeldsen et al., 2001).  

2) The second is the methanogenic phase and is characterized by an increase in pH where 

anaerobic bacteria dominate the system. Methane gas generation increases and BOD 

decreases (Christensen et al., 2001). By the end of this phase waste stabilizes and the pH 

becomes mildly to alkaline (pH 6-8) (Christensen et al., 2001). In addition, moisture 

content is an important factor that contributes to the stability of the waste and it also 

supports the methanogenic fermentation of solid waste (Barlaz et al., 1990). 

Current protocols (TCLP, the California WET, simulated landfill leachate and actual 

collected leachate) have been examined by a group or researchers at the University of 

Arizona to evaluate the effectiveness of these protocols to characterize several ASBRs 

(Ghosh et al., 2004). In Ghosh’s study, activated alumina and granulated ferric hydroxide  

(GFH) were used as arsenic bearing residual sorbents. Both sorbents are considered a 

very cost effective sorbents to remove arsenic and help water utilities to comply with the 
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new arsenic MCL. Table 1.1 compares the values of several conventional parameters in 

MSW leachate and in co-disposal site leachate (Rofman et al., 1982). It shows that the 

MSW leachate in municipal landfills typically exhibit neutral to alkaline, not acidic, pH’s 

and high dissolved and complex organics.  

Table 1.1: Comparison of parameters in MSW and co-disposal site leachate 

Type of leachate pH Amonia Nitrogen 
(ppm) 

Total Organic 
Carbon (ppm) 

MSW leachate  6.98 - 8.8  53-580 138-2700 
Co-disposal site 
leachate 

7.2 - 7.3 160-410 436-1310 

Source: Rofman et al., (1982) 

Due to the longer residence time in landfill, reducing conditions could develop over time 

(as explained earlier) and ABSRs dissolution is more likely to occur (Mukiibi, 2008; 

Ghosh, 2005). Several research studies have reported that landfill leachate pH normally 

ranges from 6 – 9, and the DOC concentrations could range from few hundreds to several 

thousands ppm (Rofman et al., 1982; Bagchi, 1994). Some studies indicated that DOC 

could influence As mobility under landfill conditions (Muligan et al., 2004; Hooper et al., 

1998, Ghosh, 2005). In addition, studies indicate that the higher availability of DOC in 

landfills enhances arsenic mobility (Hooper et al., 1998). The influence of organic matter 

on the dissolution/desorption of arsenic, under anaerobic conditions, could occur via 

several mechanisms such as competitive adsorption, complexation and redox reactions 

(Muligan et al., 2004). In the same study, they have mentioned that other factors that 

could play a role in this process are pH, redox potential and As speciation concentrations. 
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Negative OPR values (i.e. -240< pe< 0 mV) are associated with As release from iron 

hydroxide in groundwater where it is believed that transformation between reduced and 

oxidized phases takes place (Meng et al., 2001). 

Arsenic Mobilization Mechanisms 

Several arsenic mobilization mechanisms were reported in the literature about arsenic 

mobilization under various environmental sets. These mechanisms include anion 

competition for adsorption/desorption sites to various metal hydroxides (Dixit et al., 

2003), aging of iron hydroxides resulting in a decreased number of adsorption sites 

(Mukiibi, 2008), “competition with or complexation with various organic species 

“(Mulligan et al., 2004), and “release from or co-precipitation with sulfide minerals” (e.g. 

pyrite) (Herbel et al., 2006). Some studies have investigated “the mechanisms of As-

mobilization from rocks and sediments into groundwater and soil” (Straub et al., 2001; 

Chakraborti et al., 2001). Reductive dissolution is one of the main hypothesis to explain 

arsenic mobilization in groundwater system, it is suggested that the dissolution of the 

surface of the As–rich Fe and manganese oxy-hydroxide could potentially promote As 

release to the surrounding environment (Bhattacharya et al., 1997; Nickson et al., 2000). 

Bissen et al., (2003) study argued that geochemical parameters (such as: pH, ORP, ionic 

compositions and nature of minerals available) are of the major factors that control 

reductive dissolution of iron oxides. On the other hand, Harvey et al., (2003) concluded 

that the concentration of arsenic mobility could be dependent on several factors such as 

mineral surfaces properties, dissolution, precipitation and desorption.  
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Jackson et al., (2000) reported another mechanism of arsenic mobilization, where ligand 

exchange reactions may cause a release of As from sediment bed. This can be explained 

by the stronger affinity of phosphate ion for binding sites on oxy-hydroxide surfaces and 

the release of the arsenate ion to the bulk solution. This would mean As is released from 

the surface of iron oxy-hydroxide without further dissolution of the surface of the sorbent 

(Jackson et al., 2000).  His suggestion is further supported by other studies that 

investigated the influence of organic compounds on arsenic desorption from metal 

oxides.  These findings showed that stable complexes of fulfic and humic acid may block 

arsenic adsorption on Fe oxides and alumina (Grafe et al., 2001).  

 

Also it is reported that “10- 30% of As was biding to solid organic matter in sediments in 

some groundwater systems in Bangladesh” (Anawar et al., (2004). 

Multiple studies have investigated the role of microbes in the mobilization process of As. 

They show that the mobilization of arsenic in natural systems is greatly impacted by the 

microbially mediated biogeochemical interactions (Cervantes et al., 1994). Ion 

competition (nitrate and sulphate) is also reported to affect arsenic mobility in West 

Bengal aquifer (Bhattacharya et al., 1997).  

These findings allude to the importance of microbes in the mobility of As, hence their 

role cannot be ignored under reducing condition, especially in landfills where organic 
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matter promotes microbial growth and consequently increases the possibility of arsenic 

mobilization. 

Arsenic-Bearing Residual Disposal  

Arsenic solid bearing residuals (ASBRs) are the spent sorbents that are produced from 

water treatment plants processes. Once these sorbents are saturated with the contaminants 

(i.e. 20- 30 ppb aqueous As concentration or as dictated by the operational procedure of 

the water treatment facility), they are normally disposed in municipal landfills. The 

USEPA mandates that most of the ABSRs be disposed in MSW landfills (EPA, 2001).  

 

All As treatment options generate by- products, these by- products could be solid media 

if adsorption/coagulation is used, whereas liquid waste (or brine) is generated from the 

re-generation process of re-generable sorbents. In this study we focused on spent solid 

media that has been used for arsenic treatment and is ready to be disposed in the landfill. 

Iron and alum oxides are among the most popular sorbents for As treatment and these 

media are expected to form a significant portion of the spent ASBRs due to it’s As 

adsorption capacity and its relatively low cost compare to other media available (Amy et 

al., 2000, Ghosh, 2005). EPA has recommended iron (hydro) oxides as one option for As 

treatment (EPA, 2001). This recommendation stems from the fact that iron hydro (oxide) 

sorbents have a strong affinity towards arsenic under neutral pH conditions. Spent 

Granulated ferric hydroxide (GFH), in terms of GFH mass versus inert material mass, has 
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been evaluated in the first part of the research. In the second part of this research work, 

Bay-oxide E33 (granular iron oxide) spent sorbents was compared to three different non-

iron based sorbent in terms of their effectiveness to retain arsenic under simulated landfill 

conditions.  

Another venue for arsenic treatment is the use of re-generable sorbents. The main 

drawback however is the production of waste brine. Normally, brine solution needs to be 

treated since it contains high concentrations of anions such as phosphate, silicate, 

chloride and arsenic. Utilizing re-generable sorbents should take into consideration the 

cost of waste brine disposal.  

Several studies have shown that iron based media could potentially leach unacceptable 

concentrations of As under anaerobic/reducing conditions (Ghosh et al., 2004; Cortinas et 

al., 2008; Meng et al., 2005) due to the microbially active reducing environment that may 

prevail in the MSW landfills. Under these conditions, reduction of Fe(III) to Fe(II) is 

expected to take place, consequently the sorbed arsenic onto those media (mainly sorbed 

as arsenate As(V)) is reduced to arsenite (As(III)) (Dixit et al., 2006; Mukiibi, 2008; 

Ghosh, 2005). These concerns associated with the disposal of iron-based ASBRs in 

municipal landfills urges the search for non-iron-based commercial sorbents that have 

higher As sorption capacity as well as being safe when disposed in landfills. Some of the 

newly introduced non-iron based sorbents are NXT1 (lanthanum based media), Isolux 

(zirconium based media) and GTO (titanium based media). These sorbents are expected 
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to be competitive to iron based sorbents and could overcome the disposal issue that seems 

to be problematic for iron based media disposal.  

Based on the above arguments and the higher potential As adsorption capacities of some 

non-iron based sorbents, they could be a good option to treat waste brine that generates 

from the regeneration processes of re-generable sorbents. The use of re-generable 

sorbents significantly reduces the amount of solid waste residuals that needs to be 

disposed. Non-iron-based sorbents potentially have higher capacities and are claimed to 

be stable under MSW landfill conditions. The hypothesis is that if non-iron based media 

prove to be stable when disposed in a landfill, then using re-generable media along with 

non-iron-based media could be a better economical option over using iron-based 

sorbents. This approach will lead to the reduction of the ABSRs generated. However, 

very few studies have been conducted to assess the effectiveness of these sorbents to 

retain arsenic under landfill conditions. 

To illustrate the importance of the disposal issues of ABSRs and using simple 

assumptions research shows that the disposed ABSRs (EPA 2001 data) could account for 

0.009% of all the US MSW landfill annually (Christopher et al., 2006). Cooper et al., 

(1991) estimates the amount of spent arsenic-bearing waste generated from chromate-

copper-arsenate (CCA) to reach 16 x 106 m3 by the year 2020 and once this amount is 

taken out of service, it will be disposed in landfills.  
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Stricter arsenic regulation, coupled with the increase cost of hazardous waste material 

disposal, it becomes essential to characterize the risk of As desorption/dissolution from 

the spent ASBRs.  

Objectives 

Since different sorbents might behave differently under similar leaching environments, it 

is important to evaluate different parameters that influence arsenic leaching under 

simulated landfill conditions. This dissertation is divided into three parts: 

The first part is mainly focused on using different ratios of GFH media to inert material 

in simulating landfill conditions, this was an attempt to quantify arsenic and iron leaching 

over long term (1150 days) operation. Two modes of operation were used: continuous 

mode was used for 204 days and semi- batch mode was used during the rest of the period 

for R2 and R3. The specific objectives were: 

1. To investigate the leaching of arsenic from columns that have been subject to long 

term, dynamic, simulation of actual landfill conditions. The influence of the ratio 

of ABSR/liquid ratio was also studied. Through out the simulation run, changes in 

columns characteristics such as pH, alkalinity and organic matter concentrations 

are measured as the columns mature. The leaching of arsenic and iron in the 

particulate and dissolved phases was monitored.  
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2. To quantitatively compare of the release of the As(III) and As(V) species from the 

GFH and its constituents under simulated, long term, leaching conditions was 

studied. 

3. Evaluate the impact of organic matter concentration on As and Fe leaching during 

semi batch operation.  

The second part is mainly focused in comparing iron- based media (Bay-oxide: E33) with 

non iron based media (lanthanum based media: NXT1; titanium based media: GTO and 

zirconium based media: Isolux) in simulated landfill conditions using actual landfill 

leachate. The same amount of sorbent was used in each column and the aqueous arsenic 

concentration (before loading media into the simulated landfill columns) was ranging 

between 60-100 ppb. Specific objectives of the work were:   

1. To evaluate the effectives of non iron-based, high capacity sorbents (NXT1, 

GTO and Isolux), to retain arsenic, against iron based sorbent (E33) under 

long-term arsenic simulated landfill leaching conditions. This simulation was 

carried out in a down intermittent flow column reactor where columns kept 

saturated with landfill leachate for three weeks before a new landfill leachate 

is added to each column. The results are used to compare how those 

conditions affect leaching of arsenic of each sorbent. 

2. To compare different ABSRs performance and arsenic release mechanisms 

under solid waste (MSW) landfill conditions. Through out the simulation run, 
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the changes in columns characteristics such as pH, alkalinity and organic 

matter concentrations are measured. The leaching of arsenic and iron in the 

particulate and dissolved phases was monitored during the columns operation.  

3. It was and attempt to compare leaching behavior of E33 under semi batch 

operations and pervious work done on E33 using a continuous flow through 

column operation.  

The third part focused on using enhanced micellar ultra filtration (EMUF) for arsenic 

removal from industrial waste streams. It is meant to study the effect of membrane pore 

size on the removal efficiency of arsenic using MEUF and Tetradecyl-Trimethyl 

ammonium bromide (TTAB). 

The specific objectives were: 

1. To study the effect of membrane pore size on the removal efficiency of arsenic 

using MEUF and TTAB.  

2. To study the effect of pH and ionic strength on the removal efficiency.  

3. To investigate water recovery using multi stage ultra filtration process.  
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Dissertation Overview 

Chapter 1 

This chapter presents a literature review of the state of scientific knowledge about arsenic 

occurrence and geochemistry. This chapter tries to explain history of As, As species and 

available As treatment options and the pros and cons of each process. Topics covered 

include arsenic chemistry and occurrence in the environment, the available/recommended 

treatment options, what is the protocol being used, to assess arsenic leaching, by EPA. 

Also a section has been assigned to talk about the appropriateness of TCLP protocol to 

assess As leaching under anaerobic/reducing conditions. The last two sections of Chapter 

1 have talked about municipal landfills and the potential arsenic mobilization under such 

conditions and what do we mean by arsenic bearing residuals and our argument of 

comparing iron and non-iron based media in this work. 

Chapter 2  

This chapter entitles “Leaching from Granular Ferric Hydroxide under and Simulated 

Landfill Conditions”. This chapter describes the simulation of landfill-like conditions for 

four columns (bio-reactors) loaded with different mass of GHF sorbent/inert material 

ratios. The degradation of GFH and the leaching of arsenic under those conditions are 

evaluated. Various mechanisms that may affect arsenic leaching, during the continuous 

period and semi batch period, are included in this chapter. Long term leaching duration 
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that extended to 1150 days for R2 and R3 would give a better idea of the long term fate 

of arsenic under reducing conditions. 

Chapter 3 

This chapter entitles “Evaluation of Leaching from High Capacity Arsenic Sorbents 

under Simulated Landfill Conditions”. This chapter tries to evaluate the effectiveness on 

non-iron based media in contrast to iron based media to retain arsenic under semi batch 

simulated landfill conditions. Three non iron based media (NXT1, GTO and Isolux; E33 

iron based media) were subjected to reducing, anaerobic environment inside landfill 

simulation columns. The differences in the leaching pattern, under long term exposure, 

between non-iron based media and iron based media were discussed. The differences in 

arsenic and media leached was also monitored and compared. The differences in the 

structure of the sorbents them selves, binding to the surface of the sorbent were among 

the relevant factors that influencing arsenic leach over a period of 500 days of operation. 

Chapter 4  

This part entitles “Micellar Enhanced Ultra Filtration of Arsenic Using 

Tetradecyltrimethyl Ammonium Bromide (TTAB)”. It demonstrates the effectiveness of 

using of UF membranes (regenerated cellulose, RC) and cationic surfactant (TTAB) for 

the removal of arsenic from contaminated water streams. An experimental study was 

carried out to characterize the filtration of contaminated water in terms of As rejection, 

permeability constants for different molecular weight cut off (MWCO) membranes. 



35 

Process parameters that affect As rejection have been investigated. Some of these 

parameters are: water pH, membrane MWCO, feed water As concentration and feed 

water surfactant concentration.  

Chapter 5  

This chapter presents the conclusion and recommendation of the work. It highlights the 

main conclusion of the work and the environmental significance of this work.  
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CHAPTER 2 

LEACHING FROM GRANULAR FERRIC HYDROXIDE UNDER SIMULATED 

LANDFILL CONDITIONS 

Abstract  

Arsenic removal from drinking water is being increasingly stressed as a result of 

documented increases in both cancerous and non-cancerous diseases in human 

populations exposed to arsenic in drinking water at parts per billion concentrations. Most 

of the arsenic removed is incorporated in the arsenic-bearing solid residuals (ABSRs) 

from the water treatment facilities. ABSRs can currently be disposed of in non-

hazardous, municipal solid waste (MSW) landfills (EPA, 2001). This work is focused on 

the various processes that cause leaching and mobilization of arsenic from ABSRs in 

MSW landfills. Landfill-like conditions were established inside flow-through column 

reactors containing different loading ratios of ABSR to inert material. Bioreactor 1 (R1) 

was loaded with 7.5 gram dry GFH residuals, bioreactor 2 (R2) contained 52 gram dry 

GFH residuals, while both bioreactor 3 (R3) and (R0) contained 276 gram dry GFH 

residuals. The ABSR used was Granulated Ferric Hydroxide (GFH), a widely used water 

treatment sorbent for arsenic. The results provided an understanding of the impact of the 

ratio of inert to active material on the leaching of arsenic from ABSR under simulated 

landfill conditions. After over three years of operation, results showed that in a high 

organic, reducing, anaerobic environment, both iron and arsenic are susceptible to 

reduction and mobilization. Results indicate that iron mobilization occurs preferentially 
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by reductive dissolution of Fe(III) to soluble Fe(II), thereby mobilizing both iron and 

arsenic sorbed onto the GFH surfaces. Reduction of As(V) to the more mobile and toxic 

As(III) was also observed. This work shows that the fraction of arsenic leached increased 

significantly as the ABSR to inert material ratio decreased.       

Introduction 

Several studies have demonstrated that iron- based media sorbents are an effective 

sorbent to remove As and they are widely used for arsenic removal processes (Amy et al., 

2000, Mukiibi, 2008; Ghosh, 2005)). Numerous studies have been conducted to evaluate 

the sorption of As on Fe media, some of these iron media include goethite (Manning et 

al., 1998) ferrihydrite (Jain et al., 1999), zero valent iron (Su and Puls, 2001). EPA study 

demonstrated that As(V) has more affinity to be sorbed on iron oxides at low or neutral 

pH (4-7) than As(III) (EPA, 2003).  Studies indicate that arsenic sorption capacity of iron 

oxides media is a pH dependent process (Ghosh, 2005; Mukiibi, 2008; Meng et al., 

2005). The increase in pH lowers the sorption capacity of As(V) and As(III) on those 

oxides.(Dixit et al., 2003; Ghosh, 2005). Once As aqueous concentration in the treated 

water reaches the MCL value (i.e. 20-30 ppb, based on the operational conditions of each 

utility), the sorbent is called arsenic spent sorbent or ASBR.  

Groundwater sources are characterized by low redox potential compared with surface 

water, leading to potentially higher proportions of As(III) (Stumm et al., 1996). EPA has 

advised water utilities to aerate the groundwater systems that have higher concentrations 

of As so that As(III) could be oxidized to As(V) before treatment by iron oxide sorbents 
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(EPA, 1999). Consequently, this research looks at arsenate as the likely to be adsorbed on 

the spent ASBRs at the time of disposing in MSW landfills.  

For years, EPA has used TCLP to assess the toxicity of disposed ASBRs. The TCLP 

protocol is used to decide if the waste can be disposed in a landfill or needs diversion to a 

hazardous landfill (Hooper et al., 1998). Currently, most of the disposed ABSRs are 

dumped in municipal solid waste landfills due to the fact that these ASBRs pass the 

TCLP test (Ghosh, 2005). TCLP is performed under acidic condition (pH 4.95) using 

acetic acid (EPA, 2000). However, studies report that reducing conditions are prevalent 

in MSW landfills where pH is more likely to be around 6-9 (Christensen et al., 2001). 

Taking into account the long residence time and availability of organic matter in MSW 

landfills, we expect enhanced microbial activity (Christensen et al., 2001, Ghosh, 2005) 

and consequently promotion of arsenic mobility that reduces arsenate to arsenite.  This 

may indicate that the TCLP protocol is deficient and/or simplifies crucial parameters 

needed in assessing ASBRs. 

Under reducing conditions, several factors play a role in the mobilization of arsenic. 

Among these factors, microbial reduction of iron and arsenic is suspected to be a major 

factor in arsenic release from arsenic bearing residuals (Zobrist et al., 2000). The 

utilization of As(V) – as an electron acceptor- by ferric reducing bacteria during 

anaerobic respiration has been reported by Oremland et al., (2003).  This process was 

also observed in arsenate reducing bacteria isolated from wetlands and sediments 

(Harrington et al., 1998).  
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The biological reduction of As(V) is expected to impact the mobilization of As from 

arsenic- bearing solid residuals. Dixit et al., (2003) reported that As(V) has a higher 

affinity to be sorbed on iron oxides than As(III). Some researchers have also been able to 

investigate sorbents under different environmental sets such as mine wastes and soil 

(Elkhatib et al., 1984), and sediments (Ahmann et al., 1997). Some studies have been 

focused on the binding of As(V) on the surface of the iron oxides and it was concluded 

that As(V) was tightly bound to the surface of the iron oxide sorbents by inner sphere 

bidentate complexes (Hongshao et al., 2001).  

This work is focused on the various processes that cause leaching and mobilization of 

arsenic from ABSRs in MSW landfills. Simulated landfill  conditions were established 

inside flow-through column reactors containing different loading ratios of ABSR to inert 

material. This work also investigates the leaching of arsenic from columns that have been 

subject to long term, dynamic, simulation of actual landfill conditions. The influence of 

the ratio of ABSR/liquid ratio was studied. Mobilization of arsenic was quantified by 

determining the total, dissolved and speciation of As released from the loaded ABSRs 

The results are aimed to understand the impact of ABSR to inert material ratio. This 

might have a practical application on ABSR disposal/ management.  
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 Materials and Methods  

Arsenic mobilization under reducing condition was investigated in four columns. The 

columns used in this experiment were fabricated of acrylic plastic and were fed with 

synthetic landfill leachate. The column dimensions are: 16 inch (length), and 3.5 inch 

(inner diameter, ID), and 2.52 L (volume), the void volume was 960 mL. The columns 

were operated in down-flow mode.  Columns were sealed from the top and the bottom to 

make sure that there are no air leaks. The generated gas was collected using a Mariotte 

Flask. The influent for the columns was kept in the refrigerator in order to minimize 

bacterial growth prior to pumping it into the column. Each column was fed from a 

separate influent jar through PTFE tubing (inner diameter of 1 mm) and the same tubing 

system was used for each one of the column. The influent was pumped via a 

programmable syringe pump (BS-8000, Braintree Scientific Inc.). The rate of flow was 

5.6 ml/hr and the hydraulic residence time in the column was 8 days.  

Columns Composition  

The active bed volume was kept between a two 5 cm layers of gravel as shown in Figure 

2.1. The gravel diameter was between 0.5 to 1 cm, gravel was used to make sure the 

leachate is evenly distributed over the surface area of the bed volume. 

Sorbent and Sorbent Loading: the media used was Granulated Ferric Hydroxide (GFH). 

It is considered a weakly crystalline goethite (FeOOH) (Dreihaus et al., 1998). It is 

manufactured by precipitation process between a ferric chloride solution and sodium 
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hydroxide and the grain sizes are ranging between 1-2 mm in diameter. It had a high 

treatment capacity of 30000-40000 bed volumes before the breakthrough concentration 

reached 10 ppb (Driehaus et al., 1998). In a laboratory study, GHF was selected as the 

most effective As removal media among 50 media that was tested (Silver al., 2005). The 

water content of the GFH slurry used in this study was 48%, the iron content of the GFH 

was 0.61 g Fe/g GFH as determined by digesting the sample in nitric acid followed by 

digesting the sample in microwave digestion. GFH sorbent was pre-equilibrated with 

arsenate before loading it into the columns.  

Mass of sorbent: Control column (R0) has 272 g dry GFH, R1has 7.5 g GFH, R2 has 52 g 

dry GFH and R3 has 272 g dry GFH. 

Glass beads: 0.5 cm diameter glass beads were used as an inert media (1.75 kg in each 

column). 

Digester Sludge: Sludge was collected from an anaerobic digester at the Ina Road Waste 

Water Treatment Plant in Tucson, Arizona. To inoculate the columns, 500 mL of 

anaerobic sludge was mixed with the GFH  and glass beads to make sure that anaerobic 

microbes are well mixed through out the active bed volume of the biotic columns. No 

sludge was added to R0 (controlled).  

Influent 

Influent to the columns was prepared in the lab every 4 days.  Synthetic landfill leachate 

(SLL) was used as described by Field et al., (2004). The SLL component concentration 
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expressed in mg/L was: “NH4Cl (668); NaHCO3 (2000);  CaCl2·2H2O (10); MgCl2·6H2O 

(68); MgSO4. 7 H2O (10); KH2PO4 (37); yeast extract (20) and 1 mL/L of a trace element 

solution containing (in mg/L): FeC13·4 H2O (2000); MnCl2·4 H2O (50); AlCl3·6 H2O 

(90); CoCl2·6 H2O (2000); Na2SeO3·5H2O (100); CuCl2·2H2O (30); ZnCl2 (50); H3BO3 

(50); (NH2)6Mo7O2·4 H2O (90); NiCl2·6 H2O (50); EDTA (1000)”. “The SLL solution 

also contained a mixture of volatile fatty acids (VFA), as an electron donating substrates 

and carbon sources, consisting of (in mg/L): butyrate (423); acetate (576);  valerate (163), 

propionate (193), and caproate (233). NaOH or HCl was used to adjust the pH at 8.0 as 

required” (Field et al., 2004). The aim of using the synthetic leachate was to make sure 

that are required ingredients (major organic and inorganic species) required for anaerobic 

microbial species. (Christensen et al., 2001). The four columns were fed with the same 

synthesized leachate solution, with the exception that column R0’s influent contained 

sodium azide (10 mL/L of influent, from azide stock solution of 1 g/L) to inhibit 

respiratory bacteria activity.  

The pH, alkalinity and ORP and dissolve organic carbon (DOC) of the columns were 

kept within the range of values expected in MSW landfill leachate.  

The VFA composition of the influent was adjusted for both R2 and R3 on day 897 of  

columns experiment where the amount of VFA was doubled from that day to the end of 

the columns period (till day 1148) while the rest of the SLL were kept the same during 

the whole period. The result will be presented in order of periods. In each period, the 

results will be discussed for each column in each phase of operation.  
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Columns Operation 

Figure 2.1 (adapted from Mukiibi, 2008 with minor edits) shows a schematic diagram of 

the column that was used in the experiments to simulate landfill conditions. It can be seen 

from Figure 2.1 that the active bed is trapped between the top and bottom layers of 

gravel. The water level is kept always above the active bed area to make sure that active 

bed is always saturated.  

