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ABSTRACT

Activated carbon-supported nano zero valent iron was synthesized through a carbonthermal
reduction process. Specifically, iron-impregnated activated carbon was thermally treated
under N, atmosphere at temperatures ranging from 350 to 1,150°C. Major properties of the
synthesized materials were obtained through analysis of iron content, BET surface area, and
pore size distribution. TEM images, X-ray diffraction (XRD), and Fourier transform infrared
patterns were also obtained for characterization. Results show that zero valent iron was
reduced from iron oxide and those nanoparticles were highly dispersed based on TEM
images while XRD patterns indicate a progressive reduction of iron oxide to form elemental
iron. Treatment temperature greatly impacted the characteristics of the carbonthermal prod-
ucts. The size of the particles, content of elemental iron, surface functional groups, and pore
structure all changed with the change in treatment temperature. Synthesized materials were
tested for their reactivities on chromate. Reduction of Cr(VI) by carbothermal products
occurred based on analysis of Cr speciation. In addition, reduction ability differed with vari-
ous carbothermal temperatures. Overall, materials synthesized at 550-750°C appears to
stand out when chromate removal capability and removal rate are concerned.

Keywords: Carbothermal synthesis; Elemental iron; Activated carbon; Characterization;
Chromate

1. Introduction

Nano zero valent iron (NZVI) has been successfully
used in environmental remediation for halogenated
compounds, hydrocarbons, nitrate, perchlorate, and
toxic heavy metals [1]. Reduction by zero valent iron
was considered to be the main pathway during

*Corresponding author.

remediation of pollutants such as halogenated aromat-
ics and metal ions. However, nano iron is poor in mobil-
ity in porous media such as soil and groundwater
aquifer [2]. Control of aggregation and optimizing of
reactivity and stability are also issues stopping nano
iron from realizing its full potential. In the last decade,
studies in the field of nano iron have been mainly
focused on solving these problems (aggregation,
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mobility, stability, etc.) [3]. Aggregation of NZVI was
alleviated significantly by surface coating with anionic
polyelectrolytes such as polyacrylic acid [4]. Neverthe-
less, transport of coated NZVTI is still affected by surface
charge heterogeneities encountered in aquifer. Applica-
tion of electrokinetics was proposed by Chowdhury
et al. to enhance NZVI transport in the subsurface, par-
ticularly through fine grained porous media when
increasing advective transport of NZVI is impractical
[5]. Studies have also revealed that carboxymethyl
cellulose, polystyrene sulfonate, triblock copolymer,
xanthan gum, or emulsion stabilized NZVI through
electrostatic repulsion, steric hindrance, and depletion
[6-8]. These coating materials were used as “delivery
vehicles” to improve NZVI transporting. However,
coatings of NZVI are unlikely to provide complete
stabilization because of incomplete or insufficient sur-
face coverage. In addition, the extent of stabilization is
dependent on the characteristics of the coating materi-
als, the thickness of the polymer layer on the particle
surface, and the solution chemistry [9,10].

Supporting NZVI on porous materials such as sil-
ica [11], resin [12], montmorillonite [13], activated car-
bon [14], carbon nanotube [15], and zeolite [16] were
reported to considerably reduce particle aggregation
and increase the homogeneous dispersion of NZVI.
Particles synthesized using a supporting material as
matrix tend to exhibit a narrower size distribution.
Most of nano iron-supported materials were made by
chemical reduction by sodium borohydride of pre-
loaded iron salts [17,18]. Scaling up is an issue with
this chemical reduction method due to the production
of hydrogen gas and the high chemical cost [19]. Ther-
mal treatment has been considered an alternative pro-
cess for NZVI synthesis. Carbothermal reduction is
widely used in the production of iron and steel from
iron ore. Carbon acted as the reductive agent. Hoch
et al. prepared carbon black-supported NZVI by aque-
ous impregnation of iron salt and subsequent heat
treatment at 600-800°C under argon [20]. At treatment
temperature between 300 and 500°C, Fe;O; was
formed from adsorbed iron ions. Elemental iron
appeared only in samples treated at higher than
600°C. Using an aerosol-based technology, Zhan et al.
produced a carbon-iron composite from sucrose-iron
salt mixture by a combination of hydrothermal dehy-
dration and carbothermal reduction processes [21].
Pereira et al. obtained a magnetite-coated NZVI and
activated carbon composite by the reduction of ferric
nitrate-impregnated activated carbon in an inert gas
atmosphere at up to 800°C [22]. These materials were
found to be highly efficient in a variety of environ-
mental applications, e.g. degradation of textile dye
and reduction of Cr(VI) in aqueous medium.
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This paper intended to investigate the production
of activated carbon-supported NZVI particles through
carbothermal treatment of activated carbon impreg-
nated with iron. The effects of treatment temperature
on carbothermal reduction, immobilization, and
development of elemental iron were studied in detail.
Besides providing element carbon as reducing agent,
activated carbon showed other advantages due to its
large surface area and sophisticated pore structure
[23]. A variety of tools were employed to characterize
the association between activated carbon and iron
particles and to provide further information on the
role of activated carbon.

