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Abstract: The role of solution composition and ageing of arsenite treated with single and mixed mineral 

systems of kaolinite, montmorillonite and goethite injected with iron sulfide under sulfidic- anoxic conditions 

have been investigate. Variability in arsenite sorption exists over the range of pH investigated. This variability 

in sorption may be attributed to the presence of thiol (≡S-H)  functional group contained in solution under 

sulfidic-anoxic condition. Arsenite sorption exhibits a non-promotive Cp effect (i.e. sorption decreases as Cp 

increases for all mineral systems. the nature of ionic species formed in solution is affected by changes in the 

mineral/ solution ratio.  All mineral systems but kaolinite-goethite exhibits a step up arsenite sorption up to 288 

hours residence time and flattens g out over the remaining residence time of the reactions. 
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I. Introduction 
Contamination of water by arsenic both as a result of natural and anthropogenic processes poses a 

major threat to human health and to the environment in general [1]. Arsenic has caused human health problems 

world-wide, notably in Bangladesh [2]. Arsenic is a naturally occurring element widely distributed through the 

Earth’s crust. Most environmental arsenic problems are the result of mobilization under natural conditions. 

However, man has had an important additional impact through mining activity, combustion of fossil fuels, and 

the use of arsenical pesticides [3]. Elevated levels of arsenic can be present in the environment as a result of 

mineral weathering and dissolution [4]. It is mainly produced as a by-product of base metals smelting, in 

particular copper, lead, cobalt and nickel concentrates [5]. These two elements and other trace elements of 

environmental concern are released during coal mining, processing, or combustion [6]. Arsenic, a common 

constituent of the earth’s crust, is a well-known carcinogen [7]. It is naturally present in water in different 

oxidation states and acid-base species depending on redox and pH conditions [7]. Arsenic can occur in the 

environment in several oxidation states (_3, 0, +3 and +5) but in natural waters is mostly found in inorganic 

form as oxyanions of trivalent arsenite [As(III)] or pentavalent arsenate [As(V) [[3]. Although organic Arsenic 

species can be presented as a result of in situ biomethylation, inorganic Arsenic as As(III) and As(V) are 

generally considered to be the dominant species in natural water. The oxidation state of arsenic depends 

primarily on pH and redox conditions, with As(V) being the most stable form under aerobic conditions [8]. 

While many metals form insoluble sulfides in sulfidic environments, arsenic is distinctive in being relatively 

soluble at lower pH, and  mobile over a wide range of redox conditions [9]. 

 Arsenic pollutants discharged by anthropogenic and natural sources could result in degraded surface 

and ground water chemistry. Pollutants infiltrate through surface runoff and drainage into the soil and can result 

in pollution of both the surrounding ecosystems and groundwater [10-13]. The need to reduce arsenic 

concentrations in water bodies remains a priority in both developed and most developing countries. Dissolved 

arsenic is typically high for intermediate redox potential that results in dissolution of iron (hydr)oxides, usually 

low in oxic surface or ground water when iron (hydr)oxides are present [14-17], and also usually low when iron 

sulfide minerals are present[18-19]. The removal of dissolved arsenic species can be hampered by the absence 

of reliable sorbents and solution chemistry adequate to understanding arsenic sorption. The removal of arsenic 

from contaminated water is controlled by the solution composition [20-22]. 

Arsenic removal from aqueous solution is controlled essentially by solution chemistry [23-24], namely, 

pH and solid concentration, besides the residence time (ageing) of the solid phase in the water. Iron sulfide ages 

to mackinawite in the presence of  excess-sulfide [9]. Although arsenic is bound to the iron oxy-hydroxides 

under oxidizing conditions, the possibility exists that arsenic will be released under reducing conditions such as 

found in landfills [25-28]. Interactions between trace elements and FeS can decrease trace element availability 

in sediment porewaters [29]. Since pH is considered a master variable in the removal of contaminants in 

aqueous environments, its effects on arsenic removal by mixed suspensions of clays and (hydr)oxides is an area 

of research interest[30-31]. Solution pH controls (a) the solubilities of arsenic species; (b) hydrolysis behavior 
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of arsenic ions; and (c) surface charge of the sorbent As(III) adsorbed over a broader pH range on pristine pyrite 

than on surface-oxidized pyrite. Adsorption of As(III) on surface-oxidized pyrite was similar to reported 

adsorption on pyrite that had been prepared and stored in less-rigorously anoxic conditions than in our 

experiments or on iron oxides [2, 32].  