Generated gases were collected in a 500 mL inverted bottle filled with MQ water, the 

bottles were inverted as shown in Figure 2.1 and methane was measured on a weekly 

basis. 

Effluent from the columns was sampled on a weekly basis. Total dissolved samples were 

filtered through 0.45 µm polycarbonate filters (Millipore), while samples for total 

unfiltered (total arsenic or total iron) were collected directly from the column by opening 

the bottom control valve of the column and collect the leaching effluent in a 10 mL 

graduated flask. The filtered (or dissolved) samples (that are used for As speciation) were 

purged with nitrogen to avoid any contact with air. Total unfiltered samples were 

digested with 5% concentrated nitric acid (Spectrum) and digested in the microwave 

digester (CEM). All samples were stored in a 4 oC refrigerator for analysis. Other 

parameter such as pH, ORP and alkalinity were measured immediately in the lab. 
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Figure 2.1: Schematic of column reactor. The active bed is located between the two 
layers of gravel. 
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Analytical Methods  

In all cases, the liquid effluent samples were analyzed for total and dissolved arsenic and 

iron concentrations by Ion Coupled Plasma Mass Spectrometer (ICP-MS). All identified 

As species (Inorganic and organic arsenic species (As(III), As(V), methylarsonic acid 

(MMA(V), dimethylarinic acid (DMA(V)), methylarsonic acid (MMA(V)), 

dimetheyarsinic acid (DMA(V)) were measured. “The  system consisted of an Agilent 

1100 HPLC (Agilent Technologies, Inc., Palo Alto, CA) with a reverse-phase C18 

column (Prodigy 3u ODS(3), 150 x 4.60 mm, Phenomenex, Torrance, CA). The mobile 

phase (pH 5.85) contained 4.7mM tetrabutylammonium hydroxide, 2mM malonic acid 

and 4% (v/v) methanol at a flow rate of 1.2 ml min-1. The column temperature was 

maintained at 50 oC. The detector was an agilent 7500a ICP-MS that is provided by a 

Babington nebulizer. Normally, 10µL is used to be injected in the machine. ICP-MS has 

a detection limit of 0.1µg/L for As species” (adapted from Ghosh, 2005).  

 

Absorbance was measured using Hitachi U-2000 Spectrometer (Hitachi Technologies 

America Inc., Schaumburg, IL). Alkalinity was determined by acid titration with 1 N HCl 

solution. VWR model SB70P symphony meter, pH probe (Futura refillable combination, 

epoxy, calomel, 12X 130 mm, Becham) and ORP probe (redox electrode, epoxy 

combination, VWR) were used to measure pH and ORP, respectively. TOC was 

measured using a (TOC-500, Shimadzu, Columbia, MD). Methane production was 

measured by liquid displacement in 1.3L Mariotte flask filled MQ water. The total 
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arsenic samples were digested, in 5% HNO3 in the microwave digestion system 

(MDS2100, CEM Corporation, Matthews, NC) for 35 min., before being sent for total As 

analysis. 

Results and Discussions 

Bio-reactor 1/column 1 (R1), bio-reactor 2/column 2 (R2) and bioreactor 3/column 3 

(R3) have different masses of GFH, while R0 and R3 contained equal masses of GFH. 

Bioreactors R1, R2 and R3 were fully biologically active columns, while R0 received a 

respiratory bacteria inhibitor. The four columns were operated for 204 days with influent 

being continuously fed into the reactors. The average, minimum and maximum pH, ORP 

and alkalinity values measured are shown in Table 2.1.  

Table 2.1: pH, ORP and alkalinity measured in the effluent from the four continuous flow 
bioreactors during the period 0-204 days.  

Sorb. pH Alkalinity (mg/L) ORP (mV) 
Max1 Min1 Average2 Max1 Min1 Average2 Max1 Min1 Average2 

R0 8.8 7.7 8.3 2200 1300 1700 29 -134 -120 
R1 8.3 7.5 8.1 2300 1100 1900 -130 -250 -170 
R2 8.3 7.6 7.9 3100 1250 2200 -130 -250 -180 

R3 9.0 7.9 8.5 2400 1300 2000 -90 -240 -170 

1 The maximum and minimum values measured in the effluent during each column  
operation 
2 The average value of the measured parameters in the effluent of each column during 
columns operation. The average of these values has been calculated by adding the 
numbers and dividing the sum by their number. 

Total digested As is the sum of the four species; As(V), As(III), MMA(V) and DMA(V); 

measured in an unfiltered sample. Total arsenic refers to the portion of the leachate that 

was collected directly from the column by gravity. Total digested samples are digested 
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using 5 % HNO3 (w/w) and then digested for 30 min using microwave digestion to 

extract any sorbed As or iron from solid. Total dissolved refers to a sample that was 

filtered through a 0.45 µm filter. It is reported (Tadanier et al., 2005) that most iron 

colloids are found to be  between 10-60 nm in size, so these colloids included in the 

dissolved fraction.  

The total digested arsenic concentration measured in the effluent is shown in Figure 2.2. 

It is evident that total arsenic concentration in R1 and R2 was higher than R0 

(biologically inhibited) and R3. During the first 100 days of the column’s operation, a 

much larger percentage of the total iron and arsenic was leached compared to the total 

continuous  flow-though period (Figures 2.2 & 2.3) operation. For the biologically active 

columns during the first 100 days, R1 (7.5 g dry GFH) leached 56.3% of the arsenic that 

was observed during the whole continuous period while the corresponding iron leached 

was 72%, R2 (52g dry GFH) leached 52.6% of the total arsenic that was leached during 

the 204 days of continuous operation whereas the corresponding iron was counting for 

75.8% of the iron leached during the same period, R3 (272 g dry GFH) leached 76.8% of 

the arsenic that was leached during the 204 days whereas the corresponding iron leached 

was 92% of the total iron leached during the 204 days. For the controlled column R0 (272 

g dry GFH), it leached 54% of the arsenic  that was leached during the 204 days whereas 

the corresponding iron leached was 72% of the iron that was leached during the same 

period.   
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Figure 2.2: Concentration of total arsenic in the effluent for the four simulated landfill 
columns during the continuous flow operation period. 
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Figure: 2.3 Concentration of the total iron in the effluent for the four simulated landfill 
columns throughout the continuous flow period of operation. 
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Figure 2.4: Fraction of As in particulate in the effluent for the four simulated landfill 
columns during the continuous flow period of operation. 

 

During the 204 days of continuous operation, the ORP for the biologically active columns 

was lower than the controlled column (R0). Typical values of ORP measured in columns 

R1, R2, and R3 during this period were in the range (-150 to -180 mV), while the ORP in 

R0 was higher (-70 to -120 mV). The higher ORP reading in R0 could be attributed to the 

lower microbial activity (Figure A1). This range of ORP values is within the range 

reported in some studies (Nanny et al., 2002; Ghosh, 2005). The alkalinity of the R1, R2 

and R3 dropped from 3 g/L to about 2 g/L in the first few weeks, while alkalinity in R0 

was about 0.5 g/L initially due to the lack anaerobic sludge (Figure A3). Since influent 

ORP of the synthesized landfill leachate remained constant (+50 to +80 mV), the 

observed decrease in ORP may be related to biological processes occurred inside the 

columns. Figure 2.5 shows total As and Fe concentrations during the first 70 days of the 
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columns continuous landfill simulation, it noticed some correlation between Fe and As 

during the first three weeks. For example, (Figure 2.5) total Fe concentration in R2 of 497 

ppm at day 4 coincided with maximum As concentration of 2434 ppb on the same day 

and the same could be observed for R3 where total Fe concentration of 364 coincided 

with 2246 ppb on day 4. On day 18, total Fe concentration of 118 ppm coincided with 

total As concentration of 1750 ppb in R2 where As total Fe concentration of 194 

coincided with total As concentration of 1052 ppb in R3. For the inhibited column R0, 

effluent Fe and As concentrations did not seem to be correlated during the same period.   
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Figure 2.5: Concentrations of As and Fe in R2 and R3 during the first 70 days of the 
columns throughout the continuous flow period of operation.    

It is interesting to note that the As/Fe ratio initially loaded to the columns, at the 

beginning of the experiment, was 1: 112, while the leached As/Fe ratio was 1: 40 (R0), 

1:37.5 (R1), 1:40.5 (R2) and 110: 1 for R3. It is evident that during the continuous 
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operation period of the columns, As was leaching appreciably higher than the ratio in the 

original sorbent. This could be explained by the microbial erosion of the surface of the 

media (Ghosh, 2005) and as a result As could release from these particulates. The delay 

in R3 might be explained by a combined effect of residual capacity of GFH in the bottom 

of the column to adsorb the released As from the top of the column and the other 

possibility could be related the bio-accessibility of microbes to major portions of the 

GFH inside R3 (Cortinas et al., 2008; Ghosh, 2005). Over a longer period of time (as will 

be explained during the semi batch period in details later for R2 and R3) GFH is expected 

to slowly be  converted to more mature crystalline minerals, these minerals may include 

goethite and magnetite as it was reported in some studies (Islam et al., 2005). 

Figure 2.4 and Figure 2.6 show the fraction of As and Fe associated with particles in the 

effluent of the four columns. It is evident (during the 1st 50 days) that the fraction of 

particulate to total arsenic accounted for 60% and 85% for As and Fe of the total 

arsenic/iron leached, respectively. This suggests that much of the arsenic mobilization 

was due to adsorption onto the particles > 0.45 µm that left the columns as suspended 

solids. It is evident that particulate leaching was a significant factor in the mobilization of 

arsenic from GFH media (Figure 2.6), particularly during the initial period of columns 

operation. Similar fraction of particulate to total of iron/arsenic of 60 % was reported on a 

GFH media (Mukiibi, 2008). This results is in a agreement with previous work on GFH 

that been carried out at the university of Arizona (Ghosh, 2004) and is consistent with 

previous study (Tadannier et al., 2005) that reach to the conclusion that generation of 
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colloids could be generated through the reduction of ferric oxides under anaerobic 

conditions.(Tadannier et al., 2005).  

The high concentration of organics available in the VFA (average DOC 800 ppm in the 

influent) may also enhance the Fe-NOM complexes or could enhance stable Fe-oxide 

particles (Pullin et al, 2003). In a study (Muligan et al., 2004) on the influence of MOM 

on the mobility of As, it was reported that NOM could contribute to the mobility and 

solubility of As through different mechanisms, some of these mechanisms: 

a. competitive adsorption; b. complexation, c. redox reactions. In a another study (Yong 

et al., 2004), they have concluded that the interaction between NOM and As could be 

influence by other factors such as pH, redox potential, As speciation concentration and 

the availability of competing ion that might compete with As on the surface of minerals. 
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Figure 2.6:  Fraction of Fe in particulate in the effluent for the four simulated landfill 
columns throughout the continuous flow through operation period. 
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Figure 2.7: Concentration of total dissolved arsenic in the effluent for the four simulated 
landfill columns throughout the continuous flow through operation period. 

Figure 2.7 shows total dissolved arsenic concentration in the effluent of the four 

continuous- flow through simulated landfill columns. It can be seen from Figure 2.7 that 

both R1 and R2 has higher arsenic concentration in the effluent than R0 (controlled) and 

R3. Even though the fractions of total and dissolved fractions decreased over time, 

significant portion of arsenic leaving the columns was still associated with colloids. The 

generation of colloids coincides with increased Fe (II) in the dissolved fraction and is 

consistent with previous researchers. In a study conducted by Aaron et al., (2006), they 

reported a shift in the total (particulates) and total dissolved (colloids) iron due to either 

Fe mineral dissolution or change in pH that was associated with the change in the redox 

conditions. The generated particulate (inside R2, R2) and colloids may be responsible for 

the transport high levels of arsenic . In the later period of the columns operation (day 
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120-204), approximately 65-75% of the arsenic released from the biologically active 

columns (R1, R2) was associated with colloids (< 0.45 µm).  

Average dissolved arsenic concentration was 300-400 ppb for R1 and R2 while the 

average dissolved arsenic concentration for R0 and R3 was 100-200 ppb.   
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Figure 2.8: Concentration of dissolved iron leached in the effluent for the four simulated 
landfill columns throughout the continuous flow through operation period. 

Figure 2.8 shows dissolved iron in the effluent form the four columns, it can seen from 

the figure that observed dissolved iron was leached  from R1 and R2 where the maximum 

dissolved iron concentration  was 10.9 mg/L in R1 on day 40 and 11 mg/L in R2 on day 

51. Even though R1 and R2 have less mass of sorbent on them but they leached iron and 

arsenic higher than R3 and R0. However this was not associated with an increase of 

dissolved arsenic. Analysis of the dissolved iron species showed that Fe(II) concentration 

constituted over 70% of total dissolved iron in R1,  57% in R2, 35%  in R3 and less than 

10% in the R0 (controlled). The decline in the dissolved iron concentration towards day 
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100 might reflect a decrease in iron reducing microorganism (Ghosh, 2005); however, the 

concentration of dissolved arsenic was relatively stable over that period.  

During the last 120 days of columns R1, R2 run, the association between dissolved and 

particulate arsenic had weakened as the duration of leaching increased. For example from 

80-203 days, the ratio of particulate to dissolved arsenic had reduced to an average ratio 

1:5.5.  

The amount of As leached from the columns (as a percentage from the initially added to 

the columns) was 0.3 %, 47.2%, 9.3% and 0.81% for R0, R1, R2 and R3 respectively.  

Total digested arsenic was 4 folds, 5.5 folds and 2.1 folds in R1, R2 and R3 greater than 

R0; this indicates the incubation of columns with anaerobic sludge, coupled with the 

addition of the electron donating substrate (VFA), enhanced microbial activity and in turn 

increase As leaching in the effluent of the biologically active columns. 

There are several studies in the literature that demonstrate that arsenic and iron from As-

containing sediments is dependent on microbial activity. It is reported that the observed 

increase of dissolved As and iron was related to the addition to microbial substrate to 

sediments containing iron oxide with As sorbed on it (Anawar et al., 2006).  

Table 2.2 shows the summary of As and Fe leached during the continuous flow through 

operation (0-204 days) 
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Table 2.2: summary of the total As and Fe leached during the continuous flow through of 
the four simulated landfill columns.  

Mass of GFH in 
each column (g) 
 

Mass of GFH in 
each column (g) 
 

As leached (mg) % As leached 

R0 272 4.43 0.29 
R3 272 10.5 0.81 
R1 7.5 19.3 47.2 
R2 52 26.7 9.3 

Mass of GFH in 
each column (g) 
 

Mass of GFH in 
each column (g) 

 

Fe leached (mg) % Fe leached 

R0 272 176.7 0.1 
R3 272 1277 0.8 
R1              7.5 934 13.3 
R2               52 1222 3.9 
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Figure 2.9: Fractional of Arsenic leached from the four simulated landfill columns 
throughout the continuous flow through operation period. 

Figure 2.9 shows fractional arsenic leached from the four columns. It is obvious that R1 

has leached higher percentage of As more than the other three columns. The reason 
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behind the higher percentage in R1 because R1 has a smaller load of GFH (10 mL GFH 

slurry or 7.5 g dry GFH). After 204 days of continuous column operations, 47.2 %, 9.3 % 

, 0.81% and 0.29 % of the initial As added to the columns R1, R2, R3 and R0, 

respectively leached in the effluent. The cumulative release of As was 163, 32 and 2.8 

fold greater in R1, R2 and R3, respectively, than R0, indicating that inoculation of the 

columns with anaerobic sludge clearly enhanced As mobilization. Higher rate of arsenic 

release may be attributed to the bio- accessibility of GFH to microorganisms where lower 

mass of sorbent to inert material could provide easy access of microorganisms to each 

particle of the GFH media. More As mobilization was expected from R2 and R3 and this 

was one of the reasons to keep R2 and R3 for longer period under semi batch landfill 

simulation operation as it will be discussed in details in the semi batch R2 and R3 

operation. At this stage both R1 and R0 were stopped by end of the continuous flow-

though landfill operation. 

Mechanisms of Arsenic Mobilization 

Several hypotheses in the literature were introduced to explain the enhance mobility of 

arsenic under anaerobic environmental sets. The first hypothesis argues As(V) is less 

mobile than As(III). Once As(V) is reduced to As(III), it is hypothesized that As(III) will 

mobile more quickly than As(V). This hypothesis stands only if we assume a weaker 

sorption of As(III) than As(V), as in the case of alum oxide (Dixit et al., 2005; Cortinas et 

al, 2008). However, recent studies show As(III) and As(V) exhibiting equal adsorption 

affinity on different sorbents at neutral pH. For example, Herbel et al., (2006) tested the 
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sorption affinity of As(III) and As(V) on ferrihydrite and other iron oxides and he 

reached to the conclusion that both species exhibit the same sorption capacity on those 

iron oxides. Several research studies have confirmed that arsenic is commonly associated 

with Fe(III) oxides or hydroxide in aquifer sediments, this association could occur via the 

incorporation of As onto the minerals or incorporated in the amorphous structure of the 

oxide (Tye et al., 2002; O'Day et al., 2004). Other researchers reported that the 

association of As to iron oxides could occur through adsorption of As onto the surface of 

the iron oxides (Fuller et al., 1993; Manning et al., 1996). In a study on ferrihdrites, it is 

reported that most of the reduced As(III), form As(V) ferrihydrite, remained sorbed  on 

the As(V) ferrihydrite co-precipitate (Zobrist et al., 2000).  Based on the above studies 

it’s not expected that the reduction of As(V) to As(III) would significantly increase As in 

the bulk system if we consider only the chemical equilibrium of the system. This means 

that the microbial activity in an active anaerobic environment could influence As 

mobility. 

The second, and more readily acceptable, hypothesis is related to the reductive 

dissolution of iron and subsequent release of As. In a recent study Oremland et al., (2005) 

reports that the iron reducing bacteria (that is capable to reduce Fe(III) to Fe(II)) were 

able to dissolve iron hydroxide where As(V) released in the bulk system. Other studies 

have shown that both As(III) and As(V) are sorbed on iron oxide surfaces as binuclear, 

bidentate complexes (Manning et al., 1998; Pierce et al., 1982; Sherman et al., 2003). 

Furthermore, work done by Sherman et al.,(2003) concluded (based on extended X- ray 



59 

adsorption fine structure (EXAFS)) that As(V) bidentate corner sharing complex is 

energetically preferable over the hypothetical edge sharing. 

In a continuous flow mode experiment on arsenic and iron leaching from GFH, most As 

leached in less than 3 years of simulated disposal conditions. In this study it was reported 

that most of the leached iron was in the dissolved phase Ghosh, 2005). Our experiment 

results indicate that a significant portion of the arsenic and iron leached during the first 

100 days of columns’ operation. Particulate was a major portion of the total iron leached, 

this suggests that microbial erosion of the GFH surface may enhance the generation of 

particulate from the surface of the GFH in R1 and R2. None of the above hypotheses can 

explain our observations from the three biologically active columns. For example, it is 

observed that Fe(II) was higher than Fe(III) concentration in R1 and R2 for certain 

periods while the total iron leached was in a decline. The situation inside those columns 

might be more complex to be explained by any of these hypotheses.  We believe that 

each period of the columns run follows more than one hypothesis based on the different 

controlling factors such as ORP, pH, As and iron species concentration, and 

concentration of organic matter, ect. 

Arsenic Speciation 

Arsenite and arsenate concentrations in the filtered samples from the four continuous 

landfill simulation columns are shown in Figure 2.10 and Figure 2.11, respectively. The 

concentration of organic As species was not significant in column R0, while the observed 

DMA(V) was below 20ppb in R1, 40-120 ppb in R2 and 20-40 ppb for R3 over the 
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period of column operation from day 40 to 200. Figure 2.10 shows that As(III) was the 

dominant arsenic species, especially in R1  and R2, the two columns containing the least 

amount of GFH initially. It is interesting to note that the original arsenic sorbed on the 

GFH was in the form of arsenate, As(V), but the arsenic leached was largely reduced to 

As(III). Reductive dissolution of iron and arsenic has been studied by several researchers. 

It is concluded that reductive dissolution of iron and arsenic could be one of the main 

mechanisms for As mobilization in the environment (Ford et al, 2006b; Zobrist et al., 

2000; Langner et al., 2000). The release of As(III) and As(V) was detected within the 

first few days of columns’ operation. Detection of As(III) in the effluent indicates that the 

reduction of As(V) to As(III) occurred at the early stages of the columns’ operation.  

ORP decreased from +15mV to an average of –150 mV in R1, R2 and R3, during the first 

week of columns’ operation, while ORP in R0 (inhibited) had an average of -40 mV 

during the same period. Maximum As (III) concentration of 389 ppb was observed for R1 

at day 387, while for R2 the maximum observed As(III) of 430.8 ppb was on day 163.  

R0 and R3 had significantly lower concentrations of As(III). This could be explained for 

R0 because the influent contained sodium azide, a respiratory microbe inhibitor. 

However, the low level of arsenite concentration in the biological column, R3, that has 

the highest mass of GFH, could suggest a lower bio-accessibility of the GFH in this 

column by which micro-organisms were unable to get access to a large portion of the 

media. In addition, channeling inside R3 could be another factor that may affect arsenic 

leaching in it. In addition, the possibility of As co-precipitation may occur R3 could be 

another possibility that would help explaining the lower As and Fe release in it. Several 

studies reported some delays or co-precipitation of As in iron oxides media. In a similar 

study by (Cortinas et al., 2008), it was reported a 150 days delay before any noticeable 

release of arsenic from As(V)-GFH. They reported that the delay may be influenced by 
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two factors, the first one could be related to the residuals capacity of the GFH and the 

second factor related to the formation of secondary Fe(II) minerals. Furthermore, a study 

conducted by Hongshao et al., (2001), he concluded that the exposure of arsenic bearing 

residuals to a leaching solution could enhance the solubility of the surface by which As 

could release from the surface to the bulk solution and As(V) could be reduced to As(III), 

released particles from the surface could react later to form less soluble minerals that 

could participate in pre-precipitation reactions. Such phenomena could be an acceptable 

explanation for our observation of lower arsenic leach from R3. In addition the bio-

accessibility of microbes to a large portion of the GFH media could be another factor in 

minimizing arsenic leachate in R3. 
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Figure 2.10: Concentration of As(III) in the effluent for the four simulated landfill 
columns during the continuous flow period of operation. 

Figure 2.11 shows the As(V) concentration in the effluent of the four columns. The 

maximum As(V) concentrations were observed in R1 and R2, while R3 and R0 showed 

lower As(V) concentrations in the effluent. Lower As(V) in R3 suggests that As was not 
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bio-available in R3 during this period of the column operation whereas lower As(V) in 

the effluent of R0 could be attributed to the lower microbial activity in R0. Higher ORP 

values in R0 than the other biologically active columns confirm this hypothesis (Figure 

A2). 
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Figure 2.11: Concentration of As(V) leached in the effluent throughout the duration of 
the continuous flow through landfill simulation columns’ run. 

Figure 2.12 shows As(III) and As(V) as a percentage of  total dissolved arsenic leached 

on days 29, 86 & 163 during the continuous mode of columns’ operation. The ratio of 

As(III)/As(V) in the dissolved fraction varied between 4:1 and 11:1 in R2.  This ratio was 

even higher in R1 where it varied between 2:1 and 15:1, and for R3 it varied between 3:1 

to 7:1, this suggests arsenic reduction in addition to iron reduction in the (R1, R2 and R3) 

biotic columns. It is evident from Figure 2.12 that the ratio of As(III): As(V), in R0,  is 

varied between 2:1 and 3:1, this shows the inhibition of  microbial activity would 
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influence arsenic reduction. The arsenic mobilization observed in R1, R2 and R3 was 

higher than in R0 in terms of the amount of arsenic leached. Approximately 75-85% of 

the leached arsenic was recovered as arsenite in the biotic columns. This suggests that 

micro-organisms are using arsenate as a primary electron acceptor. In Oremlan et al, 

(2003) study, he reported that the increase in As(III) concentrations in soil sediment 

containing As(V) might be linked to the  dissimilatory arsenate reduction in soil by which 

As(V) is reduced to As(III), he concluded that anaerobic microbes could use As(V) in 

their anaerobic respiration process. 

 

0

10

20

30

40

50

60

70

80

90

100

R0 R1 R2 R3 

Pe
rc

en
t A

s(
III

),A
s(

V)
 

As(III)@Day29
As(V)@ Day 29
As(III)@Day 86
As(V) @ Day 86
As(III) @Day 163
As(V) @Day 163

 

Figure 2.12: As (III) and As(V) as a percentage for days 26, 87 and 163 for the four, 
simulated landfill columns.   
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Implications 

During the operation of the bioreactors, microorganisms played a critical role in the 

mobilization of arsenic. The results in R0 clearly indicate that inhibited microbial activity 

can reduce the release of arsenic. The mass of arsenic leached from the biotic reactors 

(R1, R2 and R3) was affected by the mass of residuals that was loaded to each bio-

reactor. One would expect that bio-column with highest ABSR (R3) would leach more, 

arsenic and iron, than the R1 and R2 that have lower amount of ABSR. However, our 

results showed that the column with medium mass of ABSR has 2.5 higher arsenic 

release than the one with the highest mass of ABSR (R3). Even the one with the lowest 

mass of arsenic (R1) leached 2 times arsenic than R3. This could have a practical 

significance for disposing of ASBR. It suggests there is a likely advantage (w.r.t. 

minimizing arsenic mobilization) of disposing of GFH in one spot, rather than spreading 

the ASBR throughout a larger volume. It is also concluded that the amount of arsenic 

leached is not directly proportional to the amount of sorbent disposed, but is more 

strongly impacted by how bio-accessible the disposed sorbent is.  
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Semi Batch Operation Phase (R2 and R3) 

On day 204, columns R1 and R0 were stopped. Columns R2 and R3 operation was 

continued  because they  have not leached significant amount of arsenic whereas R1 

leached almost 50 % of its  arsenic capacity and R0 has minimal change due to minimal 

microbial activity in it (Figure 2.9). It was suggested that semi batch systems are more 

closely simulate the real situation in the MSW landfills, where waste is only 

intermittently exposed to new leachate. In semi batch operation, the liquid inside each 

bioreactor was replaced with new feed solution every three weeks. During weekly 

sampling about 30 ml of  effluent was drawn from the column and a new 30 ml was 

provided to replace the amount of liquid that was used for sampling. The same 

parameters as measured in the first 204 days of operation were measured during the semi 

batch period of operation. The pH, ORP and alkalinity means and ranges measured 

during semi batch operation for R2 and R3 are tabulated in Table 2.3.  

