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Abstract

Removal of total chromium (Cry) by nano-pyrite (nano-FeS,) was investigated under different environmental conditions. Size of
nano-FeS, was in the range of 50—-100 nm and it contained Fe and S. Removal kinetic rate constant of Cry was significantly
dependent on the suspension pH and concentrations of Cry, nano-FeS, and Humic Acid (HA). The removal kinetic rate constant of
Cry by nano-FeS, was decreased as the concentration of Cry was increased (0.43-0.29 min '), while contradict kinetic result was
observed as the concentration of nano-FeS, was increased (1.11-2.78 min '). The removal kinetic rate constant of Cr; was
significantly increased as the suspension pH increased (0.86—3.0 min '). However, the removal kinetic rate constant of Cr; was
significant decreased in the present of HA (1.25-0.25 min '). The removal kinetic rate constant of Cr, by nano-FeS, was strongly
controlled by the reactive surface area of nano-FeS,. Identification of the formation of FeCr,O, on the surface of nano-FeS, reveals
that adsorption, complexation and reduction reactions may occur during the removal reaction. This study provides fundamental
knowledge on the fate of Cr under different groundwater conditions. Findings from this study can be used to enhance remediation

technology of removal heavy metals from groundwater.
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1. Introduction

Abundant existence of Hexavalent chromium (Cr®") was reported
in groundwater and it is listed as a priority pollutant in the list of
toxic and hazardous pollutant in United State Environmental
Protection Agency (USEPA) (Ertani et al., 2017; Lasheen et al.,
2013). Cr is widely used in industries such as the production of
stainless steel, leather tanning, electroplating and chemical industries
and it is released into environment without proper treatment
(Aftabtalab and Sadabadi, 2015; Lasheen et al., 2013; Liu et al.,
2015). Literature have reported that the Cr** concentration was
detected beyond the allowable limit concentration (0.1 mg/L) in
rivers and groundwater and this situation has become a serious
concern to environmentalists (Panagiotakis et al., 2015). Cr* can
be persistently present in groundwater with high mobility. Due to
this reason, source of drinking water may be contaminated and
become harmful to human health. Exposure of Cr®" to human
health may lead to liver damage, pulmonary congestion, edema
and skin irritation (Mohan and Pittman, 2006; Vinuth et al.,
2015). Therefore, USEPA recommended that the allowable limit
for Cr® in the drinking water guideline is set to less than 100 pg/
L (Mohan and Pittman, 2006).

Current remediation technology of Cr®" in groundwater focus on

chemical treatment (e.g., ion exchange and adsorption) (Taylor, 2015)
and biological treatment (e.g., bioreduction and bioaccumulation)
(Risk and Agency, 2000). The main purpose of these treatments
is to reduce toxic Cr*" to chromium (III) (Cr’*). Cr’* is relatively
non-toxic and it has low mobility in groundwater compared to
Cr® (Kantar et al, 2015). Chemical treatment using iron
reductant (Fe*") is one of the predominant methods to reduce
Cr®to Cr’" in groundwater. Literatures have reported that pyrite
(FeS,) is one of the reactive iron reductant in soil and groundwater
and it can effectively remove organic and inorganic pollutants in
groundwater (Wernberg, 2017). Recently, literatures have reported
that nano-FeS, can be been found in magmatic rocks, hydrothermal
deposits (Bae et al., 2012; Demoisson et al., 2007; Demoisson et
al., 2005) and in an aquifer located at the base of the flow system
and 7m below the water table (Sharma, 2001; Wernberg, 2017).
It has been reported that Cr® removal by nano-FeS, was
influenced by the reactive site of ferrous iron (Fe**) and disulfide
(S;) (Kantar et al., 2015a). However, the removal of Cr by
nano-FeS, was significantly affected by the physicochemical
properties of groundwater.