The adsorption of arsenic and other anions have been reported to be dependent on the nature of the 

anion and the adsorbent surface [33].  Adsorption may decrease as particle concentration increases (outer sphere 

complexation) or not be significantly affected as particle concentration increases (inner sphere complexation) 

[34-37]. Increase in adsorption as particle concentration increases (promotive particle concentration effects) for 

organic and inorganic substances sorbed on colloidal clay and oxide particles still remains an area of research 

interest in conventional surface complexation theory [38-39]. The solid concentration effect is an anomalous 

adsorption phenomenon (i.e., the adsorption isotherm declines as particle concentration increases). Although the 

cause of this phenomenon remains unclear, the nature of ionic species formed in solution is affected by changes 

in the mineral/ solution ratio [40-41]. Prolonging the residence time of solid mineral phase in the absence of a 

sorbate could results in much mineral surface reorganization. This is due to the fact that high and new reactive 

sites are formed. However, this phenomenon on its own is not known to linearly affect arsenic sorption  [42-44].  

Iron sulfide (FeS) is the most abundant metal sulfide at the surface of Earth .Application of iron 

sulfides in water treatment is largely dependent on understanding of fundamental studies into metal sulphide 

precipitation,  and sorption mechanism on sulfide [45-46]. Mineral surface reactivity is ultimately dependent on 

three surface properties: chemical composition, atomic structure (which determines which atoms are exposed to 

the surface), and microtopography [47]. Highly reactive defect sites may also occur at Fe or S surface sites 

partially stabilized by disproportionation [48]. Limited surface oxidation may influence As(III) adsorption, 

potentially altering the extent of sorption or the redox state of sorbed arsenic [2].  Concerning heavy metals 

adsorption onto pyrite, it has been demonstrated that a surface-induced hydrolysis reaction mechanism may be 

more realistic than a simple ion exchange [49]. Pyrite surface charge can be governed by protonation– 

deprotonation reactions of the surface S groups as provided (1): 

 

S -H  S -  
+ H

+                                                                                                                                                                                            
(1) 

 

During surface hydration, water decomposition can occur either at S sites leading to hydroxyl release 

or at Fe sites, leading to release of protons in solution as provided  (2-3)   [50]. 

 

S + H2O
 S -H +OH                                                                                                                (2) 

 

Fe +
 H2O

 Fe-OH + H
+                        

                                                                                                 (3) 

 

A complicating factor to sorption as a process for arsenic removal is that at higher pH values, the 

surfaces of oxide minerals are commonly  negatively charged. Thus, sorption of negatively charged arsenic 

oxyanions may be minimal and an ineffective means of arsenic removal in the absence of thiol (≡S-H)  

functional group  [51]. 

 Pyrite dissolution and interaction with  toxic elements have been studied under anoxic conditions by 

solution chemistry and spectroscopic techniques [52]. In addition, understanding of groundwater chemistry in a 

chemically reducing environment is  focused on solution composition and ageing., In addition, there are some 

advantages to sulphide, including the lower solubility of metal sulphide and potential for selective metal 

removal [8,  53-55]. At a near-neutral pH, metastable FeS can be rapidly replaced by FeS2 in the presence of 

excess sulfur such as dissolved hydrogen sulfide (HS−), Transformation of FeS to FeS2 strongly influences the 

reactivity of trace elements in sulfidic sediments [56]. Sorption of  arsenic in mixed mineral systems of clays 

and (oxyhydr)oxide towards sulfides revealed decrease in reaction rates., attributed to  blocking of reactive sites 

for sulfide complexation. Slower stages of sorption are attributed to  diffusion into micropores or aggregates 

[57]. Several techniques for removing arsenic from water are available; including adsorption with activated 

carbon (AC) or modified AC, ion exchange, adsorption (or precipitation) by iron and aluminum oxyhydroxides, 

and membrane separation [25]. Techniques for arsenic removal are rather expensive for limited size water 

treatment systems in rural communities. Consequently, innovative cost-effective treatment processes are 

urgently needed. One of such emerging method is the use of mixed mineral systems of clays and hydroxide(s) 

injected with iron sulfide under sulfidic-anoxic conditions [58]. In addition, arsenic removal from ground water 

using direct kalshi filtration technique [layers of coarse sand, iron chips, wood charcoal and fine sand) has been 

reported [59].  

Application of sulfides in water treatment is largely dependent on understanding of fundamental studies 

into metal sulphide reaction mechanism under selective solution composition and ageing [60].  Many 
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researchers have focused on the sorption characteristics of pure mineral phases, but the sorption behaviour of 

complex aquifer materials as mimicked by mixed mineral systems of different phases, including iron 

oxyhydroxides, clays and different alumino silicates under sulfidic-anoxic conditio has hardly been reported 

[60-61]. Nevertheless, information of arsenic sorption on mixed mineral systems at variable solution 

composition and ageing is limited [61] and further testing using mixed mineral systems injected with iron 

sulfide under sulfidic-anoxic condition at  variable pH and residence time is required.  

