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The iron content, the distribution and morphology of iron (hydr)oxide-nanostructures, and the arsenic
adsorption capacity of iron impregnated granulated activated carbon (Fe-GAC) differed depending upon
the synthesis conditions used. Several Fe-GAC samples were synthesized with varying reaction contact

Accepted 30 May 2008 times and reagent solution concentrations. The iron content of the Fe-GAC ranged from 0.5 to 16% Fe/g
of dry media. The iron (hydr)oxide nanoparticles synthesized via the ferric/alcohol and ferrous/oxidation
Z‘?S"e";"aris‘ methods had spherical and teeth-like morphologies, respectively, based on focus ion beam/scanning elec-

tron microscope. The spherical nanoparticles had diameters between 20 and 100 nm and were distributed
throughout the media, forming clusters in the pores of the Fe-GAC. In contrast, the teeth-like nanoparti-
cles were about 30 nm long and 5 nm thick. They were distributed in the outer layers of the carbon. The
arsenate affinities of the synthesized Fe-GAC samples were evaluated in batch adsorption experiments
conducted in 10 mM NaHCOs;-buffered ultrapure water at pH values ranging from 6.2 to 10.0. In general,
when evaluated under the same conditions, the Fe-GAC prepared using the oxidation step and ferrous
ions had almost an order of magnitude higher arsenate adsorption capacity than the Fe-GAC produced via
direct precipitation from alcohol.
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1. Introduction Metal (hydr)oxides impregnated in granulated activated car-

bon (GAC) or polymeric resin beads can be used to remove

Arsenic, a class A human carcinogen, occurs naturally in soils
and water, but it also enters the environment due to anthro-
pogenic sources [1,2]. Many community water systems and private
wells in North America and around the world contain arsenic con-
centrations exceeding the maximum contaminant limit (MCL) of
10 pg/L recently lowered by the US EPA, European Union (EU)
and World Health Organization (WHO) [3-7]. This new regula-
tory pressure has increased interest in the development of new
or improved technologies that economically remove arsenic from
water.
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arsenate or other contaminants [8-12]. Although several stud-
ies have been conducted on arsenate removal by iron-containing
GAC adsorbents, limited reports address the impact of synthesis
conditions on the distribution of iron (hydr)oxide nanoparticles
through the modified GAC (Fe-GAC) particles. The goal of this
study was to evaluate the impact of synthesis variables (i.e., iron
concentration, contact time, and effect of pre-oxidation) on the
iron content, the morphology and distribution of iron-containing
nanostructures, and the arsenic removal capacity of Fe-GAC. Two
different synthetic routes were used: (1) Fe(Il) and an oxidant
(KMnOQy), and (2) Fe(Ill) and direct precipitation in alcohol. The
synthesized Fe-GAC adsorbent materials were characterized by ele-
mental analysis, electron dispersion X-ray (EDX) microanalysis,
surface charge analysis, and focused ion beam/scanning elec-
tron microscopy (FIB/SEM) techniques. The role of manganese
in the Fe(II)/JKMnO,4 synthesis was tracked via mass balance
calculations. The capacities of the Fe-GAC samples to remove
arsenic were determined by estimating Freundlich adsorption
isotherm parameters in bicarbonate solution using the batch
method.
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Table 1
Synthesis conditions and iron content of the Fe-GAC media synthesized via the
Fe(Ill)/alcohol method

Fe-GACID  Fe3* concentration Contact time of GAC %Fe in dry Fe-GAC
in alcohol and solution (min)
M1 0.03N 15 0.5
M2 0.03N 45 0.5
M3 0.03N 180 0.5
M4 0.3N 15 33
M5 0.3N 45 2.2
M6 0.3N 180 22
M7 3N 15 9.1
M8 3N 45 9.0
M9 3N 180 9.2
M10 6N 15 124
M11 6N 45 125
M12 6N 180 1.4
Control NA NA <0.05

2. Experimental approach

2.1. Preparation of the iron-modified granulated activated carbon
(Fe-GAC)

Lignite-based GAC (HD-3000, US mesh 8 x 30, NORIT Americas
Inc., USA) was impregnated with iron (hydr)oxide using two dif-
ferent synthesis methods. HD-3000 GAC was selected as the base
support material because of its macroporous structure, large pore
volume, and the low cost of lignite coal [13].