Literatures have reported that pH, Natural Organic Matter
(NOM) and Oxidation-Reduction Potential (ORP) were significantly
influenced the fate of Cr in groundwater (Banks ef al., 2006; Porsch
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et al, 2010). Literature has reported that pH condition in
groundwater was in the range of pH 5 to 9 due the complex
biogeochemistry conditions of groundwater (e.g., microbial
population, electrolytes and soil minerals) (Schwartz and
Kgomanyane, 2008). Removal of Cr®" by iron reductant (e.g.,
nano zero valent iron (nZVI) and magnetite) was significantly
decreased as the pH increased from pH 5 to 9 due to the oxidation of
Fe?* to ferric iron (Fe*") (Amir and Lee, 2011; Giraldo, Erto, and
Moreno-Pirajan, 2013; He and Traina, 2005). However, nano-
FeS, contained disulfide (S,%") and it may have higher reactivity
at alkaline condition. Humic Acid (HA) is one of the main
compound of NOM in the groundwater and it can exist in soluble
or colloidal forms depending on solution conditions. HA
significantly adsorbed on the surface of iron reductant (e.g., Fe**
and Fe*") because it has anionic functional groups (e.g.,
carboxylic and phenol groups) that may lead to the formation of
new complexation species on the surface of iron reductant
(Lalonde ef al., 2012; Tombéacz et al., 2004). This finding indicates
that redox reaction between Fe?* and Cr was inhibited and
influenced the removal kinetic rate of Cr. Literatures have
reported that the reduction of Cr by iron-reductant was
decreased in the present of HA (Dries et al., 2005; Mak et al.,
2009). However, there is an argument on the reaction mechanisms
of the reduction of Cr by nano-FeS, and other iron-reductants
due to the different chemical composition (e.g., Fe*" and S™).
The argument on the reduction of Cr®" to Cr** by nano-FeS, is
probably controlled predominantly by S*~ compared to Fe** under
different environmental conditions are currently in debate.
Fundamental study on the role of S*~ in nano-FeS, is urgently
required. The fate of reduction of Cr** to Cr’* by nano-FeS,
under different environmental conditions (e.g., suspension pH
and humic acid) is not well reported. The main objective of this
study is to investigate removal of Cr®" by nano-FeS, under
different environmental conditions. Surface characterization of
nano-FeS, was measured to understand potential reaction
mechanisms during removal of Ct** by nano-FeS,. This research
provides better understanding on the fate of Cr" in the presence
of nano-FeS, under different environmental conditions.

2. Materials and Method

2.1 Chemicals

Chemicals used include chromium (SpectrosoL, 1000 mg/L),
nano-FeS, (FeS,, Sigma Aldrich, Germany, 99%), humic acid
(HA) (Technical, Sigma Aldrich, Germany), 2-(N-Morpholino)
ethanesulfonic acid hydrate 4 hydroxide Morpholineethanesulfonic
acid (MES hydrate, Sigma Aldrich, Germany, 99.5%) and
Trizma (Tris, Sigma Aldrich, Germany 9.99%). Hydrochloric
acid (HCI, ChemAR, 98%) and sodium (NaOH), analytical
reagent grade, Fisher Scientific, USA) used as pH modifiers.
Ultra-pure water (UPW, 18.2MQ, Alga Purelab Ultra, United
Kingdom) purged with nitrogen gas (N,) before used for 30
minutes to eliminate dissolved oxygen. Anaerobic chamber (Plus
Labs, Coy Laboratory Product Inc, USA) maintained purged
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with 95% N,. Glassware were washed using ChemPur Alkaline,
Liquid Laboratory Cleanser, rinsed with tap water, soaked in
15% Nitric acid for 24 hours and rinsed with UPW.

2.2 Experimental Procedure

Batch experiments were used to investigate the effectiveness
of Cry removal by nano-FeS,. Preparation of controls and
samples were performed in the anaerobic chamber. Biological
buffer solutions (50 mM MES and 50 mM Trizma buffer) were
used to maintain the suspension at pH 5, 7 and 9. Biological
buffer was poured into 40 mL amber vials containing nano-FeS,.
1 mg/L of Cry concentration was prepared from 1,000 mg/L Cry
stock solution and spiked into the vial containing biological
buffer and nano-FeS,. Vials were rotated at 7 rpm for 2 to 30
minutes in the anaerobic chamber and were quickly transferred
to centrifuge. Samples were centrifuge at 5,000 rpm for 15
minutes and the supernatant was analyzed.