Table 2.3: pH, ORP and alkalinity measurements of the effluent from the R2 and R3 
during the semi batch period of operation (205-1150 days). 

Sorb. pH Alkalinity (mg/L) ORP (mV) 
Max1 Min1 Average2 Max1 Min1 Average2 Max1 Min1 Average2 

R2 8.9 7.7 8.1 4850 1250 2400 -156 -249 -193 

R3 9.0 8.2 8.5 4600 1400 2600 -95 -228 -170 

1 The maximum and minimum values measured in the effluent during each columns’  

operation. 
2 The average value of the measured parameters in the effluent of each column during 
columns operation. The average of these values has been calculated by adding the 
numbers and dividing the sum by their number. 
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The initial pH of the influent leachate remained approximately constant (8±0.1). The 

observed ORP and alkalinity were in the same range that was observed during the 

continuous period.   

 

Figure 2.13: Concentration of total arsenic in the effluent from the R2 (52g sorbent) and 
R3 (272g sorbent) during the semi-batch operation period. Period II extended from day 
205 to 896, period III extended from day 897-1150. 

The semi batch phase of operation was divided into two periods designated Period II and 

Period III to differentiate them from the continuous flow operation phase (Period I). 

During Period II, the concentration of volatile fatty acid (VFA) used was 1.58 g/L and 

alkalinity was added as 2g/L of NaHCO3. The second period extended from day 205 to 

day 896. The amount of VFA was doubled during period III (day 897-1150), while 

bicarbonate concentration in the feed was kept constant. 

By the end of the continuous operation period, the microbial activity inside columns R2 

and R3 seemed to be stable as evidenced by the decrease of dissolved organic carbon 
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(DOC) in the effluent of R2 and R3 where the average DOC in the effluent was in 

ranging between 30- 50 ppm whereas the influent DOC was in the range between 750-

800 ppm during period II. Figure 2.13 shows total arsenic concentration in R2 and R3 

effluent, total digested As includes the sum of the four species monitored with the HPLC-

ICP-MS. The detected species were As(V), As(III), MMA(V) and DMA(V). It is evident 

that total arsenic concentrations in R2 were higher than R3 during the semi-batch 

operation period. Larger releases of As occurred during period II compared to period I 

(Figure 2.2) and period III (day 897-1150) as will be explained later. In R2 the As 

concentrations increased dramatically on day 605 to the level of 2000 ppb while the 

maximum arsenic concentration of 832 ppb observed in R3 was on day 775.  During this 

period, the ORP was in the range of -150 mV to -200 mV for both R2 and R3 (Figure 

A.4). This range of ORP values is within the typical range expected in a municipal 

landfill leachate. Influent alkalinity was ~ 1200 ppm during period II, while the alkalinity 

of the leachate was ranging between 1700-2400 ppm (Figure A5). Since the average 

initial ORP of the synthetic landfill leachate remained approximately constant (+50 to 

+80 mV), obviously the observed decrease in ORP is attributed to the microbial activity 

inside R2 and R3. Concentration of Fe(II) was higher than Fe(III) during most of period 

II, Fe(II) concentration was in the range 2-3 ppm (Figure A7) whereas Fe(III) was in the 

range 1-2 ppm (Figure A8). Indeed, on day 300, over 85% of the dissolved fraction 

leaching from R2 column was Fe(II) (Figure A7) when the ORP was (-190 mV) (Figure 

A4) whereas only 33% of the dissolved fraction leaching from R3 column on day 300 

was Fe(II). Figure 2.13 shows that there is relatively stable arsenic concentration for 
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about 200 days and 240 days in R2 and R3, respectively, before there was a significant 

increase in As concentration.  Figure 2.14 shows total iron concentration leached from R2 

and R3. It is noticed that the total iron leached from R2 was generally higher than R3 

despite the amount of iron available in R3 being three times the iron available in R2. A 

decrease in total iron was observed after approximately 700 days of the semi batch 

operation, where both R2 and R3 iron concentration was below 4 ppm. The continuous 

decrease in iron leaching in the later days of period II (day 205 to day 896) may be a 

consequence of declining dissimilatory Fe reduction activity. It is reported that insoluble 

iron hydroxides could form due to the re-precipitation of Fe at circum-neutral pH (pH = 

6.5-7.7) (Shawing et al., 2002).  Figure 2.14 shows higher concentrations of iron leached 

from R2 than R3 (day 205-600). During that period R2 arsenic concentration was about 

two times R3 As concentration (Figure 2.13). 
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Figure 2.14: Concentration of total iron in the effluent from the R2 and R3 during their 
semi-batch operation. 

During period II, the percentage of arsenic leached from R2 and R3 was 16.5%, 1.2% 

respectively, while percentage of iron leached was 0.8 % and 0.09% respectively. 

It is interesting to note that R2 (52 g dry GFH) with about 20% of the GFH that was 

loaded in R3 (272g dry GFH), leached more arsenic. The fraction of arsenic leached 

during period II (day 205-896) and Period III (day 896-1150) is shown in Figure 2.15. 

Figure 2.15 shows that a significant amount of arsenic leached during the two periods. 

Comparing arsenic released from R2 and R3, it is evident that R2 column released more 

arsenic than R3 despite the amount of arsenic available in R3 was five times the arsenic 

available in R2. A plausible explanation for the higher amount of arsenic leaching from 

R2 could be the relative bioavailability of iron in R2 compared to R3 coupled with the 
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change in iron morphology (as observed during the first 204 days of continuous feed 

operation).  

For example Figure 2.13 shows that in the 1st 200 days (day 205-420) of R2 and R3 semi-

batch column operations, the arsenic concentration leached from R2 was 2-3 times the As 

concentration leached from R3. In that period, the cumulative fraction of arsenic leached 

was approximately 4.3% and 0.17% of their respective initial loads of As.  However the 

correlation was not continuous all the way through in R2 and R3. Soon after that the rate 

of iron leaching started to slow down while arsenic leaching rate kept increasing in R2 

and R3. By the 600 days of semi-batch operation (Figure 2.13), R2 reached its highest 

arsenic concentration of 1980 ppb, while the highest arsenic concentration in R3 was 

about 800 ppb by day 790. During that period, 10.8% and 0.4% of As leached from R2 

and R3, respectively. The change of kinetic regime in the period after day 420 in R2 and 

day 470 in R3, which resulted in a higher rate of arsenic leaching, could be attributed to 

the to microbial reduction of As(V) from the surface of the GFH and its reduction to 

As(III) or As(V) could be reduced to As(III) at the surface of the sorbent.  
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Figure 2.15: The cumulative mass of arsenic released in the effluent of R2 and R3 during 
the semi- batch period.   
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Figure 2.16: The cumulative mass of iron released in the effluent of R2 and R3 during the 
semi-batch period of operation.   
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Figures 2.15 & 2.16 indicate that the fraction of arsenic & iron leached from R2 was 

higher than total arsenic and iron leached from R3. This means that the overall rate of 

iron and arsenic release from R2 and R3 are not similar to one another. One major 

similarity in the two semi batch columns during this period was that most of the arsenic 

leached was in the dissolved phase. The greater release of arsenic from R2 (52 g dry 

GFH) might due to the fact that greater dissolution of iron hydroxide by iron reducing 

bacteria occurred in R2 and resulted in a greater loss of the sorbent mass (and subsequent 

release of arsenic bound to it). For R3 (272 g dry GFH), with a higher mass of sorbent 

available, it is speculated that the released As at the top of the column could be re-

adsorbed at the lower portion of the column. In Cortinas et al., (2008) study on GFH, they 

related the delay (about 150 day before spike of As showed in the effluent) of As release  

to the residuals capacity of the GFH and the second factor was suggested to be  related to 

the formation of secondary Fe(II) minerals (Dixit et al., 2003). 

For R3 column, it is suggested that lower As and iron than R2 could be related to the bio-

accessibility of GFH media where microbes may not be able to access a great portion of 

the GFH media inside R3. By the end of period II, the percentage of particulate to total 

arsenic was 10% for R2 and 15% in R3. 
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Dissolved Phase Leaching  

Figure 2.17 shows the dissolved phase arsenic concentration from R2 and R3 during their 

semi-batch operation. The total dissolved and dissolved speciation of arsenic and iron 

was periodically sampled. Comparing Figures 2.13 and 2.17, it is evident that total and 

dissolved arsenic are similar for both R2 and R3 during both periods. Despite all columns 

have been exposed to similar leaching conditions, the concentration of dissolved arsenic 

observed in the effluent of R2 was 2-3 times the concentration of arsenic leached from 

R3. The dissolved Fe concentration increased to a maximum of 10 ppm, which was 2 

times higher than the iron concentration observed at the end of the continuous operation 

period (Figure 2.8). For R3 the maximum value of 4.5 ppm was measured on day 443. 

Analysis of the dissolved phase in the leachate effluent from R2 and R3 showed that Fe2+ 

constituted over 80% of the total dissolved iron, indicating an increase of Fe(III) 

dissimilatory reduction process, this would probably related to the electron donating 

organic matter from the VFA. Fe-NOM complexes were reported to be formed in a rich 

organic matter environment where synthesized landfill leachate was used (Pullin et al., 

2003) and as a result, promote the mobilization of arsenic. In another study, it was 

reported that the increase concentration of extracted As from soil was well correlated 

with the increase of dissolved organic matter in the system (Kalbitz et al., 1998). 

Research study on phosphate (analogous to arsenate) showed that the addition of organic 

matter (e.g. acetate, humic acids) to the tested sediments has decreased the phosphate 

sorption in the soil (Fontes et al., 1992). 
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Figure 2.17: Concentration of dissolved arsenic in the effluent for R2 and R3 during their 
semi batch operation. 

 

Figure 2.18: Concentration of total dissolved iron in the effluent from R2 and R3 during 
their semi- batch operation. 
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Lower arsenic desorption from R3 suggests a combined effect of lower bio-accessibility 

of microbes and As co-precipitate with secondary Fe(II) minerals (Dixit et al., 2003). In a 

recent study by Herbel et al., (2006), it is reported that in a short term experiments, a 

decrease in As concentration was observed when iron reducer bacteria was added to 

flow- through ferrihydrite coated sand. 

The dissolved arsenic concentration in R2 leachate increased from 800 ppb on day 420 to 

1784 ppb on day 574. However, in the same period the change in pH (from 7.5-8.2) and 

ORP (from -190 to -250mV) (Figures A4 & A6). During the same period, the dissolved 

arsenic concentrations in R3 increased from 200 ppb on day 420 to 891 ppb on day 783. 

However, in the same period the changes in pH (from 8.2 to 9.0) and ORP (from -143 to -

253mV) were similar to changes in R2. This suggests that the increase in arsenic in R2 

and R3 was due to the increased biotic activity in response to the increased VFA in the 

feed solution. Several studies have shown that VFAs could enhance microbial activity, 

VFA is used as electron donating substrates that is responsible in mobilizing more arsenic 

in the bulk solution (Stumm et al., 1996; Parks, 1990). In Stumm et al., (1996) study, it is 

also concluded that the organic matter in the VFA could compete with As(V)/ As(III) for 

surface sites. 

From day 630 in R2 to the end of period II (day 896), total dissolved arsenic started to 

decrease and the ratio between particulate and dissolved arsenic had weakened further. 

Total dissolved arsenic decreased from 1900 ppb to about 800 ppb by the end of period 
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II. Whereas in R3 arsenic was still increasing, but the observed arsenic in the dissolved 

phase was still always lower than that leached from R2.  

Even though the dissolved arsenic concentration increased and then decreased during 

period II in R2 and R3 (Figure 2.17), the iron concentration was fluctuated (perhaps even 

cyclically) as shown in Figure 2.18 and ranged between 2-5 mg/L for both R2 and R3. 

Thus, the change in dissolved/colloidal (< 0.45µm) arsenic concentration, was necessarily 

correlated with the changes in iron mobilization. This suggests that the processes that  

mobilize As and Fe were decoupled during that period, possibly because Fe re-

precipitates following the reduction of Fe(III) oxyhydroxides, while the liberated As 

remains in solution. In explaining the scattered relations between dissolved As and Fe in 

Bangladesh groundwater, it was suggested that the formation of Fe(II) or Fe(II/III) phases 

might leave As in solution (Van Geen et al., 2004). Recent observations on the incubation 

of Bengal delta sediments have demonstrated that anaerobic metal reducing bacteria can 

play a key role in the mobilization of arsenic. In the same study, they also demonstrated 

that arsenic and iron can be decoupled: high percentage of As, but only a small fraction 

of leaching iron, were released over a 2 month period experiment of soil sediment 

contaminated with As (Van Geen et al., 2003c).  

Even though the fractions of total and dissolved arsenic leaching from R2 after day 611 

decreased over time, the majority of arsenic leaving the column was still in the dissolved 

phase with the ratio of dissolved to particulate reaching more than 5:1 during this period. 

The generation of colloids (< 0.45 µm) with increased Fe(II) in the dissolved fraction has 



77 

been reported, this could be explained by the fact the increase of dissolved /colloidal 

concentration could be resulted from the process of iron reduction where a shit in the 

oxidation state of the iron could occur (Aaron et al., 2006). During the same period R3 

leached steady concentrations of As in the effluent where dissolved to particulate ratio 

was 3:1 during the entire period (day 205- 896). Figure 2.19 shows the fractional 

particulate in the effluent of R2 and R3. Figure 2.19 shows the particulate fraction in R2 

averaged 23% and 34% in R3 (i.e. dissolved As is counted for 77% in R2 and 66% in 

R3). This suggests that dissolved particles/colloids may be responsible for the transport 

of high levels of arsenic such as those observed in R2 and R3 during this period. Fine 

colloid material has been reported previously to significantly contribute to the 

mobilization of the sorbed arsenic from GFH (Ghosh, 2005). During period II, the 

percentage of iron leached in dissolved phase was 50% in R2 and 70% in R3.  
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Figure 2.19: Fractional As in particulate in the effluent from R2 and R3 during their 
semi- batch operation. 
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Arsenic and Iron Speciation  

Figure 2.20 shows As(III) concentrations in the effluent of R2 and R3 during periods II 

and III. Despite only arsenate being initially sorbed on the GFH in both R2 and R3, 

arsenite was the main species in the effluent from R2 and R3. The change in speciation 

can be attributed to the microbial reduction of As(V) (Jing et al., 2008; Cortinas et al., 

2008). It is evident from Figure 2.20 that As(III) concentration was higher in R2 than R3 

during the semi batch periods compared to the earlier continuous feed period. The 

average As(III) concentration observed in R2 was 1- 3 times the concentration observed 

in R3. Even though there is an association between As(III) and Fe(II) concentrations, 

their relative rate of leaching was different during period II. For example the 

concentration of As (III), in R2, of 1595ppb on day 605 coincided with maximum Fe (II) 

of 5.2 ppm on the same day (Figure 2.21). 
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Figure 2.20: Concentration of As(III) in the effluent for R2 and R3 during the semi batch 
periods of operation. 

Figure 2.21: Concentration of Fe(II) in the effluent for R2 and R3 during the semi batch 
periods of operation in Periods (II, III).  
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In R2 the maximum As(III) and Fe(II) concentrations occurred at about the same time 

and the high Fe(II) concentration around day 300 was accompanied by increased As(III) 

at that same time. However, this was not consistently true for R3 where the highest 

As(III) about day 800 was not accompanied by high Fe(II). During period II, the ratio of 

As(III) to the total dissolved arsenic in R2 was 0.82, while As(V) accounted for 0.18 of 

the total dissolved arsenic leached during period II. For R3 during period II, As(III) and 

As(V) accounted for 0.69 and 0.31, respectively, of the total dissolved arsenic leached.  

  

 

Figure 2.22: The ratio of As(III):As(V) in the dissolved fraction of the effluent for R2 and 
R3 during semi batch operation (Period II &III).  

Figure 2.22 shows the ratio As(III): As(V)  in the dissolved phase in the effluent during 

the semi batch duration (period II and III). It is evident from Figure 2.22 that the 

As(III):As(V) ratio was higher in R2 than R3. However, the main point to make is that 
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As(III):As(V) ratio was greater than one during the periods II and III in R2 while it was 

less than one during period III for R3 (it will be explained later in the next section). Since 

arsenic was adsorbed initially only as As(V), the arsenic (III) generated in the effluent is 

due to the chemical and microbiological reduction processes during the semi batch 

period. Several studies demonstrated that mobility of arsenic increased under conditions 

with dissimilatory reduction of iron oxides taking place (Zobrist et al., 2000; Collen et al., 

2004a). Comparing As(III)/As(V) in the two columns, it is found that the average 

As(III)/As(V) value was 8 and 3 for R2 and R3, respectively. This means that there was 

2-3 times more conversion of As(V) to As(III) in R2 than R3.  

It is worth noting that during arsenic increase in effluent concentration of R2 between day 

510 to day 610, As(III)/As(V)  increased to maximum ratio that was observed during the 

whole R2 run period (Figure 2.22). The dissolved arsenic concentration increased by 

more than 80% between day 510 and 620 (Figure 2.17) of period II, while dissolved iron 

concentration increased by more than 40% (Figure 2.18).   

Several research studies provided to explain the mechanisms of microbial reduction of 

As(V) to As(III) (Silver et al., 1998; Oremlan et al, 2003)., they explained that the bio-

reduction of As(V) in micro-organisms occurs basically by two pathways:  

a. detoxification mechanism by which arsenate reducates microbes that are responsible to 

reduce As(V) to As(III)responsible for the reduction of  As(V) to As(III). 
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b. dissimilatory arsenate reduction where As(V) could be used as a terminal electron 

acceptor for  respiration process.  

Since both columns have the same media and are exposed to the same landfill conditions, 

it is interesting to note that the column with lower mass of sorbent (and arsenic) R2, 

leached higher amount of arsenic than R3. The change in kinetics in  R2 and R3 during 

period II which resulted in higher rates of arsenic leaching, could be attributed to the 

formation of processes such as formation of secondary minerals or  lower bio-

accessibility of As in R3 than R2 (Herbal et al., 2006; Dixit et al., 2003). Recent study, 

on GFH, reported a delay in arsenic release under similar GFH landfill simulation 

experiment (Cortina’s et al., 2008).   

After the continuous feed period of operation of R2 and R3, there was a long lag time at 

the start of Period II before the sharp increase of arsenic in effluent from R2 and R3 

began. In a study done by (Cortinas et al., 2008) using GHF media in continuous flow 

bioreactors, it was reported a delay of one-half year before large release of As began. The 

significant increase of As(III) in period II (day 400-605 in R2 and 530- 900 in R3; Figure 

2.20) could be attributed to the formation of some secondary minerals in R2 and R3. At 

this stage of columns operation, It is hypothesized Fe(III) reduction could resulted in the 

formation of  Fe(II) minerals that  are poor sorbent for As and have a low surface area. It 

is also possible that the complexion between ferrous complexes with carbonate, 

phosphate, and organic species that may be present in the SLL may react with iron and 

arsenic consequently released in the effluent (Langner et al., 2000; Silver et al., 2005). 
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This could be reflected by the elevated concentration of As(III) compared to Fe(II) 

concentration in the effluent (Figures  2.20 & 2.21). By the end of period (II) the rate of 

Fe and As leaching had slowed further. During period (II), the average As(III): As 

dissolved was  82% and 70 % for R2 and R3 respectively.  

Phase III 

Period III covers R2 and R3 operation from day 897-1148. During period II, the DOC of 

the synthesized landfill leachate influent was kept at 750 mg/L (1.58 mg/L VFA) while 

the effluent DOC was ranged between 20-30 mg/L. On day 897, it was decided to double 

the concentration of the influent DOC to both columns and assess the impact of 2X 

increase of  the VFA in the feed solution. By doubling the VFA, the influent DOC 

increased to 1500 mg/L. Just after increasing the VFA in the influent, measured alkalinity 

in the effluent increased dramatically. The average alkalinity in the R2 leachate was 

about 2700 mg/L at the end of period II and it increased up to 4500 mg/L within a few 

weeks. For R3 the alkalinity also increased up to double the value that was observed 

during period II of the semi batch period (about 4700 mg/L). Having high DOC in the 

influent (1500 ppm), one would expect that the effluent DOC would increase 

significantly, however a smaller increase in the DOC was observed for both columns for 

the rest of period III (Figure A9). The decrease in DOC may be attributed to the 

microbial growth and activity in R2 and R3. In addition, the complexation of organic 

matter with iron minerals, inside both R2 and R3, could be another factor that could 

explain the stability of the DOC in the effluent despite the 2X VFA increase in the 
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influent in R2 and R3. It is reported in several studies that functional groups such as 

carboxyl hydroxyl and amino groups have the potential to form strong complexes with 

metal cations (Gu at al., 1994). Furthermore, it is reported (Xu et al., 1991) that organic 

matter, such as acetate and buterate, tend to compete with As(V) for adsorption to the 

solid surface. 

Figure  2.21 shows an increased rate of  Fe(II) for both R2 and R3 at the first 150 day of 

period III, this confirms that microbes are reducing Fe(III) to Fe(II); However the ratio of 

As(III): As(V)  decreased for both R2 and R3 (Figure 2.22). This suggests that a large 

increase in DOC (at this stage of R2 and R3 operation, after about 900 days) has a slight 

effect on arsenic mobilization. During this period Fe(II) and Fe(III) concentrations were 

fluctuating (Figures 2.18 & A8). By the end of period III, total iron concentrations 

decreased to about 2 ppm in R2 and 1 ppm in R3.  

Despite doubling the amount of VFA fed to both R2 and R3 only the effluent dissolved 

arsenic concentrations either stayed nearly constant or declined somewhat in Period III. 

During the last period of R2 and R3 operation (Period III), As(III) accounted for about 

88% of the total dissolved arsenic leached from R2. For R3, As(III) only accounted for 

about 35% of the total dissolved arsenic. The pH had increased from 8.33 to 8.75 from 

day 897 to 935 as shown in Figure A6.  

The total arsenic concentration, on the other hand, stayed in the same level that was 

observed by the end of period II.  Comparing Figures 2.13 and 2.17 for total and total 

dissolved As, the dissolved arsenic concentration increased slightly in R2 and nearly no 
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effect is observed in R3. During period III, the total dissolved is counted 86.3% and 91% 

of the total As leached from R2 and R3. The released arsenic was not associated with 

iron, since no appreciable increase is noticed in either R2 or R3 iron concentration 

(Figure 2.14). The other important observation during period (III) is that the As(V) 

fraction of the dissolved arsenic started to increase (i.e. decrease in as(III):As(V) ratio as 

shown in Figure 2.22). The increase in the dissolved As(V) concentration is probably 

linked  to the desorption of arsenic from GFH surface due to the increase of pH and 

alkalinity (Figures A5 and A6). Loss of As reducing capability of microbes, inside R3, 

could be another factor that may contribute in lowering As(III) concentration in the 

effluent (Ghosh, 2005). 

By the end of period III, both total and dissolved iron had decreased by more than 50 % 

(Figures 2.14 and 2.18). The decrease in iron concentration could be attributed to the 

aging of the GFH despite the active microbial activity inside R2 and R3. Aging time is 

known to affect surface speciation of As on Fe oxides.  A study (Arai et al., 2002).  

Reported that a decreasing desorption kinetics has been observed for aluminum oxides 

minerals that have been exposed for long periods of time to arsenic (Arai et al., 2002). In 

an aging amorphous hydroxide sludge study, it was reported that aging of arsenic in rich 

iron- oxy hydroxides under reducing conditions could affect the storage of these ASBRs 

(Mukiibi, 2008).  
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Figure 2:23: Concentration of As(V) leached in the effluent for R2 and R3 during their 
semi- batch period of operation. 

0
100
200
300
400
500
600
700
800

200 400 600 800 1000 1200

Time (d)

A
rs

en
ic

 C
on

c.
 (p

pb
) R2

R3
II III



87 

Implications  

The four GFH columns were run for 204 days in a continuous flow through mode of 

operation. Two of the columns were discontinued after day 204, while two of the 

columns (R2 and R3) continued operation in a semi batch mode up to 1150 days. The 

results of this study clearly indicate that microbial processes play a major role in the 

mobilization of As from GFH.  This study also indicates that reduction of arsenic and 

iron from ferric (hydro) oxides has serious implications regarding arsenic remobilization 

during the long term storage of iron-based ABSR. The addition of VFA has further 

stimulated the release of As. In this study, As(III) was detected in the effluent in the first 

few days of column operation (albeit in a lower  concentration than later observed), 

which suggests the anaerobic sludge inoculums contained adapted and viable organisms 

capable of reducing arsenate to arsenite.  

During the first 204 days of continuous flow operation, the inhibited column (R0) did not 

leach an appreciable amount of As, presumably due to the lack of significant respiratory, 

microbial activity. The total mass of As leached from the controlled column was 4.4 mg 

while the mass of arsenic leached was higher in the three a biotic ones – 19.3 mg, 27 mg 

and 10.5 mg for R1, R2 and R3, respectively. The results in R0 clearly indicate that 

inhibition of microbial activity reduces the release of arsenic. The mass of arsenic 

leached from biotic reactors, R1, R2 and R3, was affected by the mass of residuals that 

was loaded to each bio-reactor during Period I of continuous flow through operation. 
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Columns R0 that lacks microbial growth have not shown any appreciable arsenic 

concentration in the effluent.  