In the first method, GAC is pretreated with KMnO4 and then
brought in contact with a Fe(Il)/water solution to form ferric
(hydr)oxide nanoparticles [14]. Specifically, 50 g of air-dried GAC
was mixed with 500 mL KMnOy4 solution in amber glass/teflon cap
1L bottles at 30rpm under the conditions reported in Table 1.
This pretreated GAC was decanted and rinsed repeatedly with
ultrapure water (<1 wS/cm) until no purple/pink color (from the
permanganate solution) was observed. The repeated rinse facili-
tated cooling of the media to room temperature (20 &4 2 °C) which
was increased as a result of heat generated during the pretreatment
process. The pretreated GAC was subsequently mixed with a 1-M
solution of FeSO4-7H,0 for 6 h to oxidize the Fe(Il) and precipitate
the iron (hydr)oxide nanoparticles. During the Fe(Il) oxidation step,
the generation of H* results in a decrease in pH. This is illustrated
by Eq. (1), in which Mn** is reduced to Mn?*:

2Fe?* + MnOys) + 2H,0 — 2Fe00H5) + Mn?* + 2H",

AEK/In(IV)»Mn{lI) =0.453

The formula FeOOH,) indicates the formation of an amorphous
ferric (hydr)oxide precipitate. To remove the excess protons and
non-GAC bound iron (hydr)oxide precipitate, the synthesized Fe-
GAC was repeatedly rinsed, soaked overnight in a solution of 1%
NaHCOs3, and stored wet.

In the second method, Fe(Ill) is precipitated as iron (hydr)oxide
nanoparticles using a modified form of a proprietary synthetic
process developed by SolmeteX [15]. In this synthesis, 50g of
air-dried GAC (US mesh size 8 x 30) was mixed with 500 mL of
Fe(IlI)/alcohol solution according to the concentrations and con-
tact times given in Table 2. The iron impregnated GAC was filtered
and then combined with a 7.5% NaOH solution (pH ~13.6) for
15min to form a precipitate. The product was repeatedly rinsed
with distilled water to lower the pH below 8 and remove excess
precipitate. Although minor quantities of iron (hydr)oxide species
may be present, Hristovski et al. [15] confirmed using X-ray diffrac-
tion that the dominant form of synthesized iron (hydr)oxide
during both synthesis methods is amorphous FeOOH. The pre-

pared materials were air-dried, crushed, sieved using US mesh
40 x 60, and stored wet prior to use in arsenic adsorption exper-
iments.

2.2. Characterization of Fe-GAC

The iron contents of the Fe-GAC samples were determined
by acid digestion in concentrated HNO3 and 30% H,0, (US EPA
SWA 846, Method 3050B) followed by flame-atomic absorption
spectroscopy (Varian Spectra 50B) [16]. Before the acid digestion,
samples were ground to a powder and dried at 104 °C to constant
mass to remove any moisture. The permanganate concentration
was measured using a UV-vis spectrophotometer (Jenway 6405,
Barloworld Scientific Ltd., UK) according to Analytical Method 102
[17].

The iron and manganese distributions throughout the Fe-GAC
were evaluated by multipoint EDX microanalysis (EDAX Inc.) along
a cross-section line. The carbon samples were glued to an epoxy
resin and sliced to reveal the inner core of the particle. FIB and SEM
techniques were employed to determine the size and shape of the
deposited iron (hydr)oxide nanoparticles within the pores of the
media (Nova 200 NanoLab UHR FEG-SEM/FIB and XL 30 by FEI).
A backscatter detector was used to differentiate the iron from the
carbon inside the Fe-GAC. This backscatter detector differentiated
between heavier elements such as iron, which appear as whiter
areas, and lighter elements such as carbon, nitrogen, oxygen and
hydrogen, which appear as darker areas.

Arsenic was analyzed using a graphite furnace atomic absorp-
tion spectrophotometer (GF-AAS) Varian Zeeman Spectra 400
[18].