In order to identify the fate of reduction of Cr; by nano-FeS,
under different environmental conditions, removal of Crr by
nano-FeS, under different concentrations of Cr; and nano-FeS,,
different suspension pH and in the presence of humic acid were
conducted. To investigate the effect of concentration of Cry,
batch experiments were carried out under the different Crp
concentration (1.0 mg/L, 1.5 mg/L and 2 mg/L) with the fixed
concentration of the nano-FeS, (1.25 g/L) at pH 7. To reveal the
effects of the nano-FeS, concentration on the removal of Cr; by
nano-FeS,, different concentration of nano-FeS, (0.75 g/L, 1.0 g/
L and 1.25 g/L) were added into the vials and Trizma buffer
solution was poured to keep the suspension pH constant at pH 7.
1 mg/L of Cry was spiked into the vials to initiate reaction. To
examine the effect of pH on the removal of Cr; by nano-FeS,,
different pH buffers (pH 5, pH 7 and pH 9) were prepared using
MES and TRIS and adjusted using NaOH and HCI. pH meter
(827 pH Lab Metrohm, Switzerland) was used to check the pH
buffer and poured into vials that contained 1.25 g/L. of nano-
FeS,. To investigate the effect of HA on the removal of Cry by
nano-FeS,, two different concentrations of HA (0.25 g/ and
1.25 g/L) were prepared and added into the vials containing
3.75 g/L of nano-FeS,. 50 mM of TRIS buffer solution was
prepared and poured into the vials and 1 mg/L of Cr; was spiked
into the vials to initiate reaction. Duplicate batch experiments
were run in two (2) sets of independent to confirm reproducibility of
the experimental results. The removal kinetic of Cr; by nano-
FeS, can be calculated using Eq. (1) below:

C=Ce" (1)
where C is the concentration of Cr; at time (mg/L), C; is the

initial concentration of Cry, k is the pseudo-first-order constant
(min™), and ¢ is the reaction time.

2.3 Analytical Procedure

Cr; concentrations were analyzed with flame atomic absorption
spectroscopy (FAAS, Perkin Elmer®, AAnalyst™ 800-Waltham,
MA, USA) calibrated with Cr standard solutions (Perkin Elmer,
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1,000 mg/L) with concentrations ranging from 0.2 to 2 mg/L. A
chromium hollow cathode lamp (25 mA) was employed and
flame was used for atomizing the sample. Air (17.0 L/min) and
acetylene (2.7 L/min) were used in conjunction with a measurement
line of 359.35 nm. Field emission scanning electron microscope
(FESEM, Supra 40 VP, Carl Zeiss, Germany) in conjunction
with energy-dispersive X-Ray spectroscopy (EDS, INCA
PentaFETx3 detector, Oxford Instruments, UK) was used to
analyze surface morphology and element composition of the
surface of nano-FeS, before the kinetic reaction to determine its
purity and chemical functional group involved in the reaction.
The surface charge of nano-FeS, was analyzed with Malvern
Zetasizer Nano Series Instrument (United Kingdom). The samples
was also characterized by X-Ray Diffraction (XRD) using the
PANalytical X pert Pro MPD diffractometer for phase and purity
studies. Attenuated total reflection (ATR-FTIR, Perkin-Elmer®,
Spectrum 400-Waltham, MA, USA) spectrometer was used to
identify functional groups.

3. Result and Discussion
3.1 Characterization Study of Nano-FeS, Particles

3.1.1 SEM Analysis

Figure 1(a) shows the image of nano-FeS, particles using
SEM-EDX. The SEM-EDX images show that most of nano-
FeS, particles sizes were in the range of 50 nm to 100 nm,
indicating that FeS, particles are nano-size and may provide
higher reactive surface compared to micro-size of FeS, Fig. 1(b)
shows the SEM-EDX image spectra of chemical composition of
nano- FeS, particles. This result reveals that nano-FeS, particles
contain iron (Fe) and sulphur (S).

Table 1 shows the composition of Fe and S was 53.10% and
46.90% respectively. This result indicates that Fe is predominant
compared to S. This result suggests that nano-FeS, particles in
this study may provide high reactive surface that contain ferrous
ion (Fe*") and sulphide (S8*°), which can enhance removal kinetic
of Cry by nano-FeS, particles.