The percentage of arsenic leached in Period II of semi batch operation was 16.5% and 

1.2% for R2 and R3, respectively, whereas the percentage iron leached was 0.8% and 

0.09%, respectively. This proves that if the arsenic bearing residuals are exposed to 

leaching conditions for long enough duration, the sorbate might leach at a higher rate 

than sorbent. The results clearly demonstrate that minimizing microbial activity can 

significantly reduce arsenic release. This could be done by ensuring that organic 

substrates do not come into contact with ASBRs. From a practical standpoint, it is 

advisable to concentrate the ABSR in one place better than spreading them over a larger 

volume. One main conclusion, contrary to most people believe, is that disposing more 

ABSR will not necessarily leach more arsenic if the  ASBR are dumped in a confined 

spot away from organic matter that constitutes a main carbon source for microbial 

growth/ activity. 
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CHAPTER 3 

EVALUATION OF LEACHING FROM HIGH CAPACITY ARSENIC SORBENTS 

UNDER SIMULATED LANDFILL CONDITIONS 

Abstract 

Arsenic release from landfill poses serious health issues due to its potential toxicity and 

its documented and unknown carcinogenicity. Non- re-generable iron-based media have 

been widely used for arsenic removal; once these sorbents are saturated, the spent media 

are generally called an arsenic-bearing solid residuals (ABSR) and must be disposed of. 

Several research studies have demonstrated that iron based media leaches arsenic above 

the Toxicity Characteristic (TC) limit of 5 mg/L when subjected to realistic simulations 

of MSW disposal conditions. When these media are disposed in microbially active, 

reducing environments such as landfills, Fe(II) will be generated by reductive dissolution 

of iron oxide/hydroxide and arsenate will be desorbed. In this work arsenic leachability 

from water treatment sorbents was studied using semi-batch leaching columns. Three 

types of media were evaluated and they were compared with iron-based media. The 

sorbents used include media whose active components are lanthanum oxide, zirconium 

oxide, titanium dioxide and ferric hydroxide. The sorbents were pre-loaded with arsenic 

by equilibration with aqueous solutions containing 50-80 ppb of arsenate. The leaching 

was evaluated under anaerobic conditions (similar to the reducing conditions that prevail 

in mature, municipal solid waste (MSW) landfills). Semi-batch conditions were used, as 

it is believed this is more realistic of MSW conditions than continuous flow, since the 
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water saturated zone inside landfills normally fluctuates seasonally and with the moisture 

content of the disposed waste. Each candidate sorbent was evaluated as to the degree to 

which they retain arsenic under anaerobic conditions. In addition, adsorption isotherms 

were developed for the four sorbents using small volume batch experiments. Arsenic 

contents of the loaded E33 (iron based media), NXT1 (lanthanum- based media), Isolux 

(zirconium- based media) and GTO (titanium- based media) were 5.6, 20.0, 19.2 and 5.9 

mg As/gram sorbent, respectively. Results obtained in this work show that the reducing, 

anaerobic environment of the reactors leads to arsenic reduction and mobilization. After 

500 days of leaching the relatives masses of arsenic released by each sorbent were: 

zirconium media > lanthanum media > titanium media > iron media. However, because 

the zirconium and lanthanum media had a much higher initial arsenic loading capacity 

than the other media, the descending order of media relative to fraction of arsenic 

released was: titanium>zirconium>iron>lanthanum. It is thought that arsenic mobilization 

from iron-based sorbents is closely tied with iron reduction and its subsequent 

dissolution. However, measured arsenic leaching rates from all the sorbents used in this 

study are comparable with that of the ferric hydroxide media, which indicates that the 

mechanism of arsenic mobilization is independent of the possible dissolution of the 

sorbent. This work shows that despite some non-iron based media having a higher arsenic 

capacity than iron-based media, they also may leach arsenic at a higher rate than iron- 

based media under simulated landfill conditions.  
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Introduction 

Lowering the maximum contaminant level (MCL) of arsenic, in the US, from 50 to 10 in 

2001 is expected to have negative technical and financial implications on some small 

water utilities (USEPA, 2001). Water utilities traditionally used iron based media for 

arsenic removal based on EPA (2001) recommendations. Furthermore, several studies 

reported that arsenic could be sorbed on iron oxides, and some of these studies have 

investigated As sorption on goethite (Manning et al., 1998), ferrihydrite (Jain et al., 2000) 

and zero valent iron (Su et al., 2001).  

Once a sorbent equilibrates with the required aqueous arsenic concentration (normally 

20-30 ppb), it must be disposed or regenerated (depending on used sorbent types). 

Normally iron, and some non-iron based sorbent, are considered a single use sorbents, 

thus the spent iron or non-iron based sorbents are called arsenic bearing solid residuals 

(ABSRs).  

Some of the available sorbent are considered re-generable, and produce concentrated 

waste brine stream during the re-generation process. The selection of these re-genarable 

sorbents (for As removal) should be based on their As adsorption capacity and the 

handling/ disposal costs of the by product waste brine. 

EPA indicates that most of the generated ASBRs, from water treatment facilities, are 

satisfying TCLP requirement test and these sorbents could be disposed in MSW landfills. 

However, recent studies have questioned the affectivity of TCLP to asses the leachability 
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of those ABSRs under landfill conditions (Ghosh et al., 2004). Moreover, aging of the 

ASBRs is reported to impact As mobility on those sorbents (Mukiibi, 2008).    

In one study (Lovely et al., 1986), it was reported that iron oxides can be reduced by iron 

reducing bacteria under anaerobic environment. In another study (Christopher et al., 

2006), it was reported that the microbial activity could influence the mobility of As and 

Fe (to which As binds) and consequently As may release to surrounding environment. In 

addition, Hopkins et al., (2004) reported that reduced conditions prevailed in the MSW 

landfills could increase/decrease the arsenic mobility depending on the conditions of the 

environment (i.e. pH, ORP, As concentrations, availability of organic matter). 

Several research studies have shown that arsenic iron could leache independently from 

each other, i.e. As could release to the bulk system independent of the dissolution of the 

sorbent under reducing conditions (Zobrist et al., 2000). On the other side of the picture, 

some studies have shown that the proper management of ASBRs could minimize the risk 

of As release to the surrounding environment (Kontopoulos et al., 1988; Harris et al., 

1993b).  

Lowering the new arsenic MCL limit to 10 ppb, coupled with the disposal concerns of 

iron based sorbents, urges the search for new commercial sorbents (re-generable and non 

regenerabe) that have higher As adsorption capacity and are able to overcome the 

leachability concerns of the iron based ASBRs. Of the commercial sorbents that have 

been introduced to the market, NXT1 (a lanthanum based media), Isolux (a zirconium 

based media) and GTO (titanium based media) show the highest arsenic adsorption 



93 

capacity. These sorbents claim (as reported on the websites of the manufacturer of those 

sorbents) to be stable when disposed in landfills. Based on this assumption, commercially 

available, non iron based media could be an attractive option to be used in treating the 

produced waste brine generated from re-generation processes of re-generable sorbents. 

One of the main benefits for using re-generable sorbents is the reduction of the disposed 

ASBRs since the media could be used several times before its disposal. When As 

concentration in the aqueous phase reaches 20- 30 ppb, the re-generable sorbents are 

back-washed/regenerated in order to reuse them again in the treatment process. Normally 

high concentrated brine will be generated from the regeneration processes of the re-

generable media and this brine stream could potentially have high concentration of anions 

including arsenic. 

The hypothesis that drives this work stems from the fact that if non-iron based media 

prove to be stable in the disposal environment, then using it directly (or in collaboration 

with generable media by which non iron based media could potentially be used to treat 

waste brine that is produced from the re-generation processes of re-generable media) 

would be an environmentally and economically attractive alternative over using iron-

based media. Based on this hypothesis, we anticipate the minimization of the volume of 

ASBRs that need to be disposed in MSW landfills. However, no studies have been 

conducted to assess the effectiveness of these sorbents to retain arsenic under landfill 

conditions. 
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In this study, arsenic retention was evaluated for four sorbents under similar simulated 

landfill conditions. One of the sorbents was iron-based to provide a point of comparison, 

while the other three sorbents were non-iron based alternative sorbents. To the best of the 

author’s knowledge, this is the first study of its kind to compare the leaching from 

different, spent, high capacity arsenic sorbents under anaerobic conditions using a semi-

batch technique.  

The objective of this study was to comparatively evaluate the effectiveness of non iron-

based, high capacity sorbents to retain arsenic against an iron based sorbent under long-

term simulated MSW landfill leaching conditions (including semi-batch influent flow).  

Materials and Methods 

Sorbents 

All sorbents were obtained unused, directly from the manufacturer. Table 3.1 summarizes 

the manufacturer, composition, and particle size for each sorbent. 

Table 3.1: Summary of sorbent manufacturer, composition and particle size (adapted 
from Shaw, 2007). 

Sorbent Manufacturer Composition Particle Size 

Bayoxide E33 Severn Trent Iron oxide hydroxide 500-2000 μm 

NXT-1 Eagle Picher Lanthanum hydroxide on  
diatomaceous earth 300-800 μm 

GTO Dow Chemical Titanium oxide granulation 250-2000 μm 

Isolux MEI Zirconium dioxide 10 μm 
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a. E33 is a synthetic iron oxide hydroxide, it was designed with high capacity for As 

(Bayer, 2005).  

 b. NXT-1: it is a lanthanum hydroxide compound deposited onto Diatomaceous Earth 

(DE), NXT-1 particle size ranging between 300-800 μm (Eagle Picher, 2007). 

C. GTO or Adsorbia, it is manufactured by Dow Chemicals, according to the 

manufacturer website, GTO is capable to treat As and its As adsorption capacity is 

ranging between 12- 15 mg As/g GTO (Dow, 2007) 

d.  Isolux: it is a zirconium dioxide media and it is manufactured by Magnesium Elektron 

Inc. (MEI). According to MEI website, this product is capable of removing As, its  

adsorption capacity (for As) is ranging between 10- 15 mg As/g Isolux (Zrpure, 2007).   

Pre-equilibration of Sorbents  

The objective of pre-equilibration of sorbent with arsenate is to mimic spent ABSRs that 

might generate from water treatment facilities or from the spent sorbents used to treat 

waste brine. The brine solution was prepared by adding chloride (Sodium Chloride, 

Fluka), sulfate (sodium sulfate, Sigma), phosphate (Sodium Phosphate Monobasic, 

Specrum) and silicate (Sodium Metasilicate Pentahydrate, EMD) solutions to MQ water. 

The chemical composition of the brine solution was: 10,000 mg/L chloride, 250 mg/L 

sulfate, 20 mg/L phosphate and 75mg/L silicate. The constituents of brine solution were 

meant to be similar to the waste brine that might be generated from the treatment process 

of the re-generable media (Amy et al., 2000; Shaw, 2007). Batches of E33, NXT1, Isolux 
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and GTO were equilibrated with arsenate. For each, an aqueous suspension was prepared 

with 50 gram dry media in 1.00 L purified water (Milli-QTM Water System by Millipore). 

The following amounts of arsenic were: NXT1 (1.08g) of arsenic, Isolux (0.98 g), GTO 

(0.29g), and E33 (0.30g) using sodium arsenate heptahydrate (Na2HasO4.7H2O, KR 

Grade Aldrich Sigma). The pH was adjusted to 7.0 using hydrochloric acid (Spectrum) or 

sodium hydroxide (Sigma), pH was adjusted every 12 hours, as needed, throughout the 

period. The batches were equilibrated for 50 days on a shaker table (Orbit, reciprocating 

speed 125 rpm). After equilibration aqueous phase arsenic samples were analyzed using 

ICP-MS after filtration through 0.45 μm filter (Table 3.2).  

Table 3.2: Arsenic concentrations (initial and final) for the loaded sorbents before loading 
them into the semi batch landfill simulation columns. 

Sorbent Initial aqueous 
concentration (ppb) 

Final aqueous 
concentration (ppb) 

Final sorbent 
concentration 

mg As/g sorbent 
E33 237 56 5.6 

NXT1 820 118 20 

Isolux 1209 74 19.2 

GTO 182 106 5.9 
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Adsorption Isotherms 

Adsorption isotherms of As(V) and As(III) were developed for each of the four sorbents. 

The isotherms for E33, Isolux and GTO were established at pH 7.0 ± 0.1. Adjusting 

NXT1 media at (7.0± 0.1) have seen to be difficult since the pH was always drifted 

towards 8.0 so the NXT1 sorbent was equilibrated with As at it stable pH range (pH 8.0± 

0.1). All experiments were conducted in 200 mL HDPE Nalgene bottles. Each isotherm 

was developed from five replicate samples. All samples were kept on the shaker at 125 

rpm for 98 hours to reach quasi-equilibrium. Each set of samples were prepared by 

adding different amount of sorbents. The amount of media used was 0.3g, 0.7g, 1.0g, 

1.5g and 2.0g per 100 mL of MQ water. As(III) (sodium meta-arsenite (J.T Baker)) and 

As(V) (sodium arsenate heptahydrate (Na2HasO4.7H2O, KR Grade Aldrich Sigma) were 

used to prepare arsenite and arsenate solutions of 26.6 mM As, 0.6 mM of sodium 

chloride salt was added to each stock solution to facilitate pH readings. The sorbents 

were allowed to equilibrate for 5 days with pH measured twice a day and adjusted as 

needed.  

Batch Experiment on Arsenate and Arsenite Sorption on Sorbents 

The observed average concentrations, of As(III) and As(V), during the operation of the 

four columns are tabulated in Table 3.3: 

Table 3.3: The average observed As(III) and As(V) effluent concentrations of the 
leachate of the semi batch simulation columns.  

Sorbent As (III) ppb As (V) ppb 
E33 3000 700 

NXT1 4000 4000 
Isolux 20,000 5000 
GTO 6000 4000 
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In an attempt to investigate the medias’ relative affinities for the arsenate versus arsenite, 

batch sorption experiments were conducted with independent As(V) and As(III) additions 

as well as addition of a solution containing both As(V) and As(III). The amounts of 

As(V) and As(III) added set to bracket the range of concentrations of As(III) and As(V) 

that were observed in the leachate of the semi-batch landfill simulation columns (see 

Results and Discussion). The experiments were conducted in 200 mL HDPE Nalgene 

bottles placed on a reciprocating shaker table (Orbit, reciprocating speed 125 rpm). The 

same procedure was repeated as for the previously described isotherm experiments. The 

amount of media used was 0.3g, 0.7g, 1.0g, 1.5g and 2.0g and the total volume of 

solution was 100 mL. The pH was adjusted using 0.1 M HCl or NaOH standard solutions. 

Media were allowed to be hydrated for 48 hours, the following amount of As(III) and 

As(V) (reported as mole of As) were added to each sorbent and samples were done in 

triplicates. Table 3.4 shows the amount of As(III) and As(V) (as As) added to each 

sorbent.  

Table 3.4: Mass of As(III) and As(V) added to each sorbent in the batch, mixed valence 

arsenic experiments.   

Sorbent As (III) (mmol of As) As (V)  (mmol of As) 
E33 0.19 0.08 

NXT1 0.15 0.26 
Isolux 0.99 0.34 
GTO 0.08 0.08 

For the first set of experiments, amounts of As(III) and As(V)-according to Table 3.4-  

were added simultaneously to each of the four sorbents. The reaction time was 72 h, 

which was assessed to be enough to achieve quasi- equilibrium concentrations. Bottles 
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were placed on a reciprocating shaker table (Orbit, reciprocating speed 125 rpm) and 

were purged with N2 gas. The pH was readjusted as needed using 0.1 M HCl or NaOH 

solutions. For the second set of experiments, the same amount of As(V), as shown in 

Table 3.4, was added  to each of the four sorbents and the batches left to reach 

equilibrium for 72 hours on a reciprocating shaker table. The pH was readjusted as 

needed using 0.1 M HCl or NaOH solutions. Arsenite, as shown in Table 3.4, was then 

added to each bottle, they were purged again with N2 gas and left for 5 additional days of 

equilibration. Dilution effects due to pH adjustments were assumed negligible since the 

use of HCl was less than 1% of the total volume  of the sample. At the end of each of the 

experiments, liquid samples were withdrawn from each bottle, filtered through 0.45μm 

cellulose nitrate syringe filters, and pH-adjusted to 2.0 using 0.1M HNO3 (for total 

arsenic determination). Preservation of samples in which As speciation was determined 

were filtered (0.45μm) under N2 head and preserved by adding 2.5 mL of a 0.25 mol L−1 

EDTA, 2.5 mL of 0.17 mol L-1 acetic acid solution to a 5 mL sample. Samples were kept 

at 4oC until analysis. In all cases, the amount of As(III) or As(V) sorbed to the solids  was 

calculated by the difference between the initial amount added and the amount remained 

in solution at equilibrium. 

Column Design and Composition 

The columns used in these experiments were fabricated from transparent acrylic plastic. 

The column dimensions were: 16 inch (length) and 3.5 (inner diameter), 2.52 L (volume) 

and 1.9 L (active bed volume). The void volume within the active bed volume was 960 
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mL. The influent for the columns was an actual landfill collected from Los Reales MSW 

Landfill, in Tucson AZ. Average chemical and physical characteristics of the MSW 

leachate is listed in Table 3.5. Before storing the LL at the refrigerator, it is purged with 

nitrogen and to minimize the amount of oxygen in the headspace of the container and 

containers are stored at 4oC refrigerator until used. The influent was pumped to the 

columns via programmable syringe pumps (BS-8000, Braintree Scientific Inc.).  

Table 3.5 Average physicochemical characteristics of Los Reales landfill leachate 

compared with typical landfill ranges (Adapted from Ghosh, 2005 with modifications of 

the lab report values taken from Los Reales landfill leachate characteristics report (May 

2008).     

Constituent Los Reales Landfilla Typical landfill range 
pH 7.4 3.7-8.9* 
ORP (mV) -165 NR 
Alkalinity (mg/L HC03

-) 4219 34- 15050* 
TOC (mg/L) 135 76-40000* 
Fe (mg/L) 5.4 10-1000** 
Mg (mg/L) 330 NA 
As  (mg/L) 0.019 0.37-26.7 ***  
Cl – (mg/L) 2195  
SO4 2- (mg/L) 1904 10-1000** 
PO4 3- (mg/L) 7.0 105- 4900* 
SiO4 2- (mg/L)  0.11- 234* 

* Bagchi,1994 is a compilation of municipal waste leachate data.  
** Lin et al., 2000 a compilation of municipal waste leachate data  
*** Ela et al., 2006. Disposal of Arsenic Bearing Water treatment Residuals 
a: values taken from City of Tucson, Los Reales landfill leachate characteristics 
report (May 2008)  
NR- Not reported 

Each column contained a homogenized mix of the following components: 

Sorbent: 50 dry gram of each sorbent (E33, NXT1, Isolux and GTO) was used. 
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 Compost: Domestic yard waste that consists of fruits, vegetables, dry leaves and soil was 

added to the column. Based on our environmental engineering group dada (Ghosh, 2005), 

the digestion of 1 g of compost (digested by nitric acid followed by microwave digestion) 

has shown that the major metals, detected in the digested sample, were alum and iron (Fe 

= 1.6 mg/g compost and Al= 0.93mg/g compost). 

Digester Sludge: Sludge was collected from the anaerobic digester at the Ina Road Water 

Pollution Control Facility in Tucson, Arizona. It is added to provide initial anaerobic 

microbial inoculums since the anaerobic sludge is expected to contain diverse anaerobic 

microbial communities. 

Glass beads: 0.5 cm glass beads were used as inert media.   

To load the column, 50 g of each sorbent  (with sorbed As) was mixed with 300 g of 

compost, 1000 g of glass beads and 100 mL of anaerobic sludge. Figure 3.1 shows the 

typical schematic layout of the column where the active bed volume is located between 

the top and bottom gravel layers. It is worth mentioning that the anaerobic sludge was 

only used at the beginning of the experiment to inoculate the columns and after that only 

landfill leachate was fed to all columns.  

During operation influent was fed into each column once every three weeks. Typically, 

and through out the columns run, 30 mL/week of the effluent was collected per  sampling 

event, the volume was used to analyze total and total dissolved As and media, As 

speciation and DOC analysis. The collected liquid used for sampling was replenished by 



102 

pumping (using syringe pump at 40 mL/hr) the 30 mL of fresh LL to keep the same 

liquid level inside the columns. LL inside each column was drained by gravity, then the 

syringe pump was used to pump new LL into each column (rate 40 mL/hr) which takes 

24 hours to fill each column. The landfill leachate was characterized for physical and 

chemical properties (pH, ORP, alkalinity, DOC and As concentration) before pumping it 

into the column. 

A semi batch mode was selected to more closely mimic the actual landfill conditions, 

where liquid does not infiltrate continuously and the moisture content of the waste bed 

inside the landfill depends on seasonal conditions and the moisture content of the 

disposed waste. The columns were kept in a hood at ambient room temperature. There 

was a similar E33 column experiment that was conducted for 382 days under continuous 

flow operation (Ghosh, 2005).  Both E33 columns’ composition and operation conditions 

are tabulated in Table 3.6. 

Table 3.6: Comparison of physical composition and operation of two E33 columns 
operated at the University of Arizona, Environmental Engineering laboratory.  

  Parameter Current Work Ghosh1 

Mass of sorbent 50 g 474 g 
Mass of As 0.29 g 2.33 g 

Initial As loading 5.6 mg As/g E33 9.1 mg As/ g E33 
Aqueous As conc. before 

loading  
56 27 ppb 

Compost 300 g 1,500 g 
Paper 0 750 g 

Anaerobic digester sludge 0.10 L 4.0 L 
Glass beads 1000 g NA 

Bed volume saturation  Completely saturated Completely saturated 
Duration of run 500 days 383 days 

Type of flow regime Semi-batch 
(residence time, 21 days) 

Continuous flow 
(residence time, 10 to 

15 days) 
Total leachate generated 26 L 208 L 

1. Continuous flow column (Ghosh, 2005) 
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Figure 3.1: Schematic of the semi-batch landfill simulation column used. The active bed 
is located between the top and bottom gravel layers, ABSR (sorbent): arsenic-bearing 
solid residuals that was used in each of the four semi- batch columns (i.e. E33, NXT1, 
Isolux and GTO).  
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Analytical Methods 

The semi batch columns were monitored for oxidation-reduction potential (ORP), pH, 

and alkalinity. As-species, total As, total and dissolved media (iron, lanthanum, 

zirconium and titanium) were also analyzed in liquid samples taken directly from the 

columns. The fraction of As associated with particulates was determined by quantifying 

the difference between the total and dissolved concentrations. The composition of the 

landfill leachate (LL) was  analyzed by the City of Tucson ( Los Reales landfill leachate 

characteristics report, May 2008) and remained relatively constant (Table 3.5), therefore 

any change in biochemical or physical parameters is due to the changing processes inside 

the columns.. 

The samples were analyzed for arsenic using Ion Coupled Plasma Mass Spectrometer 

(ICPMS). The HPLC system consisted of an Agilent 1100 HPLC (Agilent Technologies, 

Inc.) with a reverse-phase C18 column (Prodigy 3u ODS(3), 150x4.60 mm, Phenomenex,  

Torrance, CA). The mobile phase (pH 5.85) contained 4.7 mM tetrabutylammonium 

hydroxide, 2 mM malonic acid and 4% (v/v) methanol at flow rate of 1.2 mL/min. The 

column temperature was maintained at 50°C. The injection volume was 10 μl and the 

detection limit for all arsenic species was 0.10 μg l-1 (ICP-MS manual, Ghosh, 2005)). 

Total arsenic samples (unfiltered) were digested using 5 % HNO3, followed by 

microwave digestion system (MDS2100, CEM Corporation, Matthsew, NC) for 30 

minutes. Also lanthanum, titanium and zirconium concentrations, of the aqueous effluent 

samples, were analyzed using Inductively Coupled Plasma Optical Emission 
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Spectrometer (ICP-OES).  Dissolved Organic Carbon (DOC) in the influent and effluent 

was monitored to assess substrate conversion. DOC was analyzed using Total Organic 

Carbon Analyzer (TOC-500, Shimadzu, Columbia, MD). Other Parameters such as pH, 

ORP and alkalinity were measured according to Standard Methods for the Examination 

of Water and Wastewater (APHA, 1998). Methane gas was analyzed by a Gas 

Chromatograph (Hewlett Packard, Series 5790A) equipped with  a flame- ionization 

detector and a 12 m type HT5 column. Hydrogen gas was used as the carrier gas at a flow 

rate of 20 ml/min. Oven temperature was maintained at 60 oC and injection temperature 

was maintained at 220 oC. Peaks of the methane derivatives were indentified by 

comparing these peaks with their retention times to the standard methane curve. 

Results and Discussion 

Adsorption isotherm experiments were carried out to study adsorption isotherms of 

As(V) and As(III) on the E33, NXT1, Isolux and GTO. Without knowledge of the 

isotherm for each fluid/solid mix, the exact impact of this disparity could not be 

quantified.  

Adsorption Isotherms 

Arsenic adsorption the four sorbents were tested on pH 7 ± 0.1. The amount of arsenic 

added to each sorbent was meant to cover the range of aqueous As(V) and As(III) 

concentrations (that we have observed in our semi-batch landfill simulation column 

effluents) shown in Table 3.4. The mass of As(III) and As(V) added is shown in Table 

3.4.  
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Figure 3.2: Arsenic adsorption equilibrium concentration of As(V)-log scale- on  E33, 
NXT1, Isolux and GTO. Experimental conditions: 0.08 mmol As (from As(V) salt) added 
to E33; 0.26 mmol As added to NXT1; 0.34 mmol As added  to  Isolux; 0.08 mmol As 
added to GTO. pH 7±0.1. Mass of sorbents (0.3 g, 0.7g, 1.0, 1.5g and 2.0g ). C denoted 
the concentration of arsenic in solution (ppb) and q denotes the mass of arsenic mg/g of 
media sorbed on the solid. 
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Figure 3.3: Observed equilibrium concentration of As(III)-log scale- on  E33, NXT1, 
Isolux and GTO. Experimental conditions: 0.19 mmol As (from As(V) salt) added to 
E33; 0.15 mmol As added to NXT1; 0.99 mmol As added  to Isolux; 0.08 mmol As 
added to GTO. pH 7±0.1. Mass of sorbents (0.3 g, 0.7g, 1.0, 1.5g and 2.0g). C denoted 
the concentration of arsenic in solution (ppb) and q denotes the mass of arsenic mg/g of 
media sorbed on the solid. 
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Figure 3.2 shows that As(V) adsorption was the highest for zirconium based media and 

the lowest for E33. In the isotherm experiment study, E33 maximum arsenate capacity 

was 12.2 mg As/g media in equilibrium with 18000 ppb aqueous arsenic concentration 

(Figure B7.1, annex) while this value has increased for As(III)  16.4 mg As/g media( 

Figure B7.1). Recent studies by (Tufano et al., 2008) observed that higher amounts of As 

(III) sorbed on iron oxides than As(V). The Freudlich adsorption constant for E33 

isotherm was (1/n) = 0.260 for arsenate and (1/n)= 0.436 for arsenite. The maximum 

arsenate capacity for NXT1 was 33.11 mg As/g media (Fig B7.2, appendix B) in 

equilibrium with 40,000 ppb aqueous arsenic concentration, while the maximum capacity 

for arsenite was 15 mg As/g media, this could be explained by the higher affinity of 

As(V) than As(III) for NXT1 in the pure system. NXT1 Freudlich adsorption constants 

were (1/n) = 0.218 for arsenate and (1/n) = 0.376 for arsenite. The maximum capacity of 

As(III) was higher than As(V) for  zirconium based media (Figure 3.2 ,As(V); & Figure 

3.3 As(III)). The maximum arsenate capacity was 44.5 mg As/g media and Freudlich 

isotherm constant was (1/n) = 0.15 while the maximum As(III) capacity was  90 mg As/g 

media and Freudlich isotherm constant (1/n) was 0.393. Similar batch study (on 

zirconium based media, Isolux) conducted by (Shaw, 2007) showed maximum As(V) 

capacity of 35 mg As/g media. The maximum arsenate capacity for GTO was 19.8 mg 

As/g media and Freudlich isotherm constant (1/n) of 0.57 and the maximum As(III) was 

14.8 mg As/g media and Freudlich isotherm constant (1/n) of 0.56. Our GTO adsorption 

isotherm results, (for As(V) & As(III)), are consistent with Bang et al., (2005). Bang 

adsorption isotherms were developed for a lab produced granular GTO adsorbent for 
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spiked New Jersey (NJ) groundwater and Simulated Bangladesh (SB) groundwater at pH 

7.0. Table 3.7 shows the Freudlich isotherm constant and the concentration range of each 

sorbent. 