2.3. Equilibrium adsorption experiments

To study the impact of pH on the affinity of Fe-GAC for arsenic,
batch adsorption experiments were conducted in 500 mL HDPE
bottles (Nalgene). Fe-GAC samples (4-1250 mg/L Fe-GAC by dry
weight) were mixed with solutions of 10 mM NaHCO3-buffered
ultrapure water containing 120 wg/L As(V) and having a pH range
of 6.2+0.1-10.0+0.1. Samples were continuously agitated for
3 days prior to filtering through a 0.8-pwm acetate membrane
filter. Arsenate adsorption isotherms were plotted using the Fre-
undlich adsorption isotherm model is given by the following
equation:

q=Kc)/" 2)

where ¢ is adsorption capacity (g adsorbate/g adsorbent), K is
the Freundlich adsorption capacity parameter ((jug adsorbate/g
adsorbent)(L/Lg adsorbate)!/"), C¢ is the equilibrium concentration
of adsorbate in solution (g adsorbate/L), and 1/n is the Freundlich
adsorption intensity parameter.

Table 2
Synthesis conditions and iron content of the Fe-GAC media synthesized via the
KMnOg4/Fe(Il) treatment method

Contact time for
MnO4~ and GAC (min)

Fe-GACID MnO4~ concentration %Fe in dry Fe-GAC

Mn1 0.1IN i3 10.7
Mn2 0.1N 45 10.2
Mn3 0.1IN 120 10.3
Mn4 0.5N 15 16.4
Mn5 0.5N 45 15.7
MnO NA 180 2.8
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Fig. 1. (a) SEM image of a cross-section through a Fe-GAC particle synthesized via the Fe(Ill)/alcohol method and the particle’s iron distribution, as analyzed with electron
dispersion X-ray microanalysis (EDX). (b) SEM image of a cross-section through a Fe-GAC particle via a pre-oxidation step using KMnO4 and the particle’s iron distribution,
as analyzed with electron dispersion X-ray (EDX) microanalysis. (c) SEM image of a cross-section through a GAC particle treated with KMnOy4 only for period of 45 min and
the particle’s manganese distribution, as analyzed with electron dispersion X-ray (EDX) microanalysis.
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Fig. 2. Iron (hydr)oxide clusters formed in the large pores of Fe-GAC synthesized via
the Fe(Ill)/alcohol method; the nanoparticles in the clusters are spherical.

3. Results and discussion
3.1. Impact of synthesis conditions on iron loading on Fe-GAC

The iron content of the untreated GAC was <0.05% of Fe per dry
carbon weight. The iron content of the Fe-GAC prepared via the
Fe(Ill)/alcohol method ranged from 0.5% to 12.5% Fe per dry carbon
weight (Table 1). The iron loading on the carbon increased as the
Fe(IIl) concentration in alcohol increased. The samples synthesized
using 3N and 6N Fe3* yielded 9% and 12% iron/g of dry Fe-GAC,
respectively. Raising the iron concentration 10-fold from 0.03 to
0.3 M increased the iron loading in the Fe-GAC by four to six times.
When the iron concentration was raised 200-fold, 25 times more
iron was impregnated in the Fe-GAC.

Initially, longer contact times were expected to increase the iron
content of the Fe-GAC by allowing more time for Fe3* to diffuse
deeper into the GAC particles and for a pseudo-equilibrium to be
established between the iron concentration in the bulk solution and
that in the carbon. However, the results suggest that contact time
did not have a significant effect on iron loading. Fe-GAC synthe-
sized with constant Fe(IIl) concentrations in alcohol but different
contact times resulted in material with the same iron content. This
indicated that a contact time of 15 min or even less may be suffi-
cientto establish a pseudo-equilibrium, which may be an advantage
when conducting a synthesis on a large scale. Additionally, pro-
longed contact times can contribute to increased attrition of the
GAC material which could result in consequent loss of iron from the
media. Although the iron content data presented in Table 1 does not
exhibit scientifically significant variance, one can suggest a trend
of small decrease in iron content with increase in contact time.

Higher iron contents were generally obtained using the
KMnO4/Fe(Il) method; these Fe-GAC samples had 10-16% Fe per
dry adsorbent weight (Table 2). The iron content of the Fe-GAC
pretreated with permanganate increased as the permanganate con-
centration increased. The Fe-GAC obtained by contacting the carbon
with only 1M FeSO4-7H,0 (no KMnO,4 pretreatment) had a very
low iron content, 2.8% Fe per dry carbon weight. This demonstrates
that the pre-oxidation step in this synthesis method is essential to
obtain good iron loading. Pretreatment with 0.5N KMnOQy, yielded
a product with ~160 mg Fe/g dry carbon.