In addition, chromate was employed as a target
pollutant to investigate the reactivity of synthesized
materials. Effects of dosage, mechanism, and rate of
Cr removal and role of nano iron were investigated.
The ultimate goal of this research is to optimize
carbothermal synthesis condition and provide useful
information on application through testing the
efficiency for chromate removal.

2. Materials and methods
2.1. Materials

Lignite-based activated carbon purchased from
Sinopharm Group Chemical Reagent, China was
ground to 180 x 200 US mesh in size before use and
named as AC. Potassium dichromate and iron(Il)
chloride tetrahydrate (FeCl,-4H,O) were purchased
from Aladdin, China. All chemicals were analytical
grade and were used as received without further
purification.

2.2. Carbothermal synthesis of activated carbon—nanoiron
composites

Eight grams of activated carbon were dispersed
into 200 mL of FeCl, (1 mol/L) solution and shaken at
120 rpm, 25°C for 24 h. The mixture was then put in
an evaporator at 100°C until dry. Thus, iron-loaded
sample was named as AC-Fe.

For carbothermal treatment, 4 g of AC-Fe was put
in a tube furnace (XD1600, Zhenzhou Tianzong
Electrical Equipment Co., Ltd, China) under N, atmo-
sphere. Furnace temperature was ramped up to 350,
550, 750, 950, and 1,150°C, respectively, at 5°C/min
and held for 2 h. After that, furnace was cooled down
to room temperature and the resultant samples were
washed thoroughly with ethanol and stored in a
Ny-purged desiccator. Samples were named as AC-
Fe-temperature. For instance, AC-Fe-350 is the sample
treated at 350°C.
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2.3. Effect of dosage on Cr removal

Activated carbon sample, 0.01, 0.05, 0.1, 0.15, 0.20,
0.30, or 0.40 g in mass, was added to flasks each con-
taining 50 mL of dichromate solution (40 mg/L as Cr).
All flasks were put on a shaker (120 rpm) at 25°C for
24 h. The suspension was then filtered through a
0.45 pm membrane filter. Filtrate was analyzed for
total Cr.

Cr removal (%) = % x 100% 1)
0

where Cj is the initial Cr concentration and C is the
residual Cr. pH of the solution was kept constant at
around 5.7.

2.4. Effect of contact time on Cr removal

0.1 g of sample was added to eight flasks each con-
taining 50 mL of 40 mg/L (as Cr) dichromate solution.
pH was kept constant at around 5.7. The mixture was
filtered after 10, 20, 30 min, 1, 2, 4, 8, 24, or 48 h of
contact, and filtrate was analyzed for total Cr.

2.5. Material characterization and chemical analysis

X-ray powder diffraction was performed with a
D8A A25 (Bruker Axs GMBH) using CuKao radiation
at a scanning rate of 3°/min in the 26 range from 20°
to 80°. High Resolution Transmission Electron Micro-
scope HR-TEM Tecnai G20 (FEI, USA) was used to
observe the morphology and size of the composites.
Infrared spectra of materials were obtained by a Four-
ier transform infrared spectrometer (FTIR) Magna-IR
750 (Nicolet, USA). Surface area and pore size dis-
tribution were determined by nitrogen adsorption-
desorption isotherms by a 3H-2000PS4 unit (Beishide
Instrument, China).

Cr(VI) was determined using a UV-vis spectropho-
tometer (723 N, Shanghai Jingke Industrial Co., Ltd)
by the diphenylcarbazide colorimetric method. Total
Cr was determined using atomic absorption spec-
trometry (TAS-990, PGENERAL Shanghai). Cr(Il) con-
centration was calculated as the difference between
total Cr and Cr(VI).