Table 3.7 summarizes Freudlich isotherm constant for As(V) and As(III) for the E33, 
NXT1, Isolux and GTO sorbents and the equilibrium experimental conditions. 

Sorbent Species Conc. Range 
(mg/L) 

K 
(mgAs/g/mg/L)1/n 

1/n (unit 
less) 

E33  As (V) 06- 17.6 0.9 0.26 
 As (III)  0.5-  4.5 0.45 .44 

NXT1  As (V) 0.7- 41.0 0.97 0.22 
 As(III)  1.0- 10.4 0.76 0.38 

Isolux  As (V) 2.0- 25.8 2.1 0.15 
 As (III)  0.8- 27.3 0.59 0.39 

GTO  As (V) 1.0- 15.8 0.09 0.57 
 As (III)  1.0- 12.5 0.07 0.56 

From adsorption experiments (figures 3.2 & 3.3), it is observed that increasing the total 

mass of sorbent in the sample (with same constant As concentration), the relative 

proportion of adsorbed arsenic/mass of sorbent decreases. For instance, for constant mass 

of arsenic 0.08 mM arsenate is initially added to the system, at 0.5g NXT1 63% of the of 

total system arsenate is sorbed where as at 1.5 g NXT1 sorbent in the system about 76 % 

of the total arsenate is sorbed. This behavior may be attributed to the increase number of 

available sites and the distribution of binding affinities of the surface sites (Ghosh, 2005).  

Batch Experiments on Arsenate and Arsenite 

In an attempt to bracket the concentrations we observed in our four columns for As(III) 

and As(V) concentrations. An additional set of experiments were conducted to investigate 

if there is a competition between As(V) and As(III) on the  surface site of these sorbents. 



109 

For this end, two sets of experiments were conducted to investigate the addition of As(V) 

& As(III) simultaneously (S) and pre-equilibrate As(V) and adding As(III) later  

(I: Intermittent). The objective of these experiments was to determine whether the 

As(V)/As(III) sorption on these media would explain the large concentration of As(III) 

that were observed in effluent of the non iron-based media and iron based media. 

From Table 3.8, it can observed that addition of arsenate/ arsenite  simultaneously has 

resulted in a higher sorption of As(V) than As(III) on  NXT1 (SN), this is consistent with 

our isotherm experiments on NXT1 for As(V) and As(III), (Figure B7.2, appendix B), 

when equilibrated in separate system. When NXT1 was pre-equilibrated with As(V), later 

(after 72h) spiked with As(III), it was noticed that As(III) concentrations were 30 times 

higher that the concentration of As(V) in solution NXT1 (IN). This suggests that the 

adsorption of arsenate could block the sorption of As(III) on the surface of NXT1. This 

could partially explain the high concentration of As(III) that was observed in our NXT1 

column. 

Table 3.8: arsenate/ arsenite simultaneous (S) addition on NXT1, Isolux, GTO and E33; 
pre-equilibrating arsenate and then adding arsenite later (Intermittent: I) results. 

  NXT1 Isolux GTO  E33 
  SN IN SZ IZ ST IT SE I E 

          
As (III) ppb 10,900 13,800 11836 21,267 34,200 10,130 1497 12,100
As (V) ppb  2000 450 33,130 10,170 34,400 1200 19,300 1,240 

S: As(V) and As(III) were added simultaneously; column SN: solution concentrations of  
As(III) and As(V) resulted from simultaneous addition of both species on NXT1 sorbent.  
I: As(V) was added to equilibrate for 72 h and As(III) was added later. IN: solution 
concentrations of  As(III) and As(V) resulted after pre-equilibrated and later As(III) 
added on NXT1 sorbent, the same applies on (Sz, Iz  for Isolux; ST, IT for GTO; SE, IE for 
E33) goes on the other three sorbents. 
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For zirconium based media (Isolux), simultaneous addition of As(V) and As(III) resulted 

in higher As(V) in solution, this suggests that As(III) has higher affinity to the surface of 

the Isolux than As(V) {Table 3.11, column SZ}, this is also consistent with our isotherm 

experiments with As(V) and As(III) that was conducted in separate system for each 

species (Figure B7.3, appendix B). When Isolux was pre-equilibrated with As(V) and 

later added As(III) to the system, the results showed aqueous As(III) concentration was  2 

times higher than As(V) in solution. This suggests that the already sorbed As(V) on the 

sorbent may hinder As(III) sorption onto the surface of the Isolux (as evidence by the 

change  As(III) and As(V) concentrations {Table 3.2 column (IZ)}. 

For GTO sorbent, simultaneous addition of As(V) and As(III) has resulted in 

approximately an equal concentration in solution for both species (Table 3.8 column ST). 

This might be related to the competition of As(V) and As(III) on the surface sites of 

GTO, however this possibility was not verified by more definitive means. On the other 

hand, when GTO was pre-equilibrated with As(V), later (after 72h) spiked with As(III), it 

was noticed that As(III) concentrations were 8-9  times higher that As(V) in solution. 

This seems to indicate that both As(III) and As(V) were competing for the same sights on 

the surface of the GTO. For E33, simultaneous addition of As(V) and As(III) has resulted 

in a higher concentration of As(V) on solution, this was consistent with the isotherm 

developed for separate As(V) and As(III) (Figure B7.1, annex B); However having higher 

As(III) during the intermittent addition of As(V) and later As(III) seems to contradict 

what we were expecting. It is hypothesized that once As(V) is sorbed on the surface of 
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the E33, it blocked the sorption of As(III) on the available  sorption sites on the surface of 

the E33 

Operation of the Columns 

The main objective of this project was to simulate conditions that would be expected if 

these sorbents are disposed in an MSW landfill. The columns parameters were proposed 

to mimic the pH and ORP that may prevail under such conditions. No adjustment for the 

chemical parameters was taken during the long term experiment. 

The average pH values in each of the four columns were 7.70, 7.60, 7.55 and 7.60 for 

NXT1, Isolux, E33 and GTO, respectively. A rapid decrease in the ORP observed in all 

spent sorbents during the first three week. Minimum, maximum and average pH, ORP, 

alkalinity measurements are shown in Table 3.9.  

Table 3.9: Typical pH, ORP and alkalinity observed during the semi-batch, landfill 
simulation columns’ operation. 

Sorbent pH Alkalinity (mg/L) ORP (mV) 
Max1 Min1 Aver.2 Max1 Min1 Aver.2 Max1 Min1 Aver.2 

E33 8.0 7.2 7.55 2400 1750 1840 -30 -250 -197 
NXT1 8.2 7.2 7.7 2150 1350 1750 -5 -350 -290 
Isolux 8.1 7.0 7.6 3200 1500 2000 -139 -340 -288 

GTO 7.95 7.1 7.6 3000 1600 2150 -40 -350 -300 

1 The maximum and minimum values measured in the effluent during each columns’  

operation. 
2 The average (Aver.) value of the measured parameters in the effluent of each column 
during column operation. The average of these values has been calculated by adding the 
numbers and dividing the sum by the number of readings taken. 
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Total and Total Dissolved Arsenic Leached  

The four columns were operated for 500 days. Total arsenic concentration leached from 

the four columns is shown in Figure 3.4. It is evident from Figure 3.4 that the Isolux 

column leached significantly more arsenic than the other three sorbent columns. A 

contributing reason could be the higher loading of arsenic on the Isolux sorbent (19.75 

mg As/g sorbent). In an comparative isotherm experiments with Isolux, our results 

showed that As(III) has a higher affinity to the surface of the Isolux (Table 3.8). However 

when Isolux was pre- equilibrated with As (V) and later added As(III) to the system, the 

results showed aqueous As(III) concentration was 2 times higher than As(V) in solution 

(Table 3.8, column Iz).  
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Figure 3.4: Total arsenic in the effluent from the four columns. Data shown is the running 
average1 of measured values. 
1 Running average for the three values of As concentration that was observed over one 
semi batch period.   
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Figure 3.5 shows the dissolved phase arsenic concentration in the effluent from all four 

columns. Comparing the four sorbents, zirconium leached higher total and dissolved 

arsenic concentrations than the other three semi batch columns throughout the column 

operations. Total dissolved arsenic concentration in Isolux increased from 7172 ppb on 

day 21 (before adding the 2nd influent volume) to 37120 ppb by day 61 (Figure 3.4)  

(before adding the 4th influent volume). However, in the same period the changes in pH 

(from 7.2 to 7.9) and ORP (from -90 mV to -320 mV) were significant. It is hypothesized 

that microbial effect is an essential factor in decreasing the ORP. This ORP range is even 

more negative than the ORP values (Stumm et al., 1996) for 2-4 years MSW landfill of -

183 mV and a pH of 6.6. Higher pH and lower ORP values in the non-iron based media 

suggest that the columns are rapidly approaching methanogenesis phase. It is reported 

that methanogenic bacteria that become predominant at the end of the acid generation 

phase usually cause an increase in leachate pH (lower the ORP) by converting organic 

acids to methane and carbon dioxide (Nanny et al., 2002). During columns operation, 

methane generation was not detected and it is hypothesized that carbon dioxide was the 

main gas generated. The decrease in ORP coincides with the increase of As(III) in Isolux 

column, this indicates that the reduction of As(V) to as(III) occurred during the early 

stages of Isolux column operation. For the same period the GTO (titanium based media) 

was leaching the second highest concentrations of arsenic. The total dissolved arsenic 

concentration in GTO increased from 661 ppb on day 21 (before adding the 2nd influent 

volume) to 7900 ppb on day 61 (before adding the 4th influent volume). However in the 

same period, the pH changed from 7.1 - 7.5 and the ORP from -51mV to -309 mV. For 
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the same period, the NXT1 column exhibited similar arsenic concentrations in its 

leachate as the GTO column, despite arsenic content in NXT1 column being 3 times 

higher than in the GTO column. The total dissolved arsenic concentration in NXT1 

column effluent increased from 1079 ppb on day 21 (before adding the 2nd influent 

volume) to 7290 ppb on day 61 (before adding the 4th influent volume). The pH changed 

from 7.2 – 8.1 during this period which was a greater increase in pH than observed in 

either the zirconium or titanium column effluents. This might be related to the 

equilibration pH of the NXT1 being higher, since the equilibrium loading pH for the 

NXT1 was around 8, after it proved impossible to equilibrate it at pH 7 (see earlier 

discussion). The pH drift in NXT1 was also reported by Shaw (2007) during isotherm 

development curves for the same NXT1 sorbent. ORP of the NXT1 column effluent 

decreased from -18 mV to -325 mV. The lowest concentrations of effluent total and 

dissolved arsenic were observed in E33 column. The dissolved arsenic concentration 

leached was 729 ppb on day 21 (before adding the 2nd volume of the influent) and 

increased to 3724 ppb on day 56 (before adding the 4th influent volume). Low ORP 

values, in all columns, indicate that reducing conditions prevailed inside the columns. 

Higher ORP that observed in E33 column could be related to the competing redox 

couples, Fe(III)/Fe(II) and As(V)/As(III). In a study conducted by (Meng et al., 2001), he 

concluded that the Fe(III)/Fe(II) couple has a higher ORP than the As(V)/As(III) couple.  

During the peak reducing period of the non iron-based sorbents (i.e. NXT1, Isolux and 

GTO), more than 85% of the total leached As was in the dissolved phase. In a similar 

anaerobic experiment in the absence of the competing iron couple, the As(III): As(V) 
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ratio has been observed to be as high as 9:1(Sierra- Alvarez et al., 2005). In our study, in 

the absence of iron couple in the non iron-based media, the As(III): As(V) ratio has been 

observed to be as high as 8:1 in Isolux column, 8:1 NXT1 column and 7:1 in GTO 

column (Figure 3.8). 
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Figure 3.5: Total dissolved arsenic concentrations in the effluent from the four columns.  
Data shown is the running average1 of measured values. 
1 Running average for the three values of As concentration that was observed over one 
semi batch period   

In the initial 200 days, the mass of arsenic leached from the column was 2-3 times the 

arsenic leached from the NXT1 and GTO columns and 6 times the arsenic leached from 

the E33 column. As a percentage, the highest arsenic leached from GTO columns 

(27.2%), followed by Isolux (18.5%), E33 (11.3%) and NXT1 (7.7%). It is useful to point 
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out that both Isolux (975 mg As) and NXT1 (1000 mg As) had similar amounts of arsenic 

loaded on them, while GTO (295 mg As) and E33 (289 mg As) had similar amounts of 

arsenic loaded on them (although lower than for the Zr and La media). In the period 

between 200 days and 336, the dissolved arsenic effluent concentration increased, Isolux 

column, from 28,000 ppb to 33,800 ppb. However, for NXT1 the total dissolved arsenic 

reached its lowest value of 8479 ppb during this period and then increased again to a 

maximum concentration of 17,308 ppb. For the GTO column, total dissolved arsenic 

increased from 7282 ppb on day 258 to 14203 ppb on day 326, while for the E33 column 

the total dissolved arsenic was relatively stable in the range between 3500-4000 ppb 

(Figure 3.5). 

Arsenic release was different from one sorbent to another. For example, Isolux showed a 

higher As release than the other three sorbents. This suggests that As binding in those 

sorbents are different. This behavior may be attributed to the distribution of binding 

affinities of the surface sites of these sorbent. The availability of phosphate and organic 

matter in the landfill leachate (7 ppm, Table 3.6) could enhance As desorption from these 

media. It has been reported that the chemical behavior of As(V) is similar to that of 

phosphate in the soils (Pigna et al., 2006). In the same study, it was also reported that 

both oxy-anions are specifically adsorbed on solid minerals. In a recent study to 

investigate the desorption kinetics of adsorbed arsenate by phosphate from the Al 

(oxy)hydroxides formed under the influence of tannic acid (Xu et al., 2008), it is 

concluded that the “phosphate adsorption in these systems apparently involved the ligand 

exchange reaction not only with the adsorbed arsenate but also with the H2O and OH 
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groups on the adsorption sites”. It is also reported that arsenate desorption by phosphate 

is a competition process.  In addition, organic matter probably served as electron 

donating substrates, thus the microbial activity enhanced and more arsenic dissolution 

may occur (Stumm et al., 1996).  

Lower total and total dissolved As concentration from E33 (Figures 3.4 & 3.5) suggests 

that arsenic binding on the E33 surface is more stable than on the other non iron-based 

sorbents. It also possible that As in E33 is less bio-accessible than As in the non-iron 

based media. In a continuous flow through columns, GFH (iron based media) was 

leaching 4- 5 times higher As and iron than E33 during the first 200 days of columns 

operation (Ghosh, 2005). 

 Comparing Figure 3.4 with Figure 3.5, it can be seen that most of the leached arsenic 

was in the dissolved phase. Even though Isolux and NXT1 had similar adsorbed arsenic 

capacities (19.75 mg As/g Isolux (dry) and 20 mg As/g NXT1 (dry)), Isolux column 

leached 2-3 times more arsenic than NXT1 during the same period (500 days). This 

suggests that NXT1 is more stable than Isolux under similar anaerobic conditions. 

Another contributing factor could be related to the binding strength between As and the 

surface of Isolux in which the binding strength of As to the surface of Isolux, is weaker 

than the binding strength between As and the surface of NXT1. This could be concluded 

from the fact that both NXT1 has, nearly, the same As loading capacity as Isolux (NXT1 

= 20 mg As/g NXT1 ; Isolux = 19.75 mg As/g Isolux) whereas the leached As 

concentrations from Isolux were 2-3 times higher than NXT1 (Figure 3.4). Lower As 
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from NXT1 column, could also be related to precipitation of some lanthanum-arsenate 

salts that may form under anaerobic conditions. In an ion exchange resin study, it is 

reported that the modification of zeolites (zeolite A, X and ZSM5) were performed by 

exchange of naturally occurring cations with lanthanum ion that forms low solubility 

arsenate salt (Haron et al., 2007). 

Low concentration of GTO observed in the effluent, what is interesting that most of the 

leached Ti concentration was in the dissolved phase. In an incubation study on arsenic 

remobilization by Meng et al., (2005), it is reported that 38% of the total arsenic leached 

from spent GTO sorbent during 40 days of batch experiment and the amount leached 

started to decrease thereafter. Also in the same study, it was observed that high 

percentage of As release in GTO system coincides with the dissolution of the media 

(about 5.7% at 27 days). Our results were inconsistent with these results. In this work the 

mass of titanium leached, in the effluent was < 1% for 500 days. They reported that the 

reason for having high GTO percentage in solution was the disintegration of the sorbent 

during incubation where some sorbent particles might have passed through the 0.2 -μm 

filter which may have contributed to high Ti and As concentrations (Meng et al., 2005). 

Figures B1 and B2 show that the concentration of titanium leached was very small, this 

suggests that the GTO sorbent, in our experiment, was more attached to the parent mass. 

Moreover, the way by which GTO was loaded (where compost, glass beads and GTO 

were mixed together before being loaded in the column) in our column might prevent 

further immigration of GTO particulate in the leachate particularly during the first few 

weeks of column operation.  
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Based on our isotherm adsorption experiments, it can be noticed (Figures 3.2 and 3.3) 

that As adsorption capacity of each of the sorbents was different for As(V) and As(III) . 

Several research studies have reported that that adsorption and desorption kinetics are not 

necessarily the same for all media (Schultz et al., 1987; Myneni et al., 1997). Some of 

these studies have been conducted on iron oxides media and they concluded that the 

desorption process of these media could be influenced by the change in pH, ORP and 

organic complexation (Schultz et al., 1987; Ghosh, 2005). In the study conducted on 

amorphous ferric hydroxide (AFH), Schults et al., (1987) reached to the conclusion that 

the reversibility of sorption on AFH is slow and it may extend to weeks. Another study 

that was conducted by Myneni et al., (1997) on As adsorption and desorption on 

Ettringite, he observed that the desorption process is slower than adsorption process on 

this media. In his comments to this phenomena, he suggested that as As(V) adsorbed on 

the surface of Ettringite, the  surface bond to As(V) changes (Myneni et al., (1997). In a 

study by Hongshao et al., (2001), it concluded that by the time these media is exposed to 

leaching solution, parts of the surface of the ASBR might dissolved in the bulk solution, 

these parts/particulates could later participate in pre-precipitation reaction that may lead 

to the formation of secondary minerals that might incorporate As on them. The 

hypothesis provided by the above argument (Hongshoa et al, 2001, Ghosh, 2005) could 

be applied to E33 where some minerals could be formed and precipitate in the column 

whereas the hypothesis can’t explain the high arsenic release from non iron based 

sorbents since the concentrations of sorbent leached was negligible. Simple desorption 

could be the simplest explanation of the high arsenic desorption from non iron- based 
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media. It is suggested that As(V) is simply desorb from the surface of the media and 

consequently reduce to As(III) in the bulk. Hence the dissolution of the surface of the 

sorbents of the iron- base sorbent will not necessary explain our observations in NXT1, 

GTO and Isolux. Total dissolved arsenic species accounted for 85-90% of the total 

arsenic leached from the Isolux column, 75-90% from the NXT1 column, 85-90% from 

GTO semi-batch column and 80-85% from E33 semi-batch column.  

Arsenic Mobilization  

In addition to the total and dissolved arsenic, soluble As species were also analyzed using 

ICP-MS. The concentrations of dissolved arsenic species in the four columns, as 

a function of time, are shown in Figure 3.4 (As III) and Figure 3.5 (As (V). As (III) was 

the dominant species throughout the columns’ operation. During the first three weeks (1st 

bed volume), As III accounted for 2% , 30% , 17% and 20% of the total dissolved As 

while As(V) counted for 98%, 70%, 83% and 80%, for the NXT1, Isolux, GTO, and E33 

columns, respectively. By the 4th bed volume (day 84), more As(III) was observed in the 

effluent of all columns, the highest As III concentrations were released from Isolux 

column; it was 2-3 fold higher than from the NXT1 and GTO columns and 4-5 times 

higher than from the E33 column. As(III) accounted for approximately 80%  of the 

released species from the Isolux and E33 columns, while this ratio goes down to about 

50% for the GTO and NXT1 columns.  



121 

It is interesting to note that the ORP values, for E33 column, were relatively higher than 

the other three sorbents. This could be related to the more positive redox couple of the 

Fe(III)/Fe(II) than the As(V)/As(III) redox couple (Borkris et al., 2003). Ghosh (2005) 

reported an average ORP (-100 mV) for an E33 continuous flow through column 

operated for 382 days, while the average ORP that was observed in our experiment for a 

500 day duration was about (-200 mV). The total arsenic concentration leached from our 

E33 column was about 4500-6000 ppb, while the total arsenic leached from Ghosh’s 

column was 1500-3000 ppb. Although Ghosh’s E33 column has about 10 times higher 

amount of sorbent and the fact that the amount of arsenic loaded in Ghosh’ E33 

continuous flow through column (2.33 g As)  was  more than 7 times the  arsenic loaded 

on our E33 semi-batch column (0.29 g As).  Only 55% of the total arsenic leached was in 

the dissolved phase from the Ghosh’ column, while this ratio was much higher (85%) in 

my E33 column. Higher ORP in our E33 column could mean more active microbial 

activity and potential release of higher arsenic concentration in the bulk. Moreover, lower 

As release in Ghosh’ columns could be related to the bio-accessibility of the microbes to 

a large portion of E33 sorbent in his column. This was observed in our operation of the 

GFH columns where R2 (52 g dry GHF) with a lower mass of GFH leached more arsenic 

and iron than R3 (272 g dry GHF). Also semi- batch operation could provide higher 

residence time for microbes to use arsenate as electron acceptor; Table 3.6 shows that the 

residence time in our E33 column (21 days) was longer than the residence time in 

Ghosh’s E33 column (10-15 days). The common observation for the two E33 columns is 

that arsenic main transport mechanism is through dissolved phase and not through 
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particulate phase. Ghosh’ reported that 55% of arsenic release in his E33 was in the 

dissolved phase whereas this ratio was higher (85%) in our E33. Possible explanation for 

this difference would be related to operational mode, Ghosh’ E33 column operation as a 

continuous mode allowed for more particulate to leave column at the early few weeks of 

the column’s operation whereas semi batch operation in our case allowed for E33 sorbent 

to settle inside the column for 3 weeks which may provide enough residence time for 

suspended particles to settle or transformed to other minerals. It was also observed that 

the sorbate itself leached away at a faster rate than the E33 sorbent and consequently 

released more arsenic in the effluent.  

Several researchers have studied anaerobic reduction of both iron and arsenic. Some of 

these studies have shown that ferric iron reducing bacteria have been insolated from 

several anaerobic environmental sets, this includes soils and lake sediments (Straub et al., 

2001; Lovley et al., 1997). Another study (Oremland et al., 2003) have demonstrated that 

several microbial species have been able to use As(V), used as  a terminal electron 

acceptor, in the anoxic  respiration process of these microbes.  It is also reported that semi 

batch column mode could provide an ample time for bio-conversion and accumulation of 

cell densities (Ohleyer et al., 1985). Finally, investigation of the two E33 solid sorbents 

indicated that the main mechanism of arsenic in both columns was the dissolved phase. In 

addition residence time and bio-accessibility could be important factors in explaining the 

difference in behavior of each of the two columns.  
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 Figure 3.6: As (III) concentration in the effluent of the four landfill simulation columns. 

Data shown is the running average1 of measured values. 

1Running average for the three values of As concentration that was observed over one 

semi batch period   
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 Figure 3.7: As (V) concentrations in the effluent of the four columns. Data shown is the 

running average1 of measured values. 

1 Running average was calculated by keeping a running total of all readings, and divides 

by the number of reading captured (i.e. every 3 numbers). 

Figure 3.6 shows concentration of As(III) for the four columns. It is evident that the 

effluent concentrations of As(III) for the non iron based media is higher than As(III) 

concentration from E33. It can be seen that the highest As(III)  concentration in the 

effluent of Isolux was the highest among the four sorbents, this might be explained by 

relatively high As loading in Isolux and/or the weaker binding between As(III) and the 

surface of  media. Our arsenic adsorption isotherms experiments (Figure 3.2 & 3.3) show  

that  As(III) sorption capacity is higher than As(V) in separate batch system while the 

opposite was observed when both As(V) was first sorbed on the media followed by the 
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addition of As(III) (Table 3.8, column Iz), this suggest that presence of As(V) may hinder 

further sorption on Isolux. This may partially explain the higher concentrations of As(III) 

in our Isolux columns. Figure 3.7 shows concentration of As(V) for the four columns. It 

is evident that the effluent concentrations of As(V) for the non iron based media were 

higher than from the E33 media. Soluble As (III) was detected at ppb levels by the 

second day of column operation. This suggests that the reduction of As(V) to As(III) 

occurred at the early stages of  the columns operation .  