Table 1. Chemical Composition of Nano-FeS, Particles

Concentration
Elements . .
Weight percentage Atomic percentage
Sulfur 46.90 60.60
Iron 53.10 39.40
Total 100
50000
40000+
= = nanc-Fes, (a)
O 30000 = Nano-FeS, with Cr; (b)
=
2
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Fig. 2. XRD Patterns of the Nano-FeS,: (a) before, (b) after Crr
Adsorbed

3.1.2 XRD Analysis

Figure 2 illustrates XRD diffractogram of nano-FeS, used in
this experiment before and after adsorption with Cr. XRD
analysis shows that typical diffraction peaks of 26 at 28.46°,
33.28°, 37.0°, 40.77°, 59.0° and 64° indicates the crystalline
nano-FeS, are clearly observed and highly pure. This result
confirms that Fe and S in nano-FeS, mainly existed as FeS, and
it is consistent with the SEM-EDX results. The XRD patterns
obtained from the analysis indicate that all the peaks were
matched with the library database patterns of faced cubic center
(FCC) nano-FeS, as shown in the Fig. 2(a). This experimental
results is similar with XRD analysis reported in a previous study
(Kim et al., 2002). However, the XRD pattern of nano-FeS,
adsorbed with Cry (Fig. 2(b)) shows a slightly different pattern
compared to nano-FeS, alone. There were three obvious different
diffraction peaks at 44.5°, 65.3° and 78.33°, suggesting that new

2um Electron Image 1

(b)

(R b a—— S -

Fig. 1. Loading Apparatus and Photo: (a) SEM Image of Nano-FeS,, (b) EDX Image of Nano-FeS,
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chemical speciation may form on the surface of nano-FeS, after
reaction with Cr; which is referred to iron chromite oxide
(FeCr,0O,) and it match well with the library database. It has been
reported that FeCr,0O, was also formed on the surface of
magnetite during the removal reaction of Cr with magnetite (Hu
et al., 2004). Formation of Cr** as products of Cr*" reduction by
FeS, may precipitate as Cr(OH);, and/or mixed of Fe-Cr(OH)s
under different conditions (e.g, pH and concentration of Cr)
(Kantar et al., 2015). The oxidation products (e.g., Fe(OH)s),
Cr(OH)s), Fe-Cr(OH)s)) can be accumulated on the surface of
FeS, and formed a passivating layer (Kantar ef al., 2015). This
experimental finding clearly proved that secondary mineral was
formed on the surface of nano-FeS,, indicating that adsorption,
complexation and reduction reactions may occur during the
removal reaction.

3.2 Removal of Crr by Nano-FeS, under Different Initial
Concentration of Crr

Figure 3 shows the Cr; removal by nano-FeS, under three (3)
different Cr concentrations (1 mg/L, 1.5 mg/L and 2 mg/L).
Removal kinetic rate constant of Cry by nano-FeS, was fitted by
a pseudo-first-order kinetic model (R* = 0.96). Experimental result
shows that the Cr; removal decreased as the initial concentration
of Cry increased from 1 mg/L to 2 mg/L. Completed removal of
1 mg/L of Cr;y by nano-FeS, was observed in 20 minutes.
Approximately 64.33% and 68.50% of Cr; were removed at 1.5
mg/L and 2.0 mg/L of Cry respectively within 10 minutes of
reaction time and then plateau phase is reached which lasted to
the end of the experiment. This result indicates that no significant
removal of Cry by nano-FeS, was observed after 10 minutes
reaction time. This is due to the limited reactive surface available
on the surface of nano-FeS,. Slope of the linear regression line
shows a proportional decreased between the rate constant and the
initial Cry concentration (1 mg/L to 2 mg/L) (Fig. 3(inset)). An
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Fig. 3. Effect of Initial Concentration of Crr on Removal Kinetic of

Crr by Nano-FeS, Particles. Concentration of Nano-FeS, =
1.25 g/L, Suspension pH =7. Fig. 3(Inset): Removal Kinet-
ics Rate Constant (k) of CrT by Nano-FeS, under Different
Concentrations of Cry
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estimated removal kinetic rate constant for the removal of Cry by
nano-FeS, (1.25 g/L) was k = 0.43 min™" at 1 mg/L of the Cr;
concentration. Removal kinetic rate constant decreased to k& =
0.39 min™! and k£ = 0.30 min' when Cr; concentration increased
to 1.5 mg/L and 2 mg/L respectively. The result suggests that
nano-FeS, particles has limited reactive surface as the concentration
of the Cry increased. The findings of this study are consistent
with the experimental result reported by from a previous study
by Kantar et al. (2015). Removal kinetic rate constant of Cr®*
was decreased as the concentration of Cr®" was increased,
indicating that there are limited number of reactive surface sites
on nano-FeS, (Kantar et al., 2015). According to Graham and
Bouwer (2012), reduction of Ct*" on the surface of nano-FeS,
significantly correlated with reactive site of nano-FeS, ([Cr®")]/
[FeS, reactive sites]. Excess surface sites of nano-FeS, leads to
complete removal of Cr®" via first order reaction kinetics
(Graham and Bouwer, 2012).