Ion content of samples was determined through a
digestion method. 0.1 g of sample was added to
30 mL of HCI (3 mol/L) solution for 4 h at room tem-
perature. The mixture was then filtered, and filtrate
was analyzed for iron using atomic adsorption spec-
trometry. Cr speciation on solid surface was analyzed
using the same digestion method.
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3. Results and discussion
3.1. Physicochemical properties of synthesized materials

Fig. 1 is the iron contents of original activated car-
bon, AC-Fe, and carbothermally synthesized samples.
There is about 0.39 mg/g iron with the original acti-
vated carbon stemming probably from raw material.
After iron loading, iron content of AC-Fe rose to
18.24 mg/g. Iron content of thermally treated samples
(AC-Fe-350 to AC-Fe-1150) ranged from 859 to
17.23 mg/g. After thermal treatment, samples were
washed thoroughly with ethanol to remove loose iron
particles. This may be the reason that iron content for
thermally treated samples was less than AC-Fe. How-
ever, for thermally treated samples, iron content
increased with the increase in treatment temperature.
This may be due to the calcinations effect. Mackenzie
et al. [24] reported that calcination increased the
mechanical stability of nano iron on supporting mate-
rial. With high temperature calcination, a greater por-
tion of iron became stable on activated carbon surface.

Thermal treatment also led to the dispersion of
iron particles as shown by the TEM images in Fig. 2.
The large gray sheet is activated carbon while metal
particles are shown as darker clusters. At 350°C, crys-
tallites in the size of 10 nm were immobilized at the
activated carbon surface. TEM images revealed that
with the increase in temperature, iron became increas-
ingly dispersed on activated carbon and was only a
few nanometers in size for sample synthesized at
temperatures higher than 750°C.

Physicochemical properties of AC-Fe and thermally
treated samples were further recorded with X-ray
diffraction (XRD) and FTIR.

Fig. 3 is the XRD patterns for activated carbon, AC-
Fe, and carbothermally synthesized samples. The broad
peak at around 26° was attributed to graphite-like
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Fig. 1. Iron contents of original AC, AC-Fe, and carbother-
mally synthesized sample.
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Fig. 2. TEM images of (a) AC-Fe-350; (b) AC-Fe-550; (c) AC-Fe-750; (d) AC-Fe-950.

reflection of activated carbon. No obvious peak of crys-
tallite was observed with AC. For AC-Fe, only very
small peak of magnetite crystallite at about 35° was pre-
sent. Magnetite peak was strengthened with AC-Fe-350
indicating increasing conversion of preloaded iron ions
or salts to Fe;O4 particles [25]. The peaks at 43-45°
(Fel10) and 64.9° (Fe200) correspond to the elemental
iron with a body-centered crystalline structure [26].
Between 500 and 900°C, magnetite peaks gradually
disappeared and were replaced by peaks representing
elemental iron. Very little of the oxide phase remained
at temperature above 750°C. The progression in XRD
patterns suggests that elemental iron is the product of
carbothermal reduction of iron oxide. However, mag-
netite peaks reappeared for samples treated at 1,150°C
(AC-Fe-1150). It is most likely that zero valent iron
reacted with oxygen in air during sample handling.
Compared to samples prepared at lower temperature
(500-900°C), AC-Fe-1150 seems to be most reactive in
air.

Fig. 4 displays a comparison of FTIR spectra with
AC-Fe and carbothermally synthesized samples. Broad
bands at around 3,400 cm™! were attributed to O-H

stretching, due to H,O or C-OH. There are two promi-
nent peaks 3,030 and 2,930 cm™! that are indication of
symmetric and asymmetric CH, vibration, respectively
[27]. Bands at 1,620 and 1,130 cm™! are presumed to
be C=C and aliphatic C-H, respectively [28]. The most
obvious changes between AC and AC-Fe samples in
FTIR occur at bands observed around 702 cm ™. These
are Fe-O vibrations probably due in part from FeOOH
layer on Fe® nanoparticles. Thermally treated samples
showed much higher peaks of iron oxides.

In addition, changes in surface area and pore vol-
ume after carbothermal treatment were also compared.
Table 1 is the BET surface area and pore volume.
Fig. 5 is the pore size distribution. Compared with
AC, surface area, total pore volume, and micropore
volume all decreased after iron particles were depos-
ited on activated carbon. The most obvious decrease
occurred with pores in the size of 2-5 nm as shown in
Fig. 5 when compared to original activated carbon.
Iron oxides or elemental iron was dispersed in the
original pore structure and led to the decline.

However, surface area and pore volume varied at
different treatment temperatures. As temperature
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Fig. 3. XRD patterns of original AC, AC-Fe, and carbother-
mally synthesized samples.

increased from 350 to 550°C, surface area and pore vol-
ume increased. This may be due to the activation by
iron compounds which could open up pores. Su et al.
reported that iron compounds greatly facilitated the
activation of coir pith, and micropores were formed at
temperature 500-600°C [29]. In their research, both sur-
face area and pore volume declined as temperature
increased beyond 750°C. They argued that at high
temperature sintering effect predominated and newly
created pores were closed. In our research, the average
pore size (last column in Table 1) dropped after tem-
perature reached beyond 750°C, which is accompanied
by the decreases in both total pore volume and microp-
ore volume. This may mean that the decrease in pore
size is most likely a result of pore closure rather than
creation of micropores. The same sintering effect may
be at work here. This effect is most obvious for AC-
Fe-1150 which showed the lowest total pore volume
and micropore volume.