3.2. Iron distribution in Fe-GAC

Fig. 1a presents a SEM image of a cross-section through a grain
of Fe-GAC synthesized via the Fe(IlI)/alcohol method and the dis-
tribution of iron obtained via the EDX technique. Regions of high
iron concentration correspond to the locations of large pores in the
GAC. FIB/SEM analysis verified the presence of large iron nanopar-
ticle clusters in these locations. These nanoparticles were spherical
in shape with sizes ranging from 20 to 100 nm, which is generally
consistent with the nanoparticles produced via the Fe(Ill)/alcohol
method (Fig. 2).

The distribution of iron across the Fe-GAC particle cross-section
was uneven when the KMnOg4/Fe(II) synthesis method was used
(Fig. 1b). Most of the iron was concentrated near the outer edges of
the media, with the exception of several peaks that correspond to
iron located in larger pores. When a sample was treated only with
a permanganate solution (no Fe(II) added), the manganese distri-
bution was similar to that for the iron (Fig. 1¢). This distribution
pattern was seen in all Fe-GAC synthesized using the permanganate
method. The surface active Mn-forms appear to focus the formation
of FeOOH on the GAC surface.

The Fe-GAC synthesized via the KMnOg4/Fe(Il) method contained
iron nanoparticles that were about 30 nm long, 5nm thick, and
tooth-like in shape (Fig. 3). These particles did not resemble the
spherical nanoparticles produced with the Fe(IlI)/alcohol method
(Fig. 2). Interestingly, however, spherical iron oxide nanoparti-
cles could be found in the inner parts of this Fe-GAC, i.e., in
parts of the carbon where very little or no interaction between
permanganate and the GAC surface had occurred. This suggests
that the pre-oxidation step using permanganate may direct the
shape of the iron oxide nanoparticles that form later in the
synthesis.

3.3. Tracking manganese during synthesis

Manganese was tracked during synthesis to better understand
its role in the formation and distribution of iron nanoparticles. Dur-
ing the pre-oxidation step with 0.IN KMnOQOg4, more than 92% of
the permanganate was reduced within the first 15 min. In addi-

Fig. 3. Theiron (hydr)oxide nanoparticles that formed in the outside layer of Fe-GAC
obtained via KMnO4/Fe(Il) method are tooth-like in shape.
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Fig.4. The affinity for As(V) of Fe-GAC synthesized via the Fe(Ill)/alcohol method, as
a function of pH. %As(V) removed by 1 g/L dry FE-GAC at different pH values; contact
time =3 days; 10 mM NaHCOs; initial As(V) concentration ~120 pgL~1.

tion, more than 70% of the total manganese remained inside the
GAC after contact (Table 3). Furthermore, the amount of manganese
remaining inside the GAC after the oxidation step increased as
contact time increased. The maximum amount of manganese that
remained inside the pores after a contact time of 120 min was 75%.
In contrast, when a higher concentration of KMnO4 (0.5N) was used,
32% and ~8% of the permanganate remained unreacted (in solution)
after 15 and 45 min of contact time, respectively. Only 47-51% of the
total manganese remained inside the GAC after the 15 and 45 min
reaction times, indicating that KMnO4 was present in high excess
(Table 3).

Contacting the pre-oxidized GAC with Fe(I[)SO4 subsequently
resulted in oxidation and precipitation of the iron but also in the
release of the GAC-bound manganese. After this step, less than
0.2% of the initial manganese remained inside the GAC when 0.1N
KMnO4 was used, but more than 10 times that amount remained
with 0.5N KMnOy4. The amount of Mn remaining was less than 5%
when a long contact time was used (45 min).

The oxidation state of Mn may go through several transfor-
mations in the synthesis. Upon initial contact with the carbon,
manganese (as KMnOy) is partially reduced from Mn’* to more
stable manganese forms (e.g., Mn**). The partially reduced man-
ganese is then deposited inside the pores of the GAC as insoluble
manganese oxide (MnOy). The addition of Fe(II) further reduces the
MnOy to Mn2* as Fe2* oxidizes to Fe3*. Divalent manganese is sol-
uble and the most stable form of manganese. The oxidized Fe(II)
then precipitates as nanoparticulate FeOOH.