3.3 Removal of Cr; by Nano-FeS, under Different Con-
centration of Nano-FeS, Particles

Figure 4 demonstrates the effect of the nano-FeS, concentration
on the removal of Cr; by nano-FeS, at suspension pH 7.
Removal of 1.0 mg/L of Cr; by nano-FeS, was increased as the
concentration of nano-FeS, increased from 0.75 g/L to 1.0 g/L
and 1.25 g/L in 30 minutes reaction time. A complete removal of
1.0 mg/L of Cr; by nano-FeS, was observed at 1.25 mg/L of
nano-FeS, in 20 minutes reaction time. Approximately 92.7%
and 66% of Cry were removed by 1.0 g/L and 0.75 g/L of nano-
FeS, respectively in 30 minutes. Experimental result shows that
rapid removals of Cry at different concentrations of nano-FeS,
were observed in the first 10 minutes and then the removal of Cry
started to slow and shows the plateau phase. Similar experimental
result was reported in a previous study (Zouboulis ef al., 1995).
The kinetic data of Cry removals by nano-FeS, particle were fitted
by a pseudo-first-order kinetic model (R’ = 0.82). Fig. 4(inset)

30
12 .
-~ 25
10 E
=
_‘g: 08 .
: .
E 06 05 |
5 o7 08 09 10 1 12 13
é Nano-FeS, Concentration (/L)
Y o4 T
& 51:Nano-Fe5,-0.75 gL
0= Gg® @ 5 NamoFes 10gL
E E M 53 Nano-FeS-125gL
0.0 + ¥ T
0 10 20 30 40
Time (min)
Fig. 4. Effect of Nano-FeS, Concentration on Removal Kinetic of

Crr by Nano-FeS; Particles. Initial Concentration of Crr = 1
mg/L, pH Solution = pH 7. Fig. 4 (inset): Removal Kinetic Rate
Constant (k) of Cry at Different Nano-FeS, Concentrations
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shows removal kinetic rate constant of Cr; under different
concentration of nano-FeS, (0.75 g/L to 1.25 g/L). Slope of the
linear regression line shows a proportional increased between the
rate constant and the added nano-FeS, concentration. This result
indicates that removal kinetic of Cry by nano-FeS, was significantly
increased as the concentration of nano-FeS, increased probably
due to the greater reactive surface area provided by nano-FeS, at
higher concentration of nano-FeS, (Amir and Lee, 2011) An
estimated removal kinetic rate constant for the removal of Cry by
nano-FeS, at 0.75 g/L was k= 1.11 min™" and it increased as the
concentration of nano-FeS, was increased from 0.75 g/L.to 1.0 g/
L and 1.25 g/L. The removal kinetic rate constant of Crr at 1.0 g/
L of nano-FeS, was k = 1.26 mins™, which is 1.13 times greater
than that at 0.75 g/L of nano-FeS,. Additional of 1.25 g/L of
nano-FeS, significantly increased the removal kinetic rate
constant of Cry by nano-FeS, 2.21 times greater (k = 2.8 mins™)
at 1.0 g/L of nano-FeS,. This experimental result suggests that
high concentration of nano-FeS, significantly provides sufficient
surface reactive area to allow adsorption and reduction of Cry to
Cr’*. Due to this reason, removal kinetic of Cr; was significantly
increased as the concentration of nano-FeS, increased from
0.75 g/l to 1/25 g/L. This experimental result was consistent
with the experimental results reported by Lin and Huang (2008).