Summary of the observed As(III) and As(V)  speciation fraction during columns running 

operation is shown in Table 3.10. 

Table 3.10: Soluble arsenic speciation (As(III); As(V)) mobilized during semi batch 
landfill simulation column operations. 

 
Column 

Period (0-500 days) 

(%) 

As(III)                                         As(V) 
E33 79.4                                               19.6 

NXT1 63.6                                                35.1 
Isolux 70.6                                                28.1 
GTO 42.5                                                56.4 

 

Figure 3.8 shows the As(V)/As(III) ratio in the dissolved phase in the effluent from the 

four columns. The ratio of As(V)/As(III), in Isolux and E33 semi-batch columns, was 

similar and it was 2-3 times less than that in GTO and NXT1 columns. The E33 and 

Isolux ratios of As(V)/As(III) were always much less than 1, whereas the NXT1 and 

GTO were greater than 1 for some periods.  
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Figure 3.8: As(V)/As(III) ratio in the dissolved phase of  the effluent from the four 

columns. Data shown is the running average1 of measured values. 

1 Running average was calculated by keeping a running total of all readings, and divides 

by the number of reading captured (i.e. every 3 numbers). 

For all media, only As(V) was initially sorbed. Thus all the arsenic (III) in the effluent is 

due to the chemical and micro-biological reduction processes. In a study done by Zobrist 

et al., (2000), he demonstrated that the As mobilization under anaerobic conditions could 

be resulted from the dissimilatory reduction of iron on iron oxide surfaces. Having 

arsenate being sorbed on all tested sorbents, this means that the observed concentrations 

of As(III) in the effluent of all sorbent are occurring inside the columns. Hence, it could 

be concluded that the prevailing conditions inside these columns are described to be 
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reductive and most likely similar to the reducing condition that could potentially prevail  

under MSW landfills (Ghosh, 2005).  

Comparing non-iron based media with iron based media; lower ORP values (Figure B4) 

were observed in the non iron- based sorbent compared to the E33 column. This is 

probably because the non iron- based media has one oxidation state related to the 

As(V)/As(III) redox couple, whereas in the E33 column there is a more positive 

Fe(III)/Fe(II) redox couple, in addition to arsenic couple. The reported data about  

standard electrode potential (SEP) of those couple indicated that the SEP for 

Fe(III)/Fe(II) is 0.77 V at pH 7.0 whereas the reported value SEP for  H2AsO4
-/HAsO4

2-  

arsenate couple is 0.66 V at the same pH 7.0, this means that Fe(III)/Fe(II) is more 

positive than arsenate couple (Bard et al., 1995). 

Figure 3.8 shows periods in GTO and NXT1 where the As(V)/As(III) was higher than 

one despite the ORP readings being quite negative (<-270 mV).  Based on this alone one 

would expect lower As(V)/As(III) ratio in NXT1 and GTO. However, since the total 

dissolved arsenic in NXT1 and GTO was much higher than E33 during columns 

operation (Figure 3.4), it is possible that a higher fraction of the available As(V) could 

not be reduced to As(III) by microbes (Ghosh, 2005). We did not have a definite 

evidence to prove this hypothesis and more investigations are required. 

Based on our isotherm experiment, Figure 3.2 -As(V) and Figure 3.3- As(III), it can be 

seen that Isolux has the highest As capacity for both arsenate and arsenite. Hence if we 

assume loose binding strength between arsenate and the surface of Isolux, it is expected 
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that Isolux would leach the highest amount of both As(III) and As(V). Furthermore, the 

simultaneous addition of As(III) and As(V) on (Table 3.8) the Isolux showed a higher 

concentration of As(III) in solution, this suggests that the adsorption of  As(V) on the 

surface of the Isolux may block the adsorption of As(III). This explanation would be 

consistent with our observation of high As(III) concentration in the effluent from Isolux.  

 In a study done by Balaji (2005), it is reported that the reason for As (III) adsorption on 

Zr-loaded chelating resin (Zr-LDA) is the slower kinetics of As(III) compared to As(V). 

GTO isotherm experiment (Figures 3.2- As(V) and Figure 3.3- As(III)) show that As(V) 

and As(III) have an equal adsorption capacity if both species are added in equal molar 

ratios to GTO, this observation suggests that both As(III) and As(V) might be competing 

for the same sights on the surface of the GTO, this would leave approximately equal 

equilibrium concentrations of As(III) and As(V). This might explain (Figure 3.8 and 

Table 3.8) the presence of almost equal concentrations of As(III) and As(V) during most 

of the GTO operation period where AS(III): As(V) has a ratio of 1. 

Adsorption isotherm experiments, for E33 (Figures 3.2- As(V) and Figure 3.3- As(III)), 

showed that As(III) has a higher affinity to the surface of  the sorbent than As(V) if  both 

As(III) and As(V) are added simultaneously (Table 3.8- columns IE, SE). However, 

adsorption isotherm, E33, experiments where first As(V) was added and As(III) was 

added after 24 hours showed that As(III) concentration was 8 times higher than As(III) 

concentration during the simultaneous addition of both As species. This suggests that not 

all arsenate sites, on E33, are exchangeable with arsenite ions. This also may explain our 
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results of having higher concentration of As(III) in the effluent of E33 column during the 

whole period. Finally, results (Figures 3.6 and 3.7) show that arsenic was loosely bound 

and easy desorbed from these sorbents. 

Availability of organic matter from landfill leachate and compost could facilitate arsenic 

mobilization from the surface of these sorbents. A study conducted by Shawny et al. 

(1996) showed that addition of compost increased the concentration of As in a soil 

leachate. Also Redman et al., (2002) reported that natural organic matter can affect 

arsenic speciation as well as its sorption onto the hematite. In another study, when 

dissolved organic matter (DOM) of 25 mg/L was introduced into solution containing iron 

oxides with pre-sorbed arsenic, the dissolved arsenic concentrations increased up to 6 

times (Bauer et al., 2002).   

It is mentioned that  As(III) and As (V) were the most important species in the effluent 

from all columns. However, there were some methylated arsenicals detected in the 

effluent of the four columns (i.e., methylarsonous acid, MMA(V), dimethylarsonoous 

acid, DMA(V)). We did not observe any methylated species of As (III) in the effluent. 

The highest MMA(V) concentration was observed from GTO (1027 μg/L) on day 230 

(data not shown), Isolux (827 μg/L ) on day 324, NXT1 (746.2 μg/L) on day 244 and  

E33 (302 μg/L ) on day 214. The highest DMA (V) observed was from E33 (263 μg/L) 

on day 50, followed by GTO (155 μg/L) on day 59, while both of NXT and Isolux had a 

maximum of 100 μg/L.  
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Arsenic Association with Sorbents 

The four semi-batch columns were exposed to similar conditions in which actual landfill 

leachate was used as a feed solution. Solution inside the columns was replaced every 

three weeks. The four columns were running for a length of 500 days and about 24L of 

influent passed through the columns during this period.  

Figure B1 (Appendix B) shows the total dissolved sorbent metal (iron, lanthanum, 

zirconium or titanium) concentrations leached during a column’s operation. None of the 

sorbents leached an appreciable amount in the effluent compared to the mass of the 

sorbent available. The mass of titanium, zirconium, lanthanum and iron in the GTO , 

Isolux , NXT1 and E33 columns was 27.1g and 25.7g, 25.6g and 28.9g, respectively. 

Total iron, lanthanum, zirconium and titanium leached were < 1% of the iron, lanthanum, 

zirconium and titanium available. This is partially explained by the low solubility of these 

sorbent materials under neutral to alkaline conditions (pH 6.5 -8.5).  From Figure B1 and 

B2, it can be observed that total and dissolved concentrations have very similar trends.  

Figure B5 shows the ratio of arsenic leached on particulate phase to the total arsenic 

leached, it can be seen that particulate As constituted 20-30% (Figure B5, Appendix B) of 

the total As leached from all sorbents. Figure B6 shows the cumulative fractional of 

media leached from the four columns as a function of time. The amount of particulate 

arsenic associated with particles was not significant. However, signifcant portion of As 

leached the columns in particulate but not necessarily associated with sorbent. For the 

first 100 days of the columns’ runs, particulate arsenic accounts for about 21% of the 
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total arsenic leached from Isolux, 20 % from NXT1, 19% from GTO and 16% from E33. 

For the rest of the operational period, this percent of particulate arsenic goes down for all 

sorbents: 14% for NXT1, 12% for Isolux, 13% for GTO and 14% for E33. Comparing 

Figures 3.4 &3.5, it can be observed that most of the arsenic leached form the four 

sorbents is in the dissolved phase. Low solubility of the non-iron-based sorbents (NXT1, 

GTO and Isolux) and to lower extend from E33, could be the main reason behind the low 

level of concentrations of media in the effluent. For example, Figure B2 shows that 

concentrations of particulate media leached for E33 (i.e. Fe) and NXT1 (i.e. La) sorbents 

were higher than GTO and Isolux. Having all columns run as semi batch, it is not 

expected that the fluid may stress the solid surface (E33, NXT1,GTO and Isolux) that 

would lead to the generation of particulate in the effluent especially when we can assume 

that the fluid velocity inside the columns is  0 ml/hr and it is not anticipated that the rate 

of refilling the columns (every three weeks, refilling each column took 24 hours) 40 

ml/hr was not anticipating to stress the surface of the sorbents. 

No clear correlation between As and Ti (GTO column) and As and Zr (in Isolux column), 

However, there were some incidences in NXT1 and E33 where maximum values of As 

concentrations were coincided with maximum concentration of media concentration in 

the same day. For example, during peak of La and Fe leached (during the first 60 days) of 

NXT1 and E33 operation, there were an increase of total As in the effluent, for example, 

total As of 14009 (Figure 3.4) ppb was coincided with a maximum lanthanum 

concentration of 55,000 ppb ( Figure B2, the point not shown due to scaling down the y-

axis) associated with this particulate on day 42 but this association was not all the way 
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through where the concentrations of  La in the effluent declined to below 250 ppb while 

arsenic was in the increase till day 385 (figure 3.4). For E33 maximum Fe concentration 

was not associated with maximum arsenic concentration. The possible explanation could 

be related to the higher microbial erosion of the surface of NXT1 and E33 by which some  

small colloids (that have As sorbed on them) could agglomerate to form bigger particles 

especially during the first 10 weeks of columns operation (Ghosh, 2005).  

For both GTO and Isolux sorbent, the concentrations of total Ti and Zr media is 

negligible and very much close to the total dissolved. Comparing Figures B1 and B2, it 

could be seen that total and total dissolved Zr concentrations have a very similar trend, 

and the same trend is shown for total and total dissolved Ti concentrations for GTO. This 

shows that main As transport in Isolux and GTO is through dissolved phase and arsenic 

transport through particulate phase is negligible. 

It is interesting to note that As/sorbent ratio in leachate was significantly higher than the 

ratio (mg As/g media) in the initially loaded sorbents. The initial mgAs/ g NXT1 

(mass/mass basis) ratio was ~ 0.02, As/ Isolux was 0.019, As/GTO was 0.0059 and 

As/E33 was 0.0056, while ratio in the effluent was 1360 mgAs/g NXT1,  40250 mg As/ g 

Isolux, 606.6 mg As/g GTO and 316.2 mgAs/ g E33. Table 3.9 shows a summary of mass 

of arsenic and media leached during columns 500 days. This obviously shows that these 

sorbents could potentially leach significant amount of arsenic under anaerobic/reducing 

conditions. For example, when NXT1 sorbent was pre-loaded with 20 mg As/g NXT1, 

the effluent ratio (mg As/g NXT1) was 1360 mg As: g NXT1. The same goes for the 
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other three sorbent where this ratio was 40250 mg As/g Isolux, 60606 mg As/g GTO and 

316.2 mg As/g E33. Ladeira et al., (2004) indicated that leaching solution characteristics 

and oxidation state could influence the mobility of As under anaerobic conditions. It is 

also observed that for all sorbents, the As (III) concentrations in the filtrate are much 

higher than As(V) especially during ORP < -300 mV where it is suggested that microbial 

community is actively reducing As(V) to As(III).  

Table 3.11: Summary of the leaching of As and media from the four semi- batch landfill 
simulation columns. 

Sorbent Mass 
of 

sorbent 
(g) 

Mass of As 
leached 

(mg) 

Mass of 
media 

leached 
(mg) 

% As 
leached 

% media 
leached 

NXT1(lanthanum- based 
media) 

50 253 93.5 25.3 0.36 

Isolux (zirconium- based 
media)  

50 643.9 8.25 66 0.02 

GTO (titanium-based 
media ) 

50 245.1 20.2 83 0.02 

E33 (iron-based media)  50 97.4 154 33.7 0.35 

 

Possible explanation of the small amount of sorbent leached could be attributed to the 

changes on the surface of those sorbents that could be influenced by microbial activity 

(Roden et al., 2003; Cortinas et al., 2008). Some researchers have reported that formation 

of more crystalline oxide minerals may result in decreasing the specific surface area of 

the surface and consequently increasing As release (Roden et al., 2003, Dixit et al., 

2003). This might be a reasonable mechanism for the release of arsenic from E33. For 

non iron based sorbents, it is speculated that simple desorption might occur from the 
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surface of these media as they expose to the leachate solution under anaerobic conditions 

where As(V) is reduced to As(III).  

Comparing the titanium, zirconium, lanthanum and iron media leached, the average 

concentration of titanium ranged 40- 60 ppb, lanthanum was ranging between 100- 700 

ppb, zirconium ranged between 200-800 ppb and E33 ranged between 2-5 ppm.  

Mass Balance Comparison 

Figure 3.11 shows the cumulative fractional arsenic leached from the four sorbents as a 

function of time. It is worth noting that arsenic is different in each sorbent, total arsenic  

in NXT1 column was 1.0 g (20 mgAs/g NXT1), while the total arsenic in Isolux columns 

was 975g (19.5g As/g Isolux). Both E33 (289 mg As; 5.78 mg As/g E33) and GTO (295 

g As; 5.9 mg As/g GTO) have similar amounts of arsenic which is less than 1/3 of the 

arsenic initially sorbed on the other two sorbents. Comparing the fractional arsenic    

released from E33 and the non iron based sorbents, it is evident that both GTO and  

Isolux were leaching higher percentage of arsenic than E33.   

Although the total As loaded on both E33 and GTO are similar but GTO leached two 

times more arsenic than E33 (Table 3.9). GTO shows that highest rate of As release 

among the four sorbents. On the other hand, Isolux leached arsenic two folds higher than 

NXT1 despite they have similar loading of arsenic on them. This means that over all rate 

of arsenic release {Note: the term rate of release is defined as (Ghosh, 2005): (amount 

leached)/(amount initially available)}- from Isolux is nearly two times the slope of NXT1 
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(Figure 3.9). GTO is nearly three times the slope of E33 while Isolux is nearly two times 

the slope of E33.  

The lower fraction of As in NXT1 is due to the fact that  NXT1 has about 3 times arsenic 

adsorbed on  it than E33 (on mass bases), cumulative amount of arsenic leached from 

NXT1 was still two folds higher than the amount of arsenic leached from E33 column 

(Table 3.9). As mentioned earlier that the concentrations of media leached from the non 

iron based media was at ppb level while the concentrations observed in the E33 was in 

the ppm level, this suggests that no formation of new surfaces might be formed in the non 

iron- based media where the possibility of As re-adsorption could be minimum on those 

media but this hypothesis could be more applicable for E33 where some secondary iron 

minerals are reported to be formed under anaerobic conditions on several iron 

oxides((Straub et al., 2001; Lovley et al., 1997; Mukiibi, 2008). 

There are several possible explanations for the higher rate of arsenic release from GTO 

and Isolux. It can be attributed to the stronger binding of arsenic to E33 than GTO and 

Isolux. In addition, lower ORP values in the of the non- iron based sorbents columns 

compared to the E33 column could promote further release of arsenic. When the 

fractional of lanthanum, titanium and zirconium (Figure B6, annex B), an exact opposite 

behavior is observed. The slope of the iron was almost 2 times higher than lanthanum and 

several times the slope of titanium and zirconium. Some the main issues that we have to 

stress when comparing arsenic and media leached from iron and non iron based sorbents. 

The sorbed arsenic on non iron based sorbents, once desorbed under reducing/anaerobic 

conditions does not re-adsorb or re-precipitate with the media (i.e. lanthanum, zirconium 

and titanium media) in any appreciable quantity. In contrast, in E33, our results suggest 

that a significant portion of the reduced As may re-adsorb/co-precipitate on/with the 
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secondary iron mineral formed inside the E33 column as reported by Lovley et al., (1997) 

and Ghosh (2005). In a study on ferrihydrites, it is reported that most of the reduced 

As(III), form As(V) ferrihydrite, remained sorbed  on the As(V) ferrihydrite co-

precipitate (Zobrist et al., 2000). 
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Figure 3.9: Cumulative fractional arsenic leached from the four semi-batch landfill 
simulations columns. Fractional arsenic leached means As leached/ As initially sorbed 
onto the sorbents.    

 

Practical Implications 

Contamination of ground water with arsenic has drawn much attention in the last few 

years due to the large mass of unknown carcinogenicity that been involved in exposing to 

high concentrations of arsenic in drinking water coupled with the disposal concerns of 

arsenic mobilization from ASBRs. Hence, it seems critical to evaluate the various 

physical/ chemical and microbiological conditions that would cause leaching of arsenic 

from ASBRs under landfill conditions. Four different ABSRs, E33, NXT1, Isolux and 
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GTO were subjected to reducing, anaerobic environment similar to what would be 

expected in municipal landfills.  

The results of this study clearly indicate that microbial processes play a major role in the 

mobilization of sorbed As from these media. Key differences were noted in the leaching 

pattern in the four sorbents under similar conditions, these differences can be attributed to 

the differences in the structure of the sorbents them selves and the arsenic bonding to the 

surface of the sorbents. Arsenate to arsenite reduction was observed in all sorbents, even 

though non- iron based sorbent were 25-30% more reduction than iron based sorbent. 

This might have been due to the presence of the Fe(III)/Fe(II) redox couple in the E33 

media since Fe(III)/Fe(II) couple is more positive than As(V)/As(III) couple. Particulate 

arsenic phase transport was contributing factor in arsenic mobilization for all sorbents 

(E33, NXT1, Isolux and GTO). The results of these experiments are important in 

predicting sorption/desorption behavior of some available commercial sorbents. The 

result of this work showed beyond doubt that NXT1 semi-batch column, Isolux semi-

batch column, GTO semi-batch column and to lesser extent E33 semi-batch column 

leached arsenic above TC limit. E33 could be the best candidate for being disposed in 

municipal a landfill while GTO would be the worst if we take it as a percentage of 

leaching.  
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Current recommendation is to isolate ASBRs is a separate cells in the landfill and avoid 

contact with high organic concentration that would support microbial reduction and 

mobilization of arsenic. 

Conclusions 

The rapid increase in using adsorptive media for arsenic removal has potentially 

increased the amount of arsenic that would be disposed. Our results showed that non iron 

iron-based sorbent don’t overcome the problem of leaching unacceptable amount of 

arsenic that would make them acceptable for dumping in municipal solid waste landfills. 

It is also showed that despite arsenate was initially sorbed on these media, arsenite was 

desorbed more rapidly and extensively from all sorbents suggesting weaker binding of 

As(III) than As(V). Our results also showed that microbial reduction was a major role in 

the release of arsenic from all sorbents. The low As/sorbent ratio suggests that the 

mechanism of arsenic mobilization might be independent of the possible dissolution of 

the sorbent. Batch adsorption isotherm experiments showed that once As(V) is sorbed on 

these media, As(V) may partially hinder the sorption of As(III) on the surface of these 

media.  
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CHAPTER 4 

MICELLAR ENHANCED ULTRA-FILTRATION OF ARSENIC USING 

TETRADECYLTRIMETHYL AMMONIUM BROMIDE (TTAB) 

Background 

Health problems associated with arsenic contamination of groundwater sources is 

imploring more countries to impose evermore restricted standards (WHO, 2001). As a 

result Groundwater contamination with As is extensively investigated (Anawar et al., 

2006; Bang et al., 2005) and large efforts are exerted to search for the occurrence, effects 

and treatments of arsenic and other heavy metals in groundwater. 

Contaminated water with arsenic could cause internal malignancies cancers, vascular 

disease and non –malignant skin alteration (Lomaquahu, 1998). It is reported that 389 out 

of 703 national priorities sites in the United States are contaminated with heavy metals. 

They also reported that 10000 such sites are existed in the European Union (White et al., 

1997).  

Arsenic is well known to be presented in nature , studies have found that arsenic could be 

presented in soils, rocks, sedimentary deposits, water, air and biota (WHO, 2001). The 

concentration of arsenic in the earth’s crust is between 1.5 and 5 mg/kg (Cullen et al., 

1989). Groundwater and surface water of the Western and South western US are 

considered to have an elevated concentrations of arsenic due to the abundance of  

geothermal activities (Welch et al., 1988). Other sources of arsenic contamination are 

related to various industries such as mining, petroleum refining, wood preservation and 
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the production of pesticides.  Arsenic could be transported (to ground and surface waters) 

through several mechanisms. The most common are erosion, microbial action and 

dissolution (WHO, 2001).  

Due to these health hazards, several courtiers have already lowered their MCL. For 

example, EPA has lowered the MCL (from 50 to 10 ppb) in 2001 (EPA, 2001). This new 

arsenic rule was expected to take effect in 2006, but due to the financial and technical 

implications on these water utilities EPA has extended the grace period (EPA, 2006; 

website access). 

Various studies are being conducted to identify new treatment technologies to meet the 

new arsenic standards. Several treatment options have been proposed in several research 

studies. Of these technologies: coagulation (Gregor et al., 2001), ion exchange and 

adsorption (Ghurye et al., 1999), iron salts (Jian et al., 2001), are reported to treat arsenic 

to an acceptable limit, but with some operational and chemical limitations.  

Coagulation is known to be a simple process but it produces a large amount of waste 

sludge. Adsorption and chemical precipitation have been reported to remove arsenic to 

satisfactory levels from groundwater systems but the drawback is the generation of toxic 

sludge that needs to be handled and disposed carefully (Ghurye et al., 1999). 

Furthermore, some studies have looked at the use of membrane separation processes for 

arsenic removal.  These studies demonstrated that membrane separation is a promising 

technique to remove arsenic coupled with the absence of solid waste stream (Kartinen 

and Martin, 1995). Kang et al., (2000) reported that several membrane filtration process 
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were tested successfully in removing arsenic to acceptable levels, including 

microfiltration, ultra-filtration, nano-filtration, and reverse osmosis. 

Micellar Enhanced Ultra filtration (MEUF) is known to be operated under low pressure 

system; hence some studies have been conducted to evaluate the effectiveness of the 

MEUF for arsenic removal. In a study conducted (Morel et al., 1997) on MEUF usage to 

treat arsenic, it is reported that the MEUF was able to remove inorganic, organic and 

nutrients such as nitrate, phosphate and arsenic. Yurlova et al., (2002) demonstrated 

nickel removal from wastewater by MEUF. In those processes, surfactant micelles 

complex with the metal ion, those surfactants have what is called critical micelles 

concentration (CMC), and when the concentration of the surfactant is above the CMC, 

surfactant will form micelles that are spherical or rod like shape aggregates (Gecol et al., 

2004). 

One of the most important factors in MEUF is the membrane pore size. Some studies 

have shown that increasing the molecular weight cut-off (MWCO) size of the membrane 

can cause an earlier development of concentration polarization (CP) regime.  The 

development of this CP phenomena is reported to decrease surfactant release in the 

permeate (Gecol et al., 2004). Thus, even using large pore size membranes (30 kDa 

MWCO), a significant portion of micelles can be rejected (Dunn et al., 1987). According 

to these studies, using high MWCO membrane may provide good rejection rates and 

lower energy requirements.  
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Some studies have been conducted on other surfactant such as Cetylpyridinium Chloride 

(CPC), cetyltri-methylammonium p- toulenesulfonate (CTAT) and very few studies have 

been conducted on Tetradecyltrimethyl ammonium bromide (TTAB) to remove arsenic, 

hence it was an attempt to evaluate TTAB for arsenic removal. The main objectives of 

the research work were: 

1. To study the effect of membrane pore size on the removal efficiency of 

arsenic using MEUF and TTAB.  

2. To study the effect of pH and ionic strength on the removal efficiency.  

3. To investigate water recovery using multi stage ultra filtration process.  

Experimentation was carried out by using tetradecyltrimethyl ammonium bromide 

 (TTAB).  
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Materials and Methods 

Penta-valent form of arsenic, sodium arsenate (Na-HAsO4. 7H2O, Sigma, USA), was 

used in this study. Cationic surfactant– tetradecyltrimethyl ammonium bromide (TTAB), 

was purchased from Sigma chemicals. 

The chemical formula, molecular weight and CMC of each surfactant are presented in 

Table 4.1. 

Table 4.1 Chemical formula, molecular weight and CMC of various surfactants. 

Surfactant Chemical formula Molecular 
Weight 

CMC 
(mM) 

Tetradecyltrimethyl ammonium 
bromide  (TTAB)a 

 

C17H38N.Br 336.4 3.52 

Cetylpyridinium chloride (CPC)a 

 

C21H38NCl 358.01 0.9 

Cetyltri-methylammonium p-  

toulenesulfonate (CTAT)b 

C19H42NSO3 364.46 0.92 

Source: a Gamoba et al., 1985;  b Soltero  et al., 1995. 

De-ionized (DI) water was used through out the experiments. Certified standard sodium 

hydroxide (1N) and hydrochloric acid (1N) solutions were obtained from fisher Scientific 

and were used to adjust the pH of the solutions. The UF membranes used in this study 

were regenerated cellulose (RC) membranes with a 1, 3, 10, 30  kilo Dalton (kDa) 

nominal molecular weight cut-off (NMWCO) membranes (Millipore, Bedford, MA). The 

membranes were flat sheet membranes with 76 mm diameter. Membranes were soaked in 

70% ethanol (w/w) and kept in the refrigerator for 24 hours before used. Arsenic stock 
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solution of required concentration was prepared at pH 7 from sodium arsenate 

(Na2HsSO4. 7H2O) that was obtained from Sigma chemicals. NaCl (99.9% pure) and 

phosphate (Na2SO4, 99% pure) were used to study the effect of ionic strength on arsenic 

removal.  

