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Abstract: Mineral systems of kaolinite, montmorillonite, goethite and their mixtures were investigated to determine their
effect on arsenite removal. Experimental studies include characterization and batch mode experiments. This study was in
relation to solution composition and ageing relevant to streams and groundwater impacted by arsenic. Sorption isotherms
indicated that sorption capacities of the different clay minerals, goethite and their mixtures were dependent on particle size,
pH, particle concentration, arsenic concentration and residence time. Batch mode studies at room temperature revealed
increase in sorption as pH was increased. All mineral systems exhibited increase in sorption as initial arsenic concentration
increased. All mineral systems exhibited both promotive and non-promotive Cp effects. The complex behavior of mineral
systems over the range of residence time investigated may be attributed to increased hydroxylation of the mineral surface and
availability of thiol (=S-H) and hydroxyl (EMe-OH) functional groups and reactive sites.
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1. Introduction

The environmental concern on arsenic is related to its
anomalous concentration in surface and ground waters and its
availability to living beings [1]. Arsenic pollutants
discharged by anthropogenic and natural could result in
degraded surface and ground water chemistry [2].
Immobilization of arsenic in the environment occurs through
precipitation of low-solubility salts and adsorption on soils
and sediments [3]. Remediation processes will follow the
same principles, and the most common techniques are based
on precipitation and adsorption phenomena [4]. The removal
of arsenic from contaminated water is controlled by the
solution composition namely, pH and solid concentration,
besides the residence time (ageing) of the solid phase in the
water. [5, 6].

Adsorption may decrease as particle concentration
increases (outer sphere complexation) or not be
significantly affected as particle concentration increases
(inner sphere complexation.””?. Increase in adsorption as
particle concentration increases defines promotive particle
concentration effect. [7, 8]. The solid concentration effect is
an anomalous adsorption phenomenon (i.e., the adsorption
isotherm declines as particle concentration increases).

Residence time of solid mineral phase in the absence of a
sorbate could results in much mineral surface
reorganization [9, 10].

Studies have confirmed thiol (=S-H) and hydroxyl (=Me-
OH) functional groups on surface of metal sulfides. These
amphoteric reactive units could undergo independent
protonation and deprotonation reactions to produce reactive
sites for sorption [11, 12].

The aim of this study is to explore the effect of particle
size of single and mixed mineral systems of kaolinite-
montmorillonite, kaolinite-goethite and montmorillonite-
goethite injected with zinc sulfide on sorption behavior of
arsenite in relation to solution composition and ageing.
Different sorption characteristics such as pH, solid
concentration and residence time (ageing) under sulfidic-
anoxic condition have been investigated.

1.1. Theoretical Models and Isotherms

This study designed an isotherm model derived from
Freundlich isotherm model is designed to explain the
predicted behavior of mineral systems. [13, 14].

Distribution coefficient used in calculating arsenic sorbed
was derived from the Freundlich model Equation (1) [15].
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S=KdC" (1

where S is the sorbed concentration (pg/kg), Kd is the
distribution coefficient, C is the equilibrium concentration
(ng/g), and N = 1 is a chemical-specific coefficient derived
from the slope of the plot. The empirical model as provided
previously to address the mineral-arsenic interactions is
given in Equation (2): [15].

Arsenic sorbed difference =
sorbed;ya

arsenic sorbed-arsenic

Arsenic sorbedtotal =

(S1+S2+Sn) 2)
n
where arsenic sorbed,, is the theoretical sorption for a 1:1
mixed mineral system, S; is the arsenic sorbed on first single
mineral system, and S, is the arsenic sorbed on second single
mineral system, S, is the arsenic sorbed on n number of
mineral systems and n is the number of mineral systems.

1.2. Theoretical Limitations

Differences between the actual and predicted sorption
capacity for the mixed mineral systems is based on the
reasoning that:

a. there is limited influence of secondary mineral phase

development by mineral-arsenic interaction.

b. components of minerals in the mixed mineral system

may act as individual networks or chemisorbed species.

c. There is mass differential between the single and mixed

mineral systems.

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.

2. Materials and Methods

2.1. System Characterization

Summary of system characterization is provided (Table 1).
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 ).

Table 1. Characteristics of mineral systems.

Mineral Particle size range (um) % (<1 pm) colloid pHzo Surface area (SSA+o) (m2/g)
Kaolinite 15-30 30-45 45-60 3.00 6.05+0.05 47.01+0.24

Montmorillonite 15-30 30-45 45-60 0.53 .01+0.09 10.00+ 0.00

Goethite 25-50 50-75 75-100 2.92 8.05+0.06 71.05+0.17

Kaolinite/mont 15-30 30-45 45-60 0.97 5.01+0.02 88.05+0.55

Mont/goethite 1-4 4-8 8-12 3.85 3.03+0.04 147.10+0.50
Kaolinite/goethite 25-50 50-75 75-100 0.73 3.05+0.01 79.30+ 0.59

Zinc sulfide 5-10 10-15 15-20 8.143 5.02+0.03 4.00=+ 0.00

Then the water was purged overnight in an anaerobic
chamber containing a mixture of 5% hydrogen and 95%
nitrogen gases.