 
1.1. Theoretical models and isotherms 

To addresses the suitability of mixed mineral systems of clays and goethite for arsenite i.e. Arsenic(III) 

removal, a theory derived from Freundlich isotherm model is designed to explain the predicted  behavior of 

mineral-arsenite interactions as influenced by extraneous factors of  pH, solid concentration and contact time or 

ageing [62-63]. Sorption of toxic metals proceeds through interaction on pyrite surface as provided (4) [64]: 

 

FeS+2H2OFe(OH)[S]
+  

+2H
+  

+ 2e                                                                                    (4) 
Detailed system characterization and an empirical model involving the distribution coefficient (Kd) as used in 

previous paper [61,65]. Distribution coefficient used in calculating arsenic sorbed  was derived from the 

Freundlich model as provided (5): 
NKdCS                                                                                                                                 (5)                                                                            

where S is the sorbed concentration (µg/kg), Kd is the distribution coefficient, C is the equilibrium 

concentration (µg/g), and N = 1 is a chemical-specific coefficient derived from the slope of the plot. The 

empirical model as provided [61,65]  to address the mineral-arsenic interactions are  provided (6-7): 

 

Arsenic sorbed difference = arsenic sorbed-arsenic sorbedtotal                                                                                                              (6) 

Arsenic sorbedtotal = 
n

nSSS ]
21

[ 
                                                                                  (7) 

                                                                                                  
where arsenic sorbedtotal  is the theoretical sorption for a 1:1 mixed mineral  suspension, S1 is the arsenic sorbed 

on first single mineral suspension, and S2 is the arsenic sorbed on second single mineral suspension,  Sn is the 

arsenic sorbed on  n number of mineral suspensions and n is the number of mineral suspensions. 

 The simple empirical model used for the partitioning of a sorbed metal between mineral phases in 

mixed suspension is based on the following conditions reported previously [65]: 

1. No significant secondary mineral phase is developed  by the mixed mineral suspension except at alkaline pH  

2.Components of minerals in the mixed mineral suspension act as individual networks and not as chemisorbed 

species. 

3. Mass of mixed sorbent must be equal to the mass of the single mineral phases 

The difference between the actual sorption and the theoretical sorption was used to clarify the effects of mineral 

mixing on arsenic sorption. Mineral mixing is said to (a) enhances arsenic removal where the difference is 

positive; (b) depresses arsenic removal where the difference is negative; and (c) have no effect on arsenic 

removal where no difference exist between arsenic sorbed and theoretical arsenic sorption. 

In this paper arsenite removal from aqueous solution using mixed mineral systems injected with iron 

sulfide under sulfidic- anoxic conditions, tested at variable solution composition and ageing was investigated.  

 

II. Materials and methods 

2.1.Preparation of sulfidic-anoxic iron sulfide suspension 
As reported in companion paper I, Sulfidic-anoxic conditions are characterized by reduction of  

dissolved oxygen. These conditions will occur if the rate of oxidation  is greater than  dissolved oxygen supply  

[66]. In sulfidic-anoxic environment, hydrogen sulfide occurs as a product of sulfate and sulfide reduction [56]. 

In this study, 1% acidified iron sulfide sulfidic-anoxic suspension was prepared using deoxygenated deionized 

water. Purified nitrogen gas was bubbled through the iron sulfide suspension continuously for 24 hours.  The 

content, securely sealed was stored in airtight containers in the anaerobic chamber in dark environment before 

use. The formation of hydrogen sulfide was prototypically characterized by a “rotten egg” odor [1]. 

 
2.2. Sorption experiments 

Batch mode experiments in this study was conducted using 1%  sulfidic-anoxic suspension of  iron 

sulfide added to 1% single (kaolinite, montmorillonite and goethite) and 1:1 mixed mineral suspensions 

(kaolinite/montmorillonite, goethite/kaolinite and goethite/montmorillonite) with no added electrolyte. Also, 1:1 
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mixed mineral suspensions of kaolinite/montmorillonite, kaolinite/goethite and montmorillonite/goethite were 

used to elucidate the difference in sorption between the single and mixed mineral phases. Characterization of 

sorbents used in this study included (a) particle size; (b) pH and (c) specific surface area (SSA) and details 

provided elsewhere in a companion paper I. 