Methods 

Ultra filtration experiments were conducted in a batch stirred cell (Amicon 8400. 

Millipore, USA). Schematic diagram of the MEUF unit is shown in Figure 1. 

Two primary stock solutions were prepared for As and TTAB using DI water, this stock 

has been diluted to the required concentrations as needed. Only arsenate stock solution is 

kept in the refrigerator while all TTAB solutions were prepared before the experiment. 

100 mL batch stirred cell unit was used for the UF filtration process, normally 60 to 80 

ml of volume was used to be loaded into the cell. One  solution of TTAB and arsenate 

was loaded into the batch stirred cell, we make sure that the solution was well mixed 

before starting the UF experiment. Time required for every 10 mL was recorded to ensure 

constant trans-membrane flux. Any recorded change in the flux rate, membrane was 

soaked back in ethanol for cleansing or replaced if it leaked. The membranes used were 1 

kDa, 3 kDa, 10 kDa, 30 kDa and 100 kDa. Before using the membrane, it was soaked in 

DI water for 20 minutes. Both the pressure and temperature were kept at 60 psi and 25 

oC.  
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Analytical Methods 

 Arsenic concentration was determined using graphite furnace Zeeman Atomic 

Absorption Spectrometer (Perkin Elmer 4100 ZL). The samples were analyzed graphite 

furnace atomic absorbance, GFAA  (Perkin Elmer 4100ZL). The detection limit in this 

study was set as 5μg/L of total arsenic. Before measuring our samples, standard arsenic 

samples we analyzed and the calibration lines are generated, based of the calibration 

curves the concentration of permeate and retentate was calculated. Normally a standard 

calibration curve from 0-800 ppb As was used, this is to make sure that all our samples 

are located within this range (Desican, 2004).  

The concentration of the surfactant was measured by the use of Ultraviolet Spectrometer 

{(UV); (Hitachi U-2000)}. According to the manufacturer manual, TTAB concentration 

was measured at 214 nm. Detection error of the machine ranged between 0.1- 1 nm 

(Hitachi U -2000 User’s guide). Based on the optimal operation of the UV measuring 

range, all samples are diluted to make sure that the measured samples are within the 

calibration range. Calibration curves for TTAB (using UV, 214 nm) and arsenic (using 

AA ) are shown in appendix C.   
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Figure 4.1: Schematic diagram of the instruments used in the MEUF. 

Result Interpretation 

For the UF process evaluation, arsenic removal percentage is defined as  

                                                                        Cp (t) 

                                                       Ci 

Where Cp(t) is the arsenic concentration of each permeate collected and Ci is the initial 

feed concentration of arsenic  

Critical Micelles Concentration (CMC) 

Since the size of the of NMWCO diameter is higher than the free monomers that are 

available in the TTAB solution, these monomers may leak though the membrane where 

as the NMWCO would retain the micelles that are above the CMC. Hence it was crucial 

% R(t)  (1 -  
 

)     ………..   (4.1) % R(t)  =  
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to measure the CMC of the surfactant in order to be able approximately to calculate 

membrane leakage in the filtrated permeate. CMC for TTAB was reported to be 3.52 

membrane (Rosen, 1989). 

Surfactant Partitioning in Two Component System 

Equilibrium Partitioning is a key factor to predict the mount of surfactant that is required 

to separate certain amount of arsenic. 

Cs = Kd* C ………………………………………………………..4.3  

Where, 

Cs  =     concentration of adsorbate in solid phase 

C  =     concentration of adsorbate in fluid phase 

Kd  =     equilibrium distribution coefficient 

Permeability Constant Equation: 

The membrane permeability constant (k) is a characteristic of a membrane that is 

measured with respect to the flux and concentration gradient of the solution, the 

following equation has been used to calculate the permeability constant of the membrane. 

K(cm/min) =    Vr(I+1)*Cr(I+1)-Vr(I)*Cr(I)/ t(min)* area (cm2)/ { Cr(I+1)-Cr(I)}….       4.4 

Where,  

K: permeability constant (cm/min) 

Vr: volume of retentate (mL) 

Cr: concentration of retentate (ppb) 

T: time to collect 10 mL of permeate (min); Area: area of the membrane cm2   
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Results and Discussion 

The experimental results of As removal with the membranes are conducted with TTAB 

cationic surfactant. To check if batch stirred cell wall would adsorp any arsenic, a simple 

experiment was conducted where a 40 ppb As solution was loaded into the cell and kept 

inside it for a complete day. Three samples from the As solution were taken and the As 

concentration was the same. 

For all the UF experiments, arsenate salt was used to prepare arsenic solutions. UF 

experiments were conducted with arsenic alone with out surfactant to see if the 

membrane by it self would reject any arsenic. Experiments were conducted on different 

membrane sizes (1, 3 & 10 kDa). 80 mL solution of DI water that contained 400 ppb of 

arsenic was used in the UF experiment. Six permeate samples (10 mL each) were 

collected. Each experiment was carried out three times to verify the consistency of the 

membrane. Figure 4.3 shows the results of these experiments.  
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Figure 4.2: Arsenic rejection percentage using 1, 3 and 10 kDa RC membranes without 
surfactant. 

It can be seen from Figure 4.2 that a significant percentage 60-70% of As was rejected by 

1, 3 and 10 kDa, the results of these experiments are tabulated in the annex C. This 

rejection can be attributed to the electrostatic rejection of ions due to a net charge of a 

membrane or the mechanism of Donnan exclusion (Strathmann et al., 1992).  

Similar rejection ratios have been reported by Gecol et al., (2004) where it was observed 

50-60 % As rejection with membranes only on 5 and 10 kDa RC membranes at pH 5.5 

and 8. In previous work, it was also demonstrated that all polymeric membranes exhibit 

rejection of inorganic ions (Bhattacharya et al., 1979). 
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Arsenic Removal Using 3 kDa membrane 

UF experiments were carried out with various TTAB molar concentrations. Figure 4.3 

shows arsenic removal using 3 kDa membrane at 5 mM, 10mM and 20 mM TTAB 

concentrations. Initial arsenic in the feed solution was 400 ppb, full data sheet of the 

filtration trial is included in the annex C.  
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Figure 4.3: Arsenic rejection by TTAB via 3 kDa membranes at 5 mM, 10 mM and 20 
mM TTAB concentration in the feed solution, initial arsenic in the feed was 400 ppb. 

It was observed that with a concentration equivalent to (or slightly higher than CMC) the 

CMC of the TTAB, the rejection rate was about 44% (about 5 mM), the ratio of As 

rejection increased as the molar ratio increased. It was 62% at 10 mM and it increased to 

78% at 20 mM of TTAB concentration. This indicates that increasing the TTAB 

concentration greater than CMC could increase arsenic rejection. Desican (2004) 
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conducted experiments with CPC (CMC ~ 0.9 mM) using the 400 ppb arsenic 

concentration in the feed solution and the arsenic rejection , at 2 mM, 4 mM, 6 mM, 8 

mM and 10 mM  CPC, was 82%, 91%, 93% and 96.5%, respectively. The rejection of 

arsenic by TTAB was lower than CPC, the lower removal of As by TTAB could be 

attributed to the higher CMC (Porter, 1991). The trend of higher arsenic rejection with 

higher concentration can be attributed to the higher number of micelles that can complex 

with arsenic. It is worth mentioning that the TTAB concentrations in the permeate , 

through the 3 kDa, membranes have increased from 1.9 mM at 2 mM feed solution to 7.1 

mM in permeate when the feed solution TTAB concentration in the feed was 40 mM. 

Negligible change of arsenic rejection was observed at TTAB concentration 20 mM and 

40 mM. It was found that the arsenic concentration of the feed increases continuously, 

while arsenic concentration in the permeate remains low and constant over a wide range. 

For example, at 5 mM TTAB, arsenic concentration in the permeate was about 200ppb 

while the arsenic concentration decreased to 80 ppb arsenic in the permeate at 20 mM 

TTAB concentration. In a study conducted by Morel (1990), he reported that by 

increasing TTAB concentration in the feed solution, higher removal of nitrate was 

achieved. Figure 4.4 shows arsenic rejection ratio plotted against TTAB concentration as 

calculated by equation 4.2.  
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Figure 4.4: Arsenic removal as a function of TTAB concentration in micelles using 3 kDa 
RC membranes, initial arsenic concentration was 400 ppb. 

It is shown from the Figure 4.4 that rejection of arsenic increased with increasing TTAB 

concentration. No appreciable arsenic rejection was observed on the range of 10-20 

TTAB concentration using 3 kDa MWCO membrane Figure 4.5 shows TTAB 

concentration in permeate and retentate. It is evident that TTAB concentration in 

permeate increased with increasing the surfactant concentration in the feed. It is also 

found that the concentration of As in the feed increases continuously while the As 

rejection percentage remains above 80% (Figure 4.4) over a wide range in the permeate. 

Thus, when half of the water has been recovered, arsenic concentration in the permeate 

was as low as 90 ppb. All these results show that a proportion of arsenic ions are trapped 

in the TTAB micelles, which can not pass through the 3kDa RC membrane.  
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Figure 4.5:  surfactant concentration in the permeate Vs. surfactant concentration in the 
retentate   during UF experiment through 3 kDa RC membrane and 400 ppb arsenic in the 
feed. 

Arsenic Removal Using 10 kDa membrane 

UF experiments were carried out at same TTAB molar concentration but using 10 kDa 

membranes cutoff, this was an attempt to evaluate arsenic removal efficiency using larger 

pore membrane size.   
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Figure 4.6:  Arsenic rejection by TTAB via 10 kDa membranes at 2 mM, 5 mM, 10 mM 
and 20 mM TTAB concentration in the feed solution, initial arsenic in the feed (400 ppb). 

Ultra filtration experiments were carried out at 2 mM, 5 mM, 10 mM and 20 mM of 

TTAB concentration using 10 kDa RC membranes. Figure 4.5 shows the results of the 

untra-filtration trials. The trend in percentage rejection of arsenic by 3 kDa is very similar 

to the trend observed using 10 kDa membranes. It can be shown in Figure 4.6 that arsenic 

rejection increased from 42% at 2 mM of TTAB to about 80% at 20 mM TTAB 

concentration. As it can seen in Figure 4.7 that arsenic rejection increased with increasing 

the surfactant concentration in the feed.  

Figure 4.7 shows arsenic rejection as a function of TTAB in the micelles calculated using 

Equation 4.2. It is shown that arsenic rejection was gradually increased with the increase 

of the micelles concentration using 10 kDa RC membrane. Comparing Figures 4.4 and 

4.7, it can be seen that the removal of arsenic with 3 kDa RC membranes was slightly 

higher than those with 10 kDa RC membranes especially at lower concentration of the 
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surfactant. It is also evident from Figure 4.7 that the rejection of the arsenic increased 

with increasing surfactant concentration in the feed. TTAB rejection was increased from 

51% to 63% when the surfactant concentration increased from 5 to 10 mM. The 

maximum rejection observed for the TTAB, using 10 kDa RC membrane, was 74%. 

These data was in consistent with the data reported by Iqbal et al., (2007) where he 

reported a higher arsenic rejection was observed using lower MWCO membrane, the 

higher rejection using lower MWCO membrane could be attributed to the retention of 

fine aggregates or monomers which were smaller than micelles (Igbal et al., 2007). The 

rejection of arsenic changed from 62% to 73% when the TTAB concentration was 

increased by 2 folds (10 -20 mM). This means that arsenic rejection ratio as a function of 

surfactant concentration, does not improve substantially at surfactant concentrations 4-5 

times its CMC. 
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Figure 4.7: Arsenic removal as a function of TTAB concentration in micelles using 10 
kDa RC membrane and 400 ppb As in the feed. 
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Using 10 kDa RC membrane showed the same trend as the 3 kDa RC membrane where 

the TTAB concentration in the feed and permeate are similar when the TTAB 

concentration was lower than the CMC. In a study on TTAB and nitrate removal using 

EMUF by Morel et al., (1970), he reported that the bromide iron concentration measured 

in the permeate was in the same order of magnitude as the surfactant concentration in the 

permeate. Thus, it was suggested that the transport phenomena surfactant/ bromide pair is 

not substituted by the surfactant/nitrate pair (Morel et al., 1997). 

It is interesting to note that even below the CMC, the efficiency of the process is still 

good for TTAB where it is observed about 40% arsenic rejection. This suggests that there 

might be some kind of equilibrium between monomers and solution that may take place 

at the surface of the membrane (White et al., 1970). Figure 4.9 shows arsenic 

concentration in permeate and in the feed solution of 2 mM, 5 mM, 10 mM and 20 mM 

TTAB concentration whereas arsenic concentration was 400 ppb during the whole 

experiment. It can be shown from the Figure that arsenic concentration in the feed is 2 – 5 

times higher than arsenic concentration in the permeate. For example, arsenic 

concentration in the retentate is 2 times arsenic in the permeate (2 Mm TTAB) where as 

the ratio (As Feed: As Permeate) increased to 5 when TTAB concentration increased to 

20 mM. At 20 mM TTAB, it is worth noting that when 50% of the water has been 

recovered, arsenic concentration in the permeate was stable at about 100 ppb (Figure 4.9).   
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Figure 4.8: Influence of the volume percentage of the recovered water on arsenic 
concentrations in the feed (ret.: retentate; per.: Permeate) and in the permeate.  

One As sample from the feed was taken at the end of recovering 50% of the water while 

As concentration in the permeate is presented by three points that were taken during three 

interval of 10 mL permeate volume through 10 kDa RC membrane.   
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Figure 4.9: surfactant concentration Vs. permeate concentration during UF experiment 
through 10 kDa RC membrane, TTAB concentration: 2, 5, 10 and 20 mM.  

Figure 4.19 shows TTAB concentration in the permeate Vs TTAB concentration in the 

retentate (feed). It is evident for the Figure 4.10 that TTAB concentration in the permeate 

was in the range of 3 to 4.5 mM which is the range of the theoretical CMC of the TTAB 

(CMC = 3.52 mM, 25 Co). There was no change in permeate and retentate concentration 

when TTAB concentration was below the CMC. Comparing Figures 4.5 and 4.9, it can be 

seen that the 3 kDa membrane retains higher TTAB concentration than the 10 kDa 

(MWCO) membrane because lower MWCO membrane could retain the aggregates such 

as di-mer, and n-mer which are smaller than the micelles. It is worth noting that the 

rejection of surfactant is an important factor for the effluent to be discharged in the in the 

environment.  
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Arsenic Removal Using 1 kDa membrane 

Ultra-filtration experiments were carried out at TTAB concentrations of 8 mM, 10 mM, 

12 mM and 20 mM using 1 kDa RC (NWCO) membrane with 150 ppb, 400 ppb and 

800ppb arsenic. Figure 4.10 shows arsenic concentration in the permeate using 150 ppb 

as initial feed solution and 8 mM, 12 mM and 20 mM of TTAB concentration. 
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Figure 4.10: Arsenic removal by TTAB through 1kDa RC (MWCO) and 150 ppb initial 
arsenic at 70 psi. 60 ml of permeate was filtered, 10 mL filtered each time (total volume 
80 mL). 

UF experiments were conducted using 8 mM, 12 mM and 20 mM TTAB concentrations 

with 150 ppb initial arsenic concentration in the feed solution. The initial volume was 80 

mL and 1 kDa (MWCO) was used. Figure 4.11 shows arsenic rejection (% As removal) 

in the collected permeates for 8 mM, 12 mM and 20 mM. It is evident from Figure 4.10 

that arsenic rejection increases by increasing TTAB concentration. Results obtained from 
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these experiments are included in annex C. The trend in rejection of arsenic by 1 kDa 

membrane was slightly higher than 3 kDa and 10 kDa MWCO filters. Arsenic rejection 

increased from 52.9% to 74.6% for 8 mM and 20 mM TTAB concentration respectively 

which suggests testing higher concentrations of TTAB may give higher rejection of 

arsenic. It is worth noting that the percentage of arsenic rejection was not significant 

between 8- 12 mM (from 52.9 % to 60%) while arsenic rejection percentage increased 

from 60 % to about 75% at 20 mM TTAB.     
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Figure 4.11: Arsenic removal by TTAB through 1kDa RC (MWCO) and 400 ppb initial  
arsenic concentration at 70 psi. 60 ml of permeate was filtered, 10 mL filtered each time 
(total initial volume 80 mL). 
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Figure 4.11 shows arsenic rejection (% As removal) in the collected permeate for 8 mM, 

and 12 mM using 400 ppb initial arsenic concentration. Similar to Figure 4.10, it is 

evident from Figure 4.11 that arsenic rejection increases by increasing TTAB 

concentration. Arsenic rejection increased from 61% at 8 mM TTAB to 79% with 12 mM 

TTAB concentration. It is worth noting that the % arsenic rejection tends to decrease as 

we continued to recover more water. For example at 8 mM TTAB (Figure 4.10), 64% of 

arsenic was rejected while 50% of water was recovered where as the rejection efficiency 

went to 54% when recovering 75 % of the water. The decrease of arsenic rejection could 

be attributed to the unbound arsenic ion and surfactant monomers that may pass in the 

permeate stream. 

Figure 4.12 shows arsenic rejection (% As removal) in the collected permeate for 8 mM, 

12 mM and 20 mM using 800 ppb initial arsenic concentration though 1kDa (MWCO) 

membrane . As shown in Figure 4.12, increasing TTAB concentration from 8 mM to 20 

mM increased the % arsenic rejection from 64% to 75%. 

Figure 4.13 shows the percentage of arsenic rejection at three different arsenic 

concentrations. The common observation is that when the surfactant concentration was 

high (at 20 mm TTAB), the removal efficiency was less that that of lower surfactant 

concentration. This is consistent with Morel et al., (1990) who observed that increasing 

TTAB concentration has lowered nitrate concentration in permeate. It is suggested that at 

a higher surfactant concentration, higher micelles concentration, micelles could trap more 

arsenic ions in the retentate. 
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Figure 4.12: Arsenic removal by TTAB through 1kDa RC (MWCO) and 800 ppb initial arsenic at  
70 psi. 60 ml of permeate was filtered, 10 mL filtered each time (total volume 80 mL).   
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Figure 4.13: Arsenic removal as a function of TTAB ( 8mM, 12 mM and 20 mM) 
concentration in micelles using 1 kDa RC membrane and 150 ppb, 400 ppb and 800 ppb 
As in the feed. 
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Effect of Ionic strength and pH on Arsenic Rejection by MEUF 

UF experiments were performed in order to determine the efficiency of the membrane to 

remove arsenic using the membrane alone (without surfactant) at different pH’s. These 

experiments were done using 30 kDa (MWCO) membranes. The concentration of arsenic 

used was 250 ppb. The pH of the feed was varied between 4 and 12. Figure 4.14 shows 

percentage of arsenic rejection in the permeate using 30 kDa RC (MWCO) membranes. It 

is shown in Figure 4.14 that the highest arsenic removal was observed at pH 8 and the 

lowest was observed at pH 12. The arsenic removal with RC (MWCO) membranes is 

attributed to Donnan exclusion (Strathmann et al., 1992); electrostatic rejection of ions 

due to the net charge of the membrane. It is known that every polymer has a defined iso-

electrioc point (the pH at which the polymer has no net charge) in a given solvent. When 

the liquid contacting the polymer has a pH value higher than the iso-electric point, the 

polymer exhibits a negative charge; whereas the polymer exhibits a positive charge when 

the liquid pH contacting the membrane below the iso-electric point (Iqbal et al., 2007) .  

Another study (NystrSm et al., 1994) reported the streaming potential measurements (that 

is used to relate surface charge density to the zeta) is used to determine the surface charge 

of the membrane.  It was found that the iso-electric point of RC membrane in 1 mM KCl 

solution was found to be about 3.5. (Rosen, 1989). In Rosen study, it was also reported 

that the zeta potential values of RC (MWCO) membrane at pH 5.5 and 8.5 were 

measured as -12 and 121 mV, respectively. This indicates that RC (MWCO) membranes 

have negative surface charge that increases with pH. Increasing the water pH from 4 to 8 
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increases the arsenic rejection for 30 kDa RC membrane, which is attributed to the net 

increase in membrane charge and transition of As(V) from mono-anionic to di-anionic 

form (Rosen et al., 1989).  
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Figure 4.14: As removal (0 mM surfactant) through 30 kDaMWCO) membrane at pH 4, 
8, 12. Initial As 250 ppb and ionic strength was 0.3 mM NaCl at pH 8. 

It is can be seen from Figure 4.14 that arsenic is also influenced by pH, with arsenic 

removal being lower at low pH. This could be attributed to the differences between 

dissociation constants of H3AsO4. The dissociation reactions and the corresponding 

dissociation constants of arsenic were reported by Flis et al., (1959) are listed below:  
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 H3AsO4   H+ +H2AsO4
- ,  pKa1 = 2.2  

H3AsO4
-     H+ +H2AsO4

-2 ,  pKa1 = 6.98 

 H3AsO4
-2       H+ +H2AsO4

-3 ,  pKa1 = 11.4 

The equilibrium concentrations of the As(V) species at different pH values can be 

calculated from the pKai . It is worth noting that arsenic concentration in the permeate was 

increasing with increasing the collected volume of permeate i.e. increasing water 

recovery of the system. This decrease in arsenic rejection can be attributed to two factors, 

1- the consumption of available sites on the surface of the membrane and 2- shielding 

effect of the negative charge (Iqbal et al., 2007). It is suggested that the electric repulsion, 

the effective charge of the membrane and the available binding sites become less efficient 

with increasing water recovery of the system (Iqbal et al., 2007).   

It can also be seen in Figure 4.14 that the rejection of arsenic is affected by increasing the 

ionic strength in the feed solution. Arsenic rejection decreased significantly when 0.3 

mM of NaCl was introduced in the feed solution. Figure 4.14 shows the addition of 0.3 

mM NaCl has decreased arsenic rejection to more than 50%. It is known increasing the 

electrolyte concentration could increase the aggregation numbers of the surfactant, hence 

makes the surfactant to form micelles at lower concentrations (Rosen, 1989).  

 

It was observed that the CMC decreases with increasing the NaCl concentration. The 

permeate concentration of TTAB was 3.8 mM with 0 mM NaCl and 3.2 mM with 0.3 
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mM Nacl and  2.9 mM with 1 mM NaCl. Similar trends were reported by Gzara et al., 

(2000) who was studying the of chromate rejection by CPC and TTAB. The CMCs 

reported by them for TTAB in the presence of 10 mM and 100 mM were 3.1 mM and 2.9 

mM respectively. 

In addition, the rejection of arsenic significantly decreases when 30 kDa and 100 kDa 

were used in 400 ppb arsenic in the feed solution, 0 mM TTAB and 0.1 mM NaCl. Figure 

4.16 shows arsenic rejection for 30 and 100 kDa where rejection efficiency in these 

experiments were similar and did not exceed 10 % for both sizes of MWCO membranes. 

The rejection with lower MWCO was slightly higher than that of higher MWCO because 

lower MWCO membrane could retain monomers that were smaller than the micelles 

(Iqbal et al., 2007).  

0
10
20
30
40
50
60
70
80
90

100

0 10 20 30 40 50 60 70

Collected Permeate (mL)

%
 A

s R
em

ov
al

 

30 K Da
100 k Da 

 

Figure 4.15: Arsenic rejection using 30 and 100 kDa with 400 ppb arsenic in the feed, 0 
mM TTAB and 0.1 mM NaCl. 
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Permeability Constant of MWCO Membrane 

The permeability constant (k) is a characteristic of a membrane that is measured with 

respect to the flux and concentration gradient of the solution. Permeability constant is 

reported to be directly  proportional to the net flux F across a membrane and indirectly  

proportional to the difference in concentration and surface area of the membrane 

(Brandhuber et al., 2001).  Hence membranes permeability constant is an important factor 

to be considered. Using equation 4.4, it was possible to determine the membrane 

permeability towards arsenic using different sizes of membrane and different TTAB 

concentration. Permeability test were performed in order to investigate the effect of 

different operating factors such ass membrane pore size, surfactant concentration and pH 

variation. Figure 4.16 shows the permeability constant for different MWCO membranes. 
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Figure 4.16: Permeability constant and arsenic concentration in the permeate for 1 kDa,    
3 kDa, 10 kDa; 30 kDa membrane, using 250 ppb arsenic in the feed solution. 
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From Figure 4.16, it can be seen that the membrane permeability constant increases by 

increasing the membrane pore size. The maximum permeability constant was observed 

for 30 kDa RC MWCO followed by 10 kDa RC MWCO membrane. Both 1 kDa and 3 

kDa RC MWCO membranes showed a similar permeability constant. Arsenic rejection 

without surfactant is mainly due to the negative charge of the membrane which can 

provide arsenic repulsion (Donnan-exclusion effect). Arsenic concentration, in permeate, 

was ranging between 40-150 ppb in the four pore sizes experiments. 
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Figure 4.17: Permeability constant and arsenic concentration in the permeate (30 kDa 
membrane, pH 4, pH 8 and pH 12) using 250 ppb arsenic in the feed solution. 
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Figure 4.17 shows permeability constant of the 30 kDa MWCO membrane at different 

pH. Solution pH can affect the electrostatic repulsion on the surface of the membrane 

(Brandhuber et al., 2001). It can be seen that the highest permeability constant was 

observed at higher pH whereas arsenic concentration in permeate was higher as well.  

In all investigated (multi stage process) conditions, the common observation was that the 

arsenic concentration, in the permeate, is always lower than that in the second step of 

permeate filtration. This is clearly due to the gradual increase of arsenic concentration in 

the retentate where arsenic ions will leak through the membrane particularly at higher 

MWCO membranes. Figure 4.18 shows the permeability constant when 0.3 mM NaCl (0 

mM TTAB) was added to the above solution at pH 8. It can be seen from the Figure 4.19 

that the addition of salt has increase the membrane permeability constant, possibly due to 

the effect of positively charge (Na+) shielding the negatively charged 30 kDa MWCO 

membrane, thus changing membrane morphology (beolchini et al., 2006). This effect 

obviously caused a reduction of arsenic rejection i.e. increased arsenic concentration in 

permeate. Salt addition has a significant influence arsenic rejection; arsenic removal was 

decreased down to only 10% when 0.3 mM NaCl was added.   
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Figure 4.18: Permeability constant and arsenic concentration in the permeate (30 kDa 
membrane, 0.3 mM NaCl and pH 8) using 250 ppb arsenic in the feed solution. 