Clay minerals and zinc sulfide used in this study provided
by the Richard Baker Harrison Company and Acros Organics
Ltd Goethite was provided by Iconofile Company Inc. These
were nitrogen flushed and stored in airtight containers in the
anaerobic chamber before use to avoid oxidation.
Arsenic(IIl) stock solution was purchased from Merck. The
AAS standard solution of 1000 mg/L Arsenic(Ill) was
prepared by transferring the contents of a Titrisol ampule
with As;O; in H;O (Merck, Germany) into a volumetric
flask, which was filled up to the mark and stored at 20+2°C
according to the instructions by Merck. The working
solutions of different concentrations were prepared by
diluting the stock solution immediately before starting the
batch studies [13].

For characterization of the mineral systems, (a) Coulter
laser method was used to determine the particle sizes; (b) %
colloid was estimated from the particle size distribution
curves; (c) equilibrium pH of the untreated mineral systems
was determined using the Model 3340 Jenway ion meter; (d)
the standard volumetric Brunauer, Emmett, and Teller (BET)
method was used to determine the surface areas [16, 17], (f)

spectral analysis was performed using scanning electron
microscopy, energy dispersive spectroscopy and X-ray
diffraction to identify the mineral sorbent.

In this study, 1% acidified zinc sulfide sulfidic-anoxic
system was prepared using deoxygenated deionized water.
Purified nitrogen gas was bubbled through the zinc sulfide
system 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. [18]

Particle size was determined using LS 13 320 coulter laser
diffraction particle size analyzer. In this study, 1% mineral
system was prepared using drops of sodium hexa-
metaphosphate (calgon solution) and deionized water. The
content was placed on ultrasonic bath and stirred for 5 minutes.
The content was removed from ultrasonic bath, a magnetic
base inserted and content stirred for another 5 minutes. Sample
was pipetted into the analyzer and run at 8%.

2.2. Sorption Experiments

Batch mode experimental studies were conducted by
adding 1% sulfidic-anoxic system of zinc sulfide was added
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to 1% single mineral systems of kaolinite, montmorillonite
and goethite. Also, 1% sulfidic-anoxic mineral system of zinc
sulfide was added to 1:1 mixed mineral system of
kaolinite/montmorillonite, kaolinite/goethite and
montmorillonite/goethite, used to elucidate the difference in
sorption between the single and mixed mineral phases.

For batch mode pH investigation, 1% sulfidic-anoxic
system of zinc sulfide was added to 1% single and 1:1 mixed
mineral systems made up to 50 ml containing 1% (by mass)
mineral system, reacted with solution containing 15 ppm of
arsenite at zero electrolyte background. Treated system was
adjusted to the required pH (ranging from pH 4 to 8) using
0.1 M HNOj; and 0.1 M NaOH. The treated systems were
equilibrated for 24 hours and pH measured using a Model
3340 Jenway ion meter.

For batch mode initial metal concentration investigation, 1%
sulfidic-anoxic system of zinc sulfide was added to 1% single
and 1:1 mixed mineral systems made up to 50 ml containing
1% (by mass) mineral system, reacted with solution containing
10, 15,20 and 40 ppm of arsenite at zero electrolyte
background. Treated system was adjusted to the required pH
(ranging from pH 4 to 8) using 0.1 M HNO; and 0.1 M NaOH.
The treated systems were equilibrated for 24 hours and pH
measured using a Model 3340 Jenway ion meter.

For batch mode solid or particle concentration
investigation, 1% sulfidic-anoxic system of zinc sulfide was
added to 1% single and 1:1 mixed mineral systems made up
to 50 ml containing solid concentrations (g/1) of 2 , 4, 6, 8
and 10 were reacted with solution containingl5 ppm of
arsenite at zero electrolyte background. The treated mineral
systems were adjusted to pH 4 and equilibrated for 24 hours.

Batch mode ageing investigations was carried out from 24
to 720 hours. 1% sulfidic-anoxic system of zinc sulfide was
added to 1% single and 1:1 aged mixed mineral systems
containing 1% (by mass were reacted with solution
containingl5 ppm of arsenite at zero electrolyte background.
The treated systems, adjusted to pH 4 with no added
electrolyte, were equilibrated for 24 hours.

In all experimental studies samples were stored in the dark
at room temperature (23+3 °C) for a maximum of 24 hours
before analysis. Supernatant was filtered through a
cellulose acetate filter (pore size 0.2 pm) and analyzed for
arsenic (III), using a Hitachi Atomic Absorption
Spectrophotometer (HG-AAS).