 For batch mode pH investigation, 1%  sulfidic-anoxic suspension of  iron sulfide was added to single 

and 1:1 mixed mineral suspensions made up to 50 ml containing 1% (by mass) mineral suspension were reacted 

with solution containing 15 ppm of arsenite at zero electrolyte background. Treated suspension was adjusted to 

the required pH (ranging from pH 4 to 8) using 0.1 M HNO3 and 0.1 M NaOH. The treated suspensions were 

equilibrated for 24 h and pH measured using a Model 3340 Jenway ion meter. 

For batch mode solid or particle concentration investigation, 1%  sulfidic-anoxic suspension of  iron 

sulfide added to single and 1:1 mixed mineral suspensions were made up to 50 ml containing solid 

concentrations (g/l) of 2 , 4, 6, 8 and 10 were reacted with solution containing15 ppm of arsenite at zero 

electrolyte background. The treated suspensions were adjusted to pH 4 and equilibrated for 24 h. 

Batch mode ageing investigations  conducted from 24 to 720 h,  1%  sulfidic-anoxic suspension of  iron 

sulfide was added to single and 1:1 aged mixed mineral suspensions containing 1% by mass  and reacted with 

solution containing 15 ppm of arsenite at zero electrolyte background. The treated suspensions, adjusted to pH 4 

with no added electrolyte, were equilibrated for 24 h. 

 All solutions were prepared using deaerated and deionized water. This water was prepared by bubbling 

purified nitrogen gas through deionized water for at least 24 hours. Deionized water was obtained from a 

Millipore Milli-Q system (18 M_). Then the water was purged overnight in an anaerobic chamber containing a 

mixture of 5% hydrogen and 95% nitrogen gases [67].. In all experimental studies samples were stored in the 

dark at room temperature (23±3 ◦C) for a maximum of 24 h before analysis [68]. Supernatant was filtered 

through a cellulose acetate filter (pore size 0.2 µm) and analyzed for arsenic (III), using a Hitachi Atomic 

Absorption Spectrophotometer (HG-AAS). 
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Figure 1: Plots of  arsenic sorbed versus pH for (a) Iron sulfide, (b) kaolinite, (c) goethite/kaolinite, (d) 

kaolinite/montmorillonite, (e) montmorillonite, (f) goethite/montmorillonite, (g) goethite,  sulfidic-anoxic 

mineral systems 

 

III. Results and discussion 

3.1. Mineral systems and pH effects on arsenic (III) removal 
 This is different from previous report [61] of arsenic sorbed on these mineral systems in the absence of 

sulfide under sulfidic anoxic condition (Fig. 1). In previous report, the behavior of goethite and mixed mineral 

systems containing goethite demonstrated a non-linear behaviour in arsenic(III) removal. Arsenic sorption by 

goethite and goethite/montmorillonite demonstrated a step-wise increase  linearly between pH 5 and pH 6, 

dipping  at  pH 6 and 7 respectively before increasing over the remaining range of ph. This variability in 

sorption may be attributed to the presence of thiol (≡S-H)  functional group contained in solution under sulfidic-

anoxic condition.  However, sorption pattern appears to be controlled by outer sphere complexation, inner 

sphere complexation and intra-particle diffusion for arsenic sorbed on goethite and mixed mineral systems 

containing goethite. Slower stages of sorption with increasing pH  could be attributed to  diffusion into 

micropores of  mineral system framework. 
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Figure 2: Plots of  arsenic sorbed versus  particle concentration for (a) Iron sulfide, (b) kaolinite, (c) 

kaolinite/goethite, (d) kaolinite/montmorillonite, (e) montmorillonite, (f) goethite/montmorillonite, (g) goethite,  

sulfidic-anoxic mineral systems 
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Fig. 3 Plots of  actual and theoretical arsenic sorbed differences versus particle concentration 

for:  (a) Kaolinite/goethite, (b) kaolinite/montmorillonite, (c) goethite/montmorillonite, sulfidic-anoxic mineral 

systems 

 

3.2. Mineral systems and Cp effects on arsenic (III) removal 
Previous report in the absence of iron sulfide exhibited linear increase in arsenite sorption as particle 

concentration (Cp)  increases for goethite and mixed mineral systems containing goethite [61]. . In a similar 

report, kaolinite demonstrated a step-wise increase in arsenite sorption as particle concentration was increased. 

In this report, arsenite sorption exhibited a non-promotive Cp effect (i.e. sorption decreases as Cp increases for 

all mineral systems (Fig. 2). This means that the nature of ionic species formed in solution is affected by 

changes in the mineral/ solution ratio. Sulfide minerals and mineral systems  containing thiol (≡S-H)  functional 

group may form coatings on other mineral surfaces. Coatings of only a few atomic layers thickness are 

sufficient to influence sorption rates [[51, 69]. This may account for differences in sorption behavior for arsenite 

sorbed on mineral systems under sulfidic-anoxic conditions.. 