 

Permeability Constant with Surfactant Addition 

Figure 4.19 shows arsenic rejection in permeate and permeability constant using different 

TTAB concentration. It could be seen from Figure 4.20 that increasing TTAB 

concentration from 8 mM to 20 mM has lower the permeability constant. Arsenic 

rejection increased from 42% at 8 mM TTAB to 56% rejection at 20 mM TTAB.  Lower 

permeability constant at a higher TTAB concentration suggested that TTAB molecule or 

TTAB aggregates might be trapped in the membrane to give a restricted area for solution 

flow. Reduction in permeability constant could be related to several factors such as 

(Hermia, 1982)  
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(i) presence of a diffuse polarization layer that tends to decrease solute concentration.  

(ii) formation of a gel layer on the surface of the membrane  

(iii) cake formation on the surface of the membrane  

(iv) solute sorption on the pore wall, hence decrease pore diameter of the membrane.. 
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Figure 4.19: Permeability constant and arsenic concentration in the permeate (1 kDa 
membrane, 8 mM, 12 mM and 20 mM TTAB) using 250 ppb arsenic in the feed solution. 

Figure 4.20 shows permeability constant as a function of the arsenic in the retentate using   

8 mM, 12 mM and 20 mM TTAB. In Figure 4.21, it is evident that arsenic concentration 

is increasing as a function of the TTAB concentration. This behavior is due to the 

increasing concentration of the TTAB, which can trap more arsenic ions. 
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Figure 4.20: Permeability constant and arsenic concentration in the retentate (1 kDa 
membrane, 8 mM, 12 mM and 20 mM TTAB) using 250 ppb arsenic in the feed solution. 

 

Multi stage ultra-filtration experiment 

Percentage of water recovery of an ultra filtration system is defined as the percentage of 

the feed water that is converted into the permeate, or 

R= P/F * 100  

Where, 

R=  Recovery; P= Volume of permeate; F= Volume of feed. 

Four-stage ultra-filtration was conducted to assess the percentage of water recovery 

through four stage ultra filtration. The feed solution has (70 ppb As + 80 ppm Cl- +70 

ppm SO4
2-) and 1 kDa MWCO membrane was used, 70 psi pressure was used through out 
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the experiment. Schematic diagram of the four stage ultra-filtration process is included in 

the annex. 800 mL of solution was provided at the beginning of the experiment. Figure 

4.21 shows arsenic concentration in permeates and retentate of the 4 stages experiment. 

By the end of the 4th stage about 93 % of the water was recovered whereas the arsenic 

rejection was decreasing from stage 1 to stage 2 while no appreciable rejection of arsenic 

was observed in the 3rd and 4th stage (Figure 4.21). 
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Figure 4.21: Arsenic concentration in the permeate and retentate of the multi stage ultra-
filtration experiment using 1 kDa MWCO membrane, 70 psi. Initial arsenic (70 ppb), Cl-  
(80 ppm) and SO4

-2 (70 ppm).  

Arsenic rejection in the first and second stage was 54.9% and 24.8% respectively. This 

shows that the addition of salts will affect the rejection of arsenic during the multi stage 

ultra-filtration process. Chloride and sulphate rejection (Figures C8.2& C 8.3) were 

included in appendix C. It can be seen that, during the 4 stages ultra-filtration, arsenic 

(Figure 4.21) and sulphate (Figure C8.3) has similar rejection trend where arsenic and 
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sulphate rejection was increasing in the first two stages of the ultra-filtration period and 

still appreciable rejection ratio still attained in the 3rd and 4th stage for sulphate. Chloride 

rejection trend was the apposite of arsenic and sulphate rejection trend where chloride 

concentration was decreasing in the permeate from stage 1 to stage 4. Removal ratios of 

sulphate and chloride are tabulated in Table (C 8.4) in the appendix.    

Summary and Conclusions  

The aim of this research section was to evaluate the feasibility of using MEFU for arsenic 

removal. Several surfactants (CPC and CTAT) were used to separate arsenic from feed 

stream but TTAB was selected since, to the best of our knowledge, it had not been used 

before to remove arsenic. The removal of arsenate ions can be achieved using cellulose 

acetate ultra- filtration membranes and TTAB. During this work, our results show that the 

efficiency of the process on several factors such as initial concentration of arsenic in the 

feed solution, surfactant concentration and membrane molecular cut off size. For the 

studied membranes, using TTAB, and the studied initial arsenic concentrations in the 

feed, 70-80% arsenic rejection was achieved. For a surfactant concentration in the feed 

below the CMC, surfactant concentration in permeate and retentate was similar. Above 

the CMC of the TTAB both arsenic and TTAB concentrations are increased in the 

retentate. This behavior may be attributed to formation of micelles. The highest arsenic 

rejection was observed for 1 KDa MWCO membrane followed by 3 kDa and the lowest 

arsenic removal was observed for 100 kDa membranes. Results of this work showed  that 

the removal of arsenic was  a pH dependent process because the oxidation state (or 
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valance) of arsenic changes as pH changes. The separation of arsenic by TTAB decreased 

with increasing salt concentration. The decrease in the arsenic rejection (Figure 4.13, 

Figure 4.14) in the presence of other anions can be explained by the consumption of 

available binding sites (Iqbal et al., 2007) of the micelles as well as the decrease in 

electrostatic repulsion on the surface of the membrane. It is shown that NaCl has a 

significant effect on arsenic removal. The sodium ions may screen the negative charge of 

the membrane, and consequently counteract the negative charge on the surface of the 

membrane (Brandhuber et al., 2001). 

Using multi stage filtration to recover >90% of water in the system has shown that 

arsenic was rejected in the 1st two stages of the ultra filtration process where 55 % and 24 

% arsenic rejection was observed whereas no appreciable rejection was observed in the 

3rd and 4th stages. This can be explained by anion competition (chloride and sulphate) 

where these anions could compete for the available binding sites of the micelles.  
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Arsenic in drinking water is being a pressing issue in the last few years due to the several 

documented cases for arsenic as being a main cause for some cancerous and non-

cancerous diseases in human populations exposed to arsenic in drinking water at parts per 

billion concentrations. Most of the disposed arsenic is anticipating to be incorporated in 

with solid sorbents; the spent sorbents are termed to be called arsenic-bearing solid 

residuals. One of the most widely used sorbents is GFH due to its low cost and its relative 

high As adsorption capacity. Hence, it is expected that the stricter regulations on As may 

increase the market demand on GFH. Normally ASBRs are diposed in MSW (as being 

approved by EPA), therefore, there were a need to evaluate the stability of these sorbents 

under reducing conditions that most likely be prevail in landfills. 

Several studies have demonstrated that iron based media is leaching arsenic above 

Toxicity Characteristics Leaching Procedure (TCLP) limit of 5 mg/ L (Gosh et al., 2004; 

Ming et al., 2001). Moreover, it is demonstrated that the TCLP is not a good test to 

effectively evaluate ASBRs under landfill conditions (Gosh et al., 2004). 

In this research we tried to focus on evaluating leachabilty of GFH under reducing 

conditions. In the second part we tried to compare the leaching behavior of iron-based 

media verses non iron-based media.  
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GHF Continuous/ Semi- batch Columns Under Simulated Landfill Conditions 

This work is focused on the various processes that cause leaching and mobilization of 

arsenic from ABSRs in MSW landfills. Simulated landfill conditions were created under 

a lab scale systems inside flow-through columns containing different loading ratios of 

ABSR to inert material. The influence of the ratio of ABSR/liquid ratio was also studied. 

Mobilization of arsenic was investigated in detail by determining the total, dissolved and 

speciation of As released from the loaded ABSRs. A quantitative comparison of the 

release of the As(III) and As(V) species from the GFH under simulated, long term, 

leaching conditions was studied. 

Specific conclusions are as flows:   

1. It is demonstrated that microbial processes play a major role in the mobilization of As 

from GFH. This study also indicates that the availability of VFA could enhance 

microbial activity and consequently mobilize both As and Fe in the system. Results 

show that a significant portion of the leached As was leached as As(III). This 

indicates that As(V) has been reduced to the more toxic/mobile form of arsenic (i.e. 

As(III). 

2. For 204 days of continuous- simulated landfill conditions- flow through columns, our 

results demonstrated that the percentage of As leached from the controlled column 

(R0, lack microbial activity) was significantly lower that the As leached from the 

same column R3 that has the same mass of sorbet but provided with anaerobic sludge 
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at the beginning of the column operation. Total percentage of As leached from (R0) 

was 4.4% while As leached in (R3) was 10.5% for the same period. 

3. The mass of As leached from the biotic columns (R1, R2 and R3) was affected by the 

mass of residuals that was loaded to each column during the continuous flow through 

operation of the columns. 

4. The total arsenic leached in the semi duration II was 16.5% and 1.2% for R2 and R3 

respectively whereas the fractional iron leached was 0.8% and 0.09% respectively. 

This proves that if the arsenic bearing residuals exposed to leaching conditions for 

long enough duration, the sorbate might leach at a higher rate than the sorbent.  

During Period III of R2 and R3, our results demonstrate that increasing the VFA (after 

900 days of columns run), during this period would not necessarily increase the arsenic 

leachate. Total arsenic leached during period III was 4.2% in R2 and 0.4% from R3.  

High As Capacity Sorbent in Semi- batch Landfill Simulation 

This work is focused on the various processes that cause leaching and mobilization of 

arsenic from non-iron based media (NXT1, GTO and Isolux) and iron based media (E33) 

in MSW landfills. Landfill-like conditions were established inside semi-batch column 

reactors containing the same media loading of 50 g dry sorbent of each. This work also 

investigates the leaching of arsenic from columns that have been subject to long term, 

dynamic, simulation of actual landfill conditions. 

Specific conclusions are summarized as follows: 
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1. Some important differences were noted in the leaching pattern of each sorbent, these 

differences could be attributed to differences of their As adsorption capacity, the 

structure of each sorbents and the arsenic binding strength on the surface of each one 

of them. 

2. Arsenite reduction was observed in the four sorbents during the first few days, this 

indicates that microbial reduction was a major role in the release of arsenic from all 

sorbents. 

3. The low arsenic/sorbent ratio suggests that the mechanism of arsenic mobilization is 

independent of the possible dissolution of the sorbents. 

4. Adsorption isotherm batch experiments showed that once As(V) is sorbed on these 

media, A(V) may partially hinder the sorption of As(III) on the surface of those 

media  

5.  This work shows that despite the tested non-iron based media may have a higher 

arsenic capacity than E33, yet they leached arsenic at a higher pace than iron based 

media (E33). 

6. Cumulative fractional arsenic leached was zirconium based media> titanium based 

media > Iron based media > lanthanum based media. Possible explanations for the 

higher rate of arsenic release from GTO and Isolux can be attributed to the stronger 

binding of arsenic to E33 than GTO and Isolux, also the more negative ORP of the of 

the non iron based sorbents columns compared to the E33 column throughout the 
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columns operation as well as the more bioavailability of the non iron based sorbent 

arsenic than E33 sorbed arsenic. 

Enhanced Micellar Ultra Filtration Section 

The aim of this research section was to provide a demonstration of feasibility of using 

TTAB for As removal. 

Some of the specific conclusions are: 

1. The removal of arsenic ions can be achieved using cellulose acetate ultra- 

filtration membrane and TTAB. The efficiency of the process seems to be 

dependent of the initial concentration of arsenic in the feed solution; it 

increases with the surfactant concentration and slightly decreases with 

increasing the membrane molecular cut off size. 

2. For a surfactant concentration in the feed below the CMC, surfactant 

concentration in permeate and retentate was similar. 

3. The highest arsenic rejection was observed for 1 KDa MWCO membrane 

followed by 3 KDa and the lowest arsenic removal was observed for 100 kDa 

membranes. 

4. The removal of arsenic was dependent on the pH. The decrease in the arsenic 

rejection in the presence of other anions can be explained by the consumption 
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of available binding sites of the micelles and reduction in electrostatic 

repulsion. It is shown that NaCl has a significant effect on arsenic removal.  

5. Using multi stage filtration to recover > 90% of water in the system has 

shown that arsenic was rejected in the 1st and 2nd  stage of the ultra filtration 

process where 55 % and 24 % arsenic rejection was observed, no appreciable 

rejection was observed in the 3rd and 4th stages 

Environmental Significance and Future Work 

This work is mainly focused on evaluating the performance different commercially 

available sorbents to retain arsenic under landfill-like environment. In this work we tried 

to understand the different means and mechanisms by which arsenic might mobilize 

under reducing/anaerobic conditions. However, certain conclusions from this work might 

have some practical significance. The results clearly demonstrate that lack of organic 

matter can significantly reduce arsenic release; This could be done by ensuring that 

organic substrates do not come into contact with organic matter. From practical 

standpoint, it is advisable to concentrate the ABSR on one place better than spreading 

them over a larger volume, this would make a large portion of ABSR media inaccessible 

to microbes where otherwise microbes (with the availability of organic matter) could  

mobilize arsenic under reducing conditions that normally prevail in the MSW landfills.  
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APPENDIX A 

SUPPLEMENTARY DATA FOR GFH COLUMNS 
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Figure A1: pH measurements in the effluent from two simulated landfill columns (R0, 
R1, R2 and R3) throughout the continuous flow through period. 
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Figure A2: ORP(mV) observed in the in the effluent from two simulated landfill 
columns (R0, R1, R2 and R3) throughout the continuous flow-through period 
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Figure A3: Alkalinity measurements in the effluent from two simulated landfill 
columns (R0, R1, R2 and R3) throughout the continuous flow-through operation period 
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Figure A4: ORP (mV) observed in the in the effluent from two simulated landfill 
columns (R2 and R3) throughout the semi-batch duration period 
 



184 

 
Figure A5: Alkalinity measurements in the effluent from two simulated landfill 
columns (R2 and R3) throughout the semi-batch duration period 
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Figure A6: pH measurements in the effluent from two simulated landfill columns (R2 
and R3) throughout the semi-batch duration period 
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A7: Concentration of As(V) leached in the effluent from two simulated landfill 
columns (R2 and R3) throughout the semi-batch duration period 
 

Figure A8: Concentration of Fe3+ leached in the effluent from two simulated landfill 
columns (R2 and R3) throughout the semi-batch duration period 
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Figure A9: Concentration of total dissolved carbon from the effluent from R2 and R3 
during their semi-batch period of operation. 
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APPENDIX B 

SUPPLEMENTARY INFORMATION FOR E33, NXT1, GTO, ISOLUX 
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Figure B1: Concentration of the total dissolved media {iron (in ppm-secondary Y- 
axis);[lanthanum; zirconium and titanium in ppb (major Y-axis)]} leached in the effluent 
from the four semi-batch landfill simulation columns in the entire duration of the column 
runs.  
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Figure B2: Concentration of the total digested media {iron (in ppm-secondary Y- axis); 
[lanthanum; zirconium and titanium in ppb (major Y-axis)]} leached in the effluent from 
the four semi-batch landfill simulation columns in the entire duration of the column runs. 
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Figure B3: pH measured in the effluent of the four semi-batch landfill simulation   
columns (E33, NXT1, Isolux and GTO) during the column runs.  
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Figure B4: ORP (in mV) measures in the effluent leached from the four semi-batch 

landfill simulation columns (E33, NXT1, Isolux and GTO) during the column runs. 
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Figure B5: ratio of arsenic leached As particulate fraction of the total leaching from the 
four semi batch landfill simulation columns (E33, NXT1, Isolux and GTO) during the 
column runs. 
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Figure B6: Cumulative fractional of media leached from the four semi batch landfill 
simulation columns. (La: Lanthanum; Fe: iron; Zr: zirconium; and Ti: titanium) during 
column runs. 
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 B 7 Adsorption Isotherm Experiments: 
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Figure B7.1: Experimental adsorption isotherm for E33 {As(V), As(III) }. Experimental 
conditions: 0.08 mmol As (from As(V) salt), 0.19 mmol (from As III salt added), pH 
7±0.1. Mass of sorbents (0.3 g, 0.7g, 1.0, 1.5g and 2.0g ).  C denoted the concentration of 
arsenic in solution (ppb) and q denotes the mass of arsenic mg/g of media sorbed on the 
solid 
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Figure B7.2: Experimental adsorption isotherm for NXT1{As(V), As(III)}; Experimental 
conditions: 0.26 mmol As (from As(V) salt) and 0.15 mmol As (from As(III) salt) added, 
pH 7±0.1. Mass of sorbents (0.3 g, 0.7g, 1.0, 1.5g and 2.0g). X-axis: shows concentration 
of arsenic in solution (ppb) and Y-axis (q): denotes the mass of arsenic mg/g of media 
sorbed on the solid. 
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Figure B7.3: Experimental adsorption isotherm for Isolux {As(V), As(III)}; Experimental 
conditions: 0.34 mmol As (from As(V) salt) and 0.99 mmol As (from As(III) salt) added, 
pH 7±0.1. Mass of sorbents (0.3 g, 0.7g, 1.0, 1.5g and 2.0g). X-axis: shows concentration 
of arsenic in solution (ppb) and Y-axis (q): denotes the mass of arsenic mg/g of media 
sorbed on the solid. 
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Figure B7.4: Experimental adsorption isotherm for GTO {As(V), As(III)}; Experimental 
conditions: 0.08 mmol As (from As(V) salt) and 0.08 mmol As (from As(III) salt) added, 
pH 7±0.1. Mass of sorbents (0.3 g, 0.7g, 1.0, 1.5g and 2.0g). X-axis: shows concentration 
of arsenic in solution (ppb) and Y-axis (q): denotes the mass of arsenic mg/g of media 
sorbed on the solid. 
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APPENDIX C 

SUPPLEMENTARY INFORMATION FOR MEUF SECTION 

C1: Sample calibration lines for arsenic and TTAB    

 
The data and the figure below represent the calibration line for arsenic measured by AA. 
 

As concentration (ppb)  Absorbance  calculated Conc. (ppb) 
50 0.018 3.81 
100 0.028 59.23 
200 0.085 178.75 
400 0.178 376.96 
600 0.266 563.54 
800 0.360 - 
1000 0.489 1034.43 

  
 

y = 2115.4x
R2 = 0.9888
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C2: TTAB Calibration 
 
The data and the figure below represent that calibration line for TTAB measured by the 

UV spectrophotometer at 254 nm. 

 
TTAB standard Mm) Absorbance Calculated value 

0 0  
2 0.153 2.32 
5 0.341 5.18 
10 0.673 10.23 
20 1.303 19.80 

        

y = 15.194x
R2 = 0.9991
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C3.1: Data from experiments with TTAB, 1kDa/30 psi ; (0 mM TTAB, 250 ppb arsenic)  
 

Sample abs As(ppb) RSD% % As removal 
     

Initial 0.893 238.6 1.1  
P1 0.443 118.4 0.94 50 
P2 0.214 57.2 5 76 
P3 0.258 68.9 3.4 71 

Retentate  870   
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C3.2: Data from experiments with TTAB, 3 kDa/30 psi; (0 mM TTAB, 250 ppb  
   arsenic). 

Sample abs As(ppb) RSD% % Removal 
     

Initial 0.767 232.13 1.10  
10 0.172 52.05 0.84 77.6 
20 0.193 58.41 1.72 74.8 
30 0.208 62.95 3.20 72.9 
40 0.227 68.67 1.10 70.4 
50 0.281 85.04 0.69 63.4 
60 0.395 119.52 0.30 48.5 

Retentate  950 15.20  
 

A3.3: Data from experiments with TTAB, 10 kDa/30psi; (250 ppb As, 0 mM TTAB) 
 

     

Sample abs As(ppb) RSD% 
As % 

Removal 
     

Initial 0.818 247.55952 0.71  
10 0.173 52.35672 1.7 78.9 
20 0.201 60.83064 0.61 75.4 
30 0.237 71.72568 2.4 71 
40 0.271 82.01544 2 66.9 
50 0.351 106.22664 1.2 57.1 
60 0.458 138.60912 17.3 44.0 

Retentate  858 0.56  
 
C4:  Data from experiments for arsenic rejection as a function of TTAB in the micelles 
using equation 4.2 : 
 
 

 

 

 

 

 

 

 



196 

Example 

The data in the table and graph below show % As  removal as a function of TTAB in 

micelles using 3 kDa MWCO, 30 psi and 400 ppb initial arsenic concentration. 
 
Table C 4.1  

TTAB 
(mM) % As Rejected Cs,m  TTAB in micelles 

Average % As 
Removal 

  39.4   
4 mM 44 5.16 43.2 

 38   
 47   

6 mM 53 7.2 51.7 
 49   
 70.1   

8mM 65.9 9.6 75 
 73.4   
 80.3   

10 mM 75.6 12 77 
 77   
 79.5   

20mM 83.1 24 81 
  75.6   

 
Cs, m: Surfactant concentration in micelles (mM) 
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Figure C4.2: Arsenic rejection as a function of TTAB in micelles; (3 kDa 
membrane, 30 psi, 400 ppb initial arsenic in the feed). 
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C5: Data form experiments with TTAB and arsenic (10 kDa, 400 ppb initial arsenic)  
 
* 2mM TTAB & As 400 ppb/10 kDa membrane 
 

Sample Abs (nm) As(ppb) % As Removal
Permeate volume 

(mL) 
     

Initial 0.117 385.5   
P1 0.089 206.92 46.3 10 
P2 0.075 221.27 42.6 20 
P3 0.081 246.63 36 30 

Retentate 0.165 480.82   
          
  
* 5 mM TTAB & As 400 ppb/10 kDa membrane 
 

Sample abs As(ppb) % Removal Volume (mL)
     

Initial 0.14 396.4   
P1 0.087 213.38 46.2 10 
P2 0.093 180.36 54.5 20 
P3 0.103 192.80 51.4 30 

Retentate 0.201 394.69   
 
* 10 mM TTAB &  As 400 ppb/10 kDa membrane 
 

Sample abs As(ppb) % As Removal Volume(mL)
     

Initial 0.118 379.6   
P1 0.056 133.96 64.7 10 
P2 0.060 143.53 62.2 20 
P3 0.061 146.16 61.5 30 

Retentate 0.200 478.42   
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C6: Data form experiments with TTAB and arsenic (1 kDa, 400 ppb initial arsenic)  
 
* C6.1:  As Permeate concentration for (8, 12, 20 mM TTAB), 150 ppb initial As/ 1 kDa 
membrane 
 

Permeate Volume (mL) 8 mM 12 mM 20 mM TT 
10 56.39 57.01 36.05 
20 54.85 56.39 39.75 
30 66.87 58.55 40.06 
40 70.26 63.48 42.52 
50 74.88 65.64 37.59 
60 78.58 69.95 47.76 
    

 
* C6.2: As removal for Table C6.1 
 

% As Removal , 8 mM % As Removal , 12 mM 
% As Removal , 20 

mM 
60.28 59.85 74.60 
61.37 60.28 72.0 
52.90 58.76 71.78 
50.51 55.29 70.05 
47.26 53.77 73.52 
44.65 50.736 66.36 
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* C6.3 As Permeate concentration for (8, 12, mM TTAB), 400 ppb initial As/ 1 kDa 
membrane 
 

Sample permeate 8mM Permeate 12mM
% As removal, 8 

mM 

% As 
Removal 12 

mM 
     

Initial 415.01 391.7   
10 134.43 73.64 66.39 81.58 
20 134.43 72.18 66.39 81.95 
30 134.43 97.61 66.39 75.59 
40 134.43 90.60 66.39 77.34 
50 194.64 103.46 51.33 74.13 
60 194.64 127.13 51.33 68.21 

Retentate 1464 900   
 
* C7:  Data from experiments calculating the permeability constant K(cm/min) of a 
membrane. 

The permeability constant has been calculated using equation 4.4, 

The data and the figure below show an example of calculating permeability constant. 
 

DeltaTime 
(min.) Cp ppb CR ppb Vr ml 

0 0 238.6 80 
9.7 65.19 263.37 70 

10.17 68.67 295.82 60 
10.5 76.15 339.75 50 
8.85 86.30 403.11 40 

9 98.32 504.71 30 
8.55 150.16 681.98 20 

 
Cr ave. Vr(I+1)*Cr(I+1)-Vr(I)*Cr(I) k(cm/min)  

    
250.98 651.96 0.84 P1 
279.59 686.70 0.99 P2 
317.78 761.52 0.91 P3 
371.43 863.05 1.04 P4 
453.92 983.29 0.94 P5 
593.35 1501.66 1.12 P6 

Volume increment = 10 mL 
Area of the membrane 0.32 cm2 
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 Figure C7: Permeability constant for 1 kDa MWCO membrane, 250 ppb  
                   arsenic in the feed , 70 psi. 
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C8: Schematic diagram of the 4 stages ultra-filtration process  
 
 

 
Figure C8.1: Four stage ultra filtration process, feed Solution (70 ppb As + 80 ppm Cl- 

+70 ppm SO4
2-), 1 kDa, 70 psi. 
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Figure C8.2 : Concentration of chloride in the permeate and retentate during the multi 
stage ultra filtration process, feed solution (70 ppb As + 80 ppm Cl- +70 ppm SO4

2-), 1 
kDa, 70 psi. 
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Figure C8.3: Concentration of sulphate in the permeate and retentate during the multi 
stage ultra filtration system, Feed Solution (70 ppb As + 80 ppm Cl- +70 ppm SO4

2-), 1 
kDa, 70 psi. 
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C 8.4: Table shows the permeate and retentate and chloride and sulphate removal 
percentage during the 4 stage ultra-filtration process  
 

Chloride removal in the multi- stage ultra-filtration 

 
Permeate 

ppm 
Retentate 

ppm % Cl Removal 
Stage #1 74 90 7.5 

    
Stage #2 63.8 79 20.25 

    
Stage #3 46.3 77 42.125 

    
Stage # 4 39.5 62 50.625 

 
Sulphate removal  in the multi-stage ultra-filtration 

 

 
Permeate 

ppm 
Retentate 

ppm % SO4 Removal 
Stage #1 5.3 128 92.4 

    
Stage #2 9.8 197.7 95 

    
Stage #3 80.6 295 72.7 

    
Stage # 4 155.2 419.5 63 
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