3.4 Effect of pH on Crr Removal by Nano-FeS,

Figure 5 demonstrates the removal of Cr; by nano-FeS, under
different suspension pH (pH 5, 7, 9). The removal kinetics data
of Cr; by nano-FeS, under different suspension pH were fitted by
a pseudo-first-order kinetic model (R*>= 0.63). It is noteworthy that
the removal of the Cry by nano-FeS, was significantly increased
as the suspension pH increased (pH 5-9). An approximately 93%
of Cr was removed by nano-FeS, at suspension pH 9, followed
by 80.36% and 40.35% removal of Cr; by nano-FeS, at suspension
pH 5 and suspension pH 6, respectively. This experimental
finding indicates that the removal of Cr; by nano-FeS, was
greater under alkaline condition than neutral condition. This

20 35 ¢
3.0 .
; 25
151 520
g E 1.5
E g0 .
% T 05 .
= 0.0 +
g 1.0 @ 4 5 -] 7 8 9 10
§ pH Valie
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= | \® E.! i - 3
0.5 4 [ ] ® SlpHS
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\ [] 3 § © S3pH9
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Time (min)
Fig. 5. Effect of pH on Cr; Removal by Nano-FeS, Particles. Initial

Concentration of Cry = 1 mg/L, pH Solution =5, 7 and 9.
Fig. 5(inset): Removal Kinetic Rate Constant (k) of CrT by
nano-FeS, under Different Suspension pH
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experimental results suggests that reactive surface of nano-FeS,
is dominated by sulfide (S*°) compared to ferrous (Fe*"). Literatures
have reported that S*~ has higher nucleophilicity under alkaline
condition and may enhance reduction of Cr; (Amir and Lee,
2012). Fig. 5(inset) shows that removal kinetic rate constant of
Crr by nano-FeS, under different suspension pH. Removal
kinetic rate constant accelerated as the initial suspension pH
increased between pH 5 to pH 9. The removal kinetic rate
constant of Cr; by nano-FeS, at pH 9 (3.02 min™") was 6 times
greater than that at pH 7 (0.51 min™), suggesting that reactive
surface area of nano-FeS, was significantly increased under
alkaline condition. The lowest removal kinetic rate constant of
Cry by nano-FeS, was observed at suspension pH 5 (0.86 min™),
indicating that surface reactivity of nano-FeS, was less reactive
compared to the neutral and alkaline conditions. This experimental
result was consistent with the experimental results reported by
Amir and Lee (2011). Surface charge of nano-FeS, was further
characterized using Zeta Potential analysis.

Figure 6 demonstrates surface charge of nano-FeS, with and
without Cr under different suspension pH (pH 3-9). Surface
charge of nano-FeS, in the absence of Cr; was positive (+10.3
mV to +11.2 mV) at acidic condition (pH 3-5). This result
suggests that the surface of nano-FeS, was protonated with H
under acidic condition and potential chemical species that may
presence are ferric hydroxide (=FeOH;") and ferric sulfide
(=FeSH;") (Lin and Huang, 2008). However, surface charge of
nano-FeS, was drastically decreased between pH 5 and pH 6.10
(Pzpc), due to Zero Point Charge (ZPC) condition of nano-FeS.,.
It has been reported that P,pc of nano-FeS, was in the range of
pH 6.2 to 7.0 (Bae et al., 2012). Surface charge of nano-FeS, was
significantly negative between pH 7 and pH 9 (-6.22 mV, -11.4
mV and -13.8mV). This result suggests that surface of nano-FeS,
was deprotonated and there is potential presence of ferrous oxide
(EFeO") and ferrous sulfide (=FeS™) (Amir and Lee, 2012; Bae et
al., 2012). Due to this reason, reduction of Cry to Cr’" is greater
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Fig. 6. Surface Charge (mV) of Nano-FeS, as a Function of pH in

the Absence and Presence of the Cry between pH Range
of 3-9. Initial Concentration of Nano-FeS, = 1.25 g/L
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under neutral and alkaline conditions than that at under acidic
condition. Surface charge characteristic of nano-FeS, with Cry
was contradictory with the surface charge of nano-FeS, without
Cry. Surface charge of nano-FeS, remained positive under all
suspension pH conditions where the surface charge of nano-FeS,
was in the range of 5.1 mV to 20.9 mV. This result suggests that
adsorption of Cr; on the surface of nano-FeS, significantly altered
the originality surface charge of nano-FeS,. This experimental
finding reveals that the reactive surface area of nano-FeS,
significantly depends on its surface charge and type of chemical
species under different suspension pH.