 Decrease in arsenite sorption as Cp increases may be attributed to increase in particle size and 

aggregation of the mineral systems. The Cp effect is also related to effective surface area, pressure, and force at 

the mineral/water interface [70]. Increase in Cp results in low pressure at the interface and a subsequent 

decrease in sorbing ion diffusion to reactive sites [10-11].  

Arsenite sorbed difference as reported previously (i.e., arsenite sorption obtained by experiments) and 

theoretical arsenite sorption (i.e., the predicted arsenite sorption obtained from the average summation of 

arsenite sorbed on the single mineral suspensions used in the mixing experiments) for kaolinite/montmorillonite 

was negative., becoming positive as Cp increased to 8 and 10. In this report, arsenite sorbed differences is 
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positive for kaolinite/goethite and negative for goethite/montmorillonite (Fig.3). This means that mineral mixing 

under sulfidic-anoxic condition increases arsenite sorption on the former while reducing arsenite sorption on the 

latter. However, differences in arsenite sorbed on kaolinite/montmorillonite started on the positive territory, 

becoming negative as Cp increases. This indicates that mineral mixing under sulfidic –anoxic condition initially 

enhanced arsenite sorption but reduces arsenite sorption over the remaining range of Cp [32].  

 
3.3.. Mineral systems and ageing effects on arsenic (III) removal 

Previous study in the absence of iron sulfide demonstrated step-wise arsenite sorption [61]. 

Kaolinite/goethite in the same study demonstrated a step down arsenite sorption for the first 288 hours, 

increasing arsenite sorption over time for the remaining residence time of the reaction.. However, in this study 

under sulfidic-anoxic condition, all mineral systems but kaolinite/goethite exhibited a step up arsenite sorption 

up to 288 hours residence time, flattening out over the remaining residence of the reactions (Figure 4).. This 

decrease in reaction rates over time could be attributed to  blocking of reactive sites for sulfide complexation 

under sulfidic-anoxic condition. 

Also, this confirms previous report that the suite of available reactive sites for As(III) adsorption 

changes with time [7]. Arsenite step-wise sorption probably indicated reaction phases attributed to outer sphere, 

inner sphere complexation and intra-particle diffusion as reported in  companion paper I. The behavior of 

kaolinite/goethite could be attributed to its high surface area when compared to the other minerals. Increase in 

arsenite sorption onto kaolinite/goethite over time may be attributed to increased hydroxylation of the mineral 

surfaces, resulting in the formation of new reactive sites [28]. 
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Fig. 4:. Plots of arsenic sorbed versus residence time for: (a) Iron sulfide, (b) goethite, (c) 

kaolinite/montmorillonite, (d) kaolinite/goethite, (e) montmorillonite/goethite, (f) montmorillonite, (g) kaolinite, 

sulfidic-anoxic mineral systems 

 
IV. Conclusions 

The possibilities of using mixed sorbents of kaolinite, montmorillonite, and goethite to remove arsenite 

from aqueous solution under sulfidic-anoxic condition has been investigated as a function of solution 

composition and ageing. Variability in arsenite sorption exists over the range of pH investigated. This variability 

in sorption may be attributed to the presence of thiol (≡S-H)  functional group contained in solution under 

sulfidic-anoxic condition. Sorption pattern appeared to be controlled by outer sphere complexation, inner sphere 

complexation and intra-particle diffusion for arsenite sorption on  mineral systems containing. 

Arsenite sorption exhibited a non-promotive Cp effect (i.e. sorption decreases as Cp increases for all 

mineral systems. the nature of ionic species formed in solution is affected by changes in the mineral/ solution 

ratio.  arsenite sorbed differences is positive for kaolinite/goethite and negative for goethite/montmorillonite.  

This means that mineral mixing under sulfidic-anoxic condition increases arsenite sorption on the former while 

reducing arsenite sorption on the latter. 

. All mineral systems but kaolinite/goethite exhibited a step up arsenite sorption up to 288 hours residence time, 

flattening out over the remaining residence of the reactions. Increase in arsenite sorption onto kaolinite/goethite 
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over time may be attributed to increased hydroxylation of the mineral surfaces, resulting in the formation of new 

reactive sites. Decrease in reaction rates over time could be attributed to  blocking of reactive sites for sulfide 

complexation under sulfidic-anoxic condition. 
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