3. Results and Discussion

3.1. Mineral Systems and pH Effect on Arsenite Sorption
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Fig. 1. Plots of arsenic sorbed versus pH on for mineral systems.

In previous study in the absence of sulfidic-anoxic
condition [15] arsenic (III) demonstrated a near linear
sorption increase with increasing pH for single mineral
systems of kaolinite, montmorillonite, and mixed mineral
system of kaolinite/montmorillonite. In this study under
sulfidic-anoxic condition and over the range of particle sizes
investigated, sorption capacity increases with pH increase
and in a sinusoidal pattern in some cases as shown in Figure
1. pH effect decreases with increase in particle size for all
mineral systems. Kaolinite-goethite exhibit lowest sorption
capacity, marginally increasing with pH increase. Cross over

pH exist, indicating similar sorption capacity by mineral
systems. This complex variability in sorption may be
attributed to increased deprotonation of reactive sites as pH
was increased and the effect of thiol (=S-H) and hydroxyl
(EMe-OH) functional groups and reactive sites in solution.

3.2. Mineral Systems and Initial Metal Concentration

Effect

In previous study [15], arsenic(IIT) demonstrated a near
linear sorption increase with increase in initial metal
concentration for single mineral system of kaolinite,
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montmorillonite, and mixed mineral system of
kaolinite/montmorillonite’ In this study, all mineral systems
exhibited linear sorption increase as initial arsenic
concentration increased as shown in Figure 2. Sorption
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decreased with increase in particle size of mineral systems.
This variability in sorption may be attributed to availability
of thiol (=S-H) and hydroxyl (=Me-OH) functional groups on
surface of metal sulfides reactive sites.
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Fig. 2. Plots of sorption capacity versus Initial arsenic concentration for mineral systems.

3.3. Mineral Systems and Cp Effect

In previous study in the absence of sulfidic-anoxic condition
[15], the behavior of arsenic(Ill) sorption as particle
concentration (Cp) increased was complex being linear for
goethite and mixed mineral systems containing goethite.

In this study under sulfidic-anoxic condition, sorption
decreased as Cp increased in some of the mineral systems. In
some cases, sorption increased as Cp increased as shown in
Figure 3. Therefore, both promotive and non-promotive Cp
effects exist over the range of particle size and particle
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concentration investigated. Goethite in mixed systems may
form separate (discrete) particles or it may form coatings on
other mineral surfaces. Coatings of only a few atomic layers
thickness are sufficient to influence sorption rates. This may
account for differences in sorption behavior for arsenite
sorbed on mixed systems containing goethite.

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.
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Fig. 3. Plots of actual Kd versus particle concentration for arsenic sorbed on mineral systems.
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3.4. Mineral Systems and Ageing Effect

In previous investigation [15] in the absence of sulfidic-
anoxic condition, all single and mixed mineral systems
except kaolinite demonstrated step-wise arsenite sorption. In
this study, under sulfidic anoxic condition, Kaolinite over the
15-30 micron range exhibited increase in sorption as ageing
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was increased. However, all other mineral systems exhibited
minimal change in sorption as ageing was increased. The
complex behavior of these mineral systems during ageing
under sulfidic-anoxic condition may be attributed to the
presence of thiol (=S-H) and hydroxyl (=Me-OH) functional
groups on surface of metal sulfides reactive sites.
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Fig. 4. Plots of arsenic sorbed versus residence time for mineral systems.

4. Conclusions

Mineral systems were investigated to determine their effect
on arsenite removal. This study was in relation to solution
composition and ageing relevant to streams and groundwater
impacted by arsenic. Sorption isotherms indicated that
sorption capacities of the different clay minerals, goethite and
their mixtures were dependent on the particle size, pH, initial
metal concentration, particle concentration and residence
time. Variability in sorption by these mineral systems may be
attributed to increased deprotonation of reactive sites as pH
was increased and the presence of thiol (=S-H) and hydroxyl
(EMe-OH) functional groups on surface of metal sulfides
reactive sites. Both promotive and non-promotive Cp effects
exist over the range of particle size and particle concentration
investigated. Sorption pattern appeared to be controlled by
outer sphere complexation, inner sphere complexation and
intra-particle diffusion. While increase in arsenite sorption
with increase in Cp may be attributed to increase in specific
surface area, a decrease in arsenite sorption of the range of
Cp investigated may be attributed to increase in particle size,
flocculation and aggregation of mineral system.

All mineral systems exhibited sorption increase as initial
arsenic concentration increased. This variability in sorption
may be attributed to availability of thiol (=S-H) and hydroxyl
(EMe-OH) functional groups on surface of metal sulfides

reactive sites. All but kaolinite mineral system over the 15-30
micron range exhibited minimal change in sorption as ageing
was increased. The variable and complex behavior of mineral
systems over the range of residence time investigated may be
attributed to increased hydroxylation of the mineral surface
resulting in the formation of new reactive sites.
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