3.4. Affinity of Fe-GAC for arsenic

Fig. 4 shows the effect of pH on the arsenic removal effi-
ciency of Fe-GAC prepared via the Fe(Ill)/alcohol method. Arsenate
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Fig. 5. The affinity for arsenic of Fe-GAC synthesized via the KMnO4/Fe(II) method,
as a function of pH. %As(V) removed by 1g/L dry FE-GAC at different pH values;
contact time =3 days; 10 mM NaHCOs; initial As(V) concentration ~120 wgL~'.

removal was highest for the samples with the highest iron con-
tents, 90-120 mg Fe/g dry carbon (Fig. 4). Increasing the pH reduced
the arsenic capacity of Fe-GAC, which is consistent with iron and
arsenic chemistry well described in the literature [2,19,20].

Fe-GAC synthesized via the KMnOy4/Fe(II) method had a higher
arsenate removal capacity at pH of 8.3 + 0.1 than Fe-GAC obtained
via the Fe(IlI)/alcohol method (each with 159 mg Fe/g dry carbon).
The former removed almost 95% of the arsenate, while the latter
at best removed 30-40% (Fig. 5). The pH had a weaker effect on
Fe-GAC synthesized via the KMnO4/Fe(Il) method than on the Fe-
GAC prepared via the Fe(Ill)/alcohol method, as Fe-GAC/KMnOy, still
removed more than 50% of the arsenate at pH 10 + 0.1. These results
suggest that arsenate removal capacity does not increase signifi-
cantly when the iron content is more than 100 mg Fe/g dry carbon.
This may be due to the formation of large iron (hydr)oxide particles
that clog the pores, which causes available adsorption sites to be
inaccessible to arsenic.

3.5. Arsenic(V) adsorption isotherms

Arsenic(V) adsorption isotherm experiments were conducted at
two pH values (6.4 and 8.3) to further study the properties of Fe-GAC
prepared using the two different synthesis methods. The pH values
were selected because the pH of most natural waters is within this
range.

Arsenate adsorption isotherms were plotted at the two pH val-
ues for four samples with different iron loadings (Fig. 6). At both pH
values, Fe-GAC prepared via the permanganate method exhibited a
considerably higher adsorption capacity than the media obtained
via the Fe(Ill)/alcohol method; this was also evident in the single-
dose experiments. As shown in Table 4, the adsorption capacity
parameter (K) values for the media synthesized using the perman-
ganate method were an order of magnitude higher than those for

Table 3

Mass balance of manganese in the KMnO4/Fe(Il) method (Bold and italic values represent sums of the corresponding columns)

Fe-GAC (A) %Mn as unreacted (B)%Mn as reduced (C) Total #Mn remaining in (D) %Mn remaining (E) %Mn released (F) %Mn still Total Mn
MnO,4 remaining in form of Mn remaining  solution after Step 1 in the GAC after into solution after  remaining in the recovered
solution after Step 1 in solution after Step1 (C=A+B) Step 1 (D=F+E) Step 2 GAC after Step 2 (G=A+B+D)

Mn1 7.66 16.72 24.38 70.53 70.39 0.14 94.91

Mn2 0.00 18.71 18.71 75.31 75.18 0.13 94.02

Mn3 0.00 13.96 13.96 75.32 75.18 0.14 89.28

Mn4 32.41 20.38 52.79 47.20 46.10 1.10 99.99

Mn5 8.29 36.07 44.36 51.18 46.51 4.67 95.54
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Table 4
Fitted adsorption capacity parameters (K) and Freundlich adsorption intensity
parameters (1/n)?