3.5 Effect of Humic Acid on the Removal of Cr; by Nano-
FeS, Particles

Figure 7 shows the effect of HA on the removal of Cr; by
nano-FeS, at pH 7. Experimental result shows that the removal
of Cry by nano-FeS, alone was greater than that in the presence
of HA. Removal of Cr; by nano-FeS, was significantly greater
than that by nano-FeS, in the present of HA over in 30 minutes at
pH 7. An approximately 92.40% (k = 0.24 min™) of Cr; was
removed by nano-FeS, in the absence of HA in 30 minutes
reaction time. An approximately 20% of Cry was removed by
nano-FeS, in the present of 0.25 g/L and 1.25 g/L of HA in 30
minutes. No significant different between the removal kinetic
rate constant of Cry; by nano-FeS, at 0.25 g/L (k = 0.72 min™)
and 1.25 g/L. (k= 0.50 min™") of HA. This result indicates that the
reduction of Cry by nano-FeS, was inhibited due to the
adsorption of HA on the surface of nano-FeS,. This result was
consistent with the experimental finding from the previous study
(Rao et al., 2009; Tsang, 2014). Previous studies have reported
that removal of arsenic by Fe® was inhibited due to the formation

® S1:Nano-FeS,
& S2HA (1.259L)
©@ S3:HA (0.25g/L)

Concentration (mg/L)

0 10 20 30
Time (min)

Fig. 7. Effect of HA on Removal of Cr; by Nano-FeS, Particles.
Initial Concentration = 1 mg/L, pH Solution = pH 7

Table 2. FTIR Absorption Bands of the Humic Acid

Assi ; Wavenumber (cm ')
ssignmen
£ Humic acid
Carbonyl group 1575.15¢cm !
(CO0) 1374.59 cm |
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of new complexation species between Fe” and humic acid (Rao
et al., 2009; Tsang, 2014).

Table 2 shows FTIR analysis on the anionic functional group
present in HA. Carbonyl group (COO") was detected at wavelength
1575.15 cm™ and 1374.59 cm™, suggesting that new complex
species between Fe** and COO™ may occur and inhibit the
removal of Cr; by nano-FeS,. This experimental result was very
significant to identify potential reaction mechanism that may
occur during the removal of Cry by nano-FeS, in the presence of
humic acid.

4. Conclusions

Finding from this study proved that nano-FeS, particles are
capable of removing Cry under different concentration of nano-
FeS,, Cry, humic acid and suspension pH. Surface of nano-FeS,
particles in this study was reactive because Fe (53.10%) and S
(46.90%) were the main chemical compounds on the surface of
nano-FeS,. Removal kinetic rate constant of Cr; by nano-FeS,
was significantly controlled by the reactive surface area of nano-
FeS, under any environment condition. Removal kinetic of Cry
by nano-FeS, was significantly increased at 1.25 g/L. of nano-
FeS, (2.78 mins™) and alkaline condition (3.01 mins™). However,
the removal kinetics rate constant of Cry was significant
decreased in the present of humic acid (k= 0.72 min™") and at
high concentration of Cr; (0.29 mins™). Based on the experimental
findings, the optimum conditions for significant removal of Cry
by nano-FeS, are at pH 9 and concentrations of Cry, nano-FeS,
and humid acid are 1 mg/L, 1.25 g/LL and less than 0.25 g/L (>
[0.25]). However, removal of Cr; by nano-FeS* through
adsorption reaction may inhibit and enhance due to the existence
of other biogeochemistry factors in groundwater (e.g., enzyme
from bacteria and electrolytes) (Mak et al., 2009). Reactive
surface area of nano-FeS, significantly depends on its surface
charge and type of complexation species under different
environmental conditions. Surface charge of nano-FeS, alone
was significantly altered under different suspension pH and in
the presence of Cry and HA. Identification of formation of new
complexation species on the surface of nano-FeS, in the present
of Cr; reveals that adsorption, complextion and reduction
reactions may occur during the removal reaction. This study
provides fundamental knowledge on the fate of Cr in the present
of nano-FeS, alone, nano-FeS, with HA and under different
suspension pH. Finding from this study can be used to enhance
remediation technology to removal heavy metals in soil and
groundwater. Reaction mechanisms on removal of Cr; by nano-
FeS, can by be applied at the remediation sites to advanced
natural attenuation and nano-FeS,-based ex-situ soil and
groundwater treatments (e.g., permeable reactive barrier).
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