Fe-GAC (%Fe) pH6.4+0.1 pH8.3+0.1

Kb K* 1/n R? Kb K® 1/n R?
Mn1
(10.7) 263.6 2,643.1 041 099 315 294.4 0.62 0.99
Mn4
(16.4) 2472 23101 048 098 473 442.0 0.58 0.97
M7
(9.1) 379 3542 049 095 0.0002 0.002 263 0.98
M10
(12.4) 489 4570 0.55 097  0.05 047 1.7 097

2 Contact time =3 days; 10 mM NaHCOs-buffered ultrapure water; initial As(V)
concentration ~120 pg/L.

b LgAs/g dry M-GAC/(pgAs/L)"/".
< pgAs/gFe/(ugAs/L)'/".

the samples prepared via the Fe(Ill)/alcohol method (~250 vs. ~45
at pH 6.4). A study conducted by Chen et al. [21] reported sim-
ilar K values (K~200 (uwgAs(V)/g dry media) (L/ug)'/?) for iron
impregnated bituminous GAC at pH 6. However, these values are
still several times lower than the K values (K~4452 and ~429
(ngAs(V)/g dry media) (L/pg)!/™)) reported for commercially avail-
able arsenic removal media such as granulated ferric hydroxide
(GFH) [22,23]. Considering that iron content of GFH is in the range
of approximately 50% in comparison to maximum of 15% for the
Fe-GAC, one can attribute this higher adsorption capacity of GFH to
the higher iron content. However, the advantage of the synthesized
Fe-GAC is its potential ability to simultaneously remove arsenate
and organic contaminants, whereas commercially available iron
(hydr)oxides can only remove arsenate.

The Freundlich intensity parameters (1/n) for all Fe-GAC sam-
ples were <0.62 at pH 6.4+ 0.1, suggesting favorable adsorption.
The 1/n values for Fe-GAC/KMnO4 remained relatively constant at
pH 8.3, but the 1/n values increased significantly for the Fe-GAC
obtained via the Fe(Ill)/alcohol method. The increased from ~0.5
to 1.7 and 2.6 for M7 and M10, respectively. Such large 1/n values
suggest very unfavorable adsorption. This may be due to the elec-
trostatic repulsion between the prevalent HAsO42~ species and the
negatively charged Fe-carbon surface, which should be dominant
at high pH.

10000 5

] eMnipH=83+01
OMn1pH=6.4£0.1
@MnapH=83401
OMndpH=6.4+0.1
AM7pH=83+0.1
AM7pH =6.4%0.1
WM10pH=8340.1
OM10pH=6.4£0.1

1000 4

q (ug/g)

100

1 10 100 1000

Ce (ug/L)

Fig. 6. Arsenate adsorption isotherms for Fe-GAC samples with various iron
contents, prepared using the two different synthesis methods in 10 mM NaHCOs-
buffered ultrapure water and with a contact time of 3 days (initial As(V)
concentration ~120 pgL~1).

4. Conclusion

During the development of GAC impregnated with iron
(hydr)oxide nanoparticles for arsenate treatment, two different
preparative methods were used to study the effect of synthesis con-
ditions on the formation of the iron oxide nanoparticles in the GAC
and on the material’s arsenic adsorption capacity. In general, the
arsenic removal capacity of Fe-GAC increased as the iron content
of the Fe-GAC increased. However, the iron content did not signifi-
cantly increase at iron solution concentrations higher than 3N and
6N when the Fe(Ill)/alcohol synthesis method was used. Further-
more, a synthesis contact time longer than 15 min did not seem to
have a significant effect on the iron content of the Fe-GAC.

The use of an oxidant (KMnOy) affected the distribution and
shape of the iron (hydr)oxide nanoparticles. While the absence
of permanganate pretreatment yielded spherical nanoparticles
distributed throughout the Fe-GAC media, the introduction of per-
manganate yielded teeth-like nanoparticles that were generally
distributed in the outer layer of the media, i.e., where perman-
ganate and GAC had interacted. The data obtained from manganese
mass balance calculations suggest that permanganate is partially
reduced and precipitated on the GAC surface during the first step
of the process, and then it is further reduced to soluble divalent
manganese during the step in which Fe(Il) is oxidized and iron
(hydr)oxide formed. Fe-GAC produced via the permanganate/Fe(II)
method had an order of magnitude greater As(V) capacity than the
sample obtained using direct precipitation of Fe(Ill). To develop
media with improved arsenate adsorption properties, it is essen-
tial to better understand the factors that control metal (hydr)oxide
nanoparticle formation onto specific supporting surfaces, such as
GAC.
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