Overall, from characterization, elemental iron was
successfully created and dispersed on activate carbon
surface. The morphology, surface structure of original
activated carbon was changed with the depositing of
nanoparticles.
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Fig. 4. FTIR spectra of original AC, AC-Fe, and carbother-
mally synthesized samples.

3.2. Effect of dosage on Cr removal

Reactivity of carbothermally synthesized materials
was investigated with chromate as the target substrate.
Cr removal by activated carbon, iron-loaded activated
carbon AC-Fe was also carried out for comparison.
Fig. 6 is the effect of dosage on total Cr removal. AC
had limited adsorption capacity for Cr. Dosage
increased from 0.2 to 8.0g/L, percentage of Cr
removal changed from 12.2 to 55.2%. AC-Fe showed
strong removal for Cr. More than 80% of the initial Cr
was removed at dosage >6 g/L. According to XRD
patterns, iron oxides were formed on AC-Fe surface.
Luo et al. [30] believed that introduction of metal
oxide, such as manganese oxide, iron oxides, or alu-
minum oxide on the surface of activated carbon pro-
vide a way for enhancing the adsorption capacity of
heavy metals. Heavy metal ions were adsorbed by
magnetic separation, surface complexation, and ion
exchange mechanisms provided by these metal oxides.
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Table 1
BET surface area and pore volume
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Samples BET surface area (m?/g) Total pore volume (mL/g) Micropore volume (mL/g) Average pore size (nm)
AC 1,417 0.82 0.42 1.85
AC-Fe-350 1,229 0.66 0.33 2.15
AC-Fe-550 1,363 0.75 0.38 2.20
AC-Fe-750 1,164 0.61 0.34 2.10
AC-Fe-950 1,098 0.47 0.25 1.81
AC-Fe-1150 1,026 0.42 0.21 1.76
0.12 AC-Fe-950 and AC-Fe-1150. Their Cr removals were

—e—AC
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—A— AC-Fe-750
—»— AC-Fe-950
—e— AC-Fe-1150

Incremental volume (mL/g)
o
=3
>

1 10 100 1000
Pore width (nm)

Fig. 5. Pore size distribution of original AC and carbother-
mally synthesized samples.
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Fig. 6. Effect of dosage on total Cr removal.

The results from this research also revealed that iron
oxide could enhance Cr uptake.

Carbothermal reduction could further increase Cr
removal. In particular, AC-Fe-350, AC-Fe-550, and
AC-Fe-750 all showed higher Cr removal than AC-Fe
at the same dosage. The exception resided with

lower. It seems that thermal treatment at high tem-
perature actually created adverse effects.

In summary, at the same dosage, total Cr removal
follows the order of AC-Fe-550~ AC-Fe-750> AC-Fe-
350 > AC-Fe > AC-Fe-950 » AC-Fe-1150 > AC.

3.3. Effect of contact time

Experiments of contact time were conducted to
study the kinetics of Cr removal. Fig. 7 shows the
change in total Cr removal at different contact times.
A rapid initial rise of Cr removal was observed for all
samples. Equilibrium was reached within 8 h.

Pseudo-first- and pseudo-second-order models
were employed to describe the process of removal.

Pseudo-first-order model:

In(q, — q,) = Inge — kut @

where g, and g, are the amounts of total Cr removed
(mg/g) at equilibrium and at time ¢, respectively, and
k, is the rate constant (1/h).

Pseudo-second-order model:

120

Total Cr removal (%)
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Fig. 7. Effect of contact time on total Cr removal.
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Table 2
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Kinetic parameters of pseudo-first-order and pseudo-second-order models for Cr(VI) removal

Pseudo-first-order

Pseudo-second-order

Samples Jeexp (MG/8) Jocal” (Mg/g) ky (1/h) R? Jecal (Mg/g) k, g/ (mg h) R?
AC 6.71 3.94 0.034 0.85 6.83 0.033 0.98
AC-Fe 12.51 6.82 0.069 0.87 12.66 0.098 0.99
AC-Fe-350 15.12 10.18 0.092 0.90 15.24 0.10 0.97
AC-Fe-550 20.15 6.17 0.18 0.68 19.96 0.14 0.98
AC-Fe-750 18.57 5.31 0.12 0.75 18.59 0.18 0.98
AC-Fe-950 11.38 5.00 0.10 0.88 11.67 0.14 0.99
AC-Fe-1150 10.34 292 0.12 0.85 10.68 0.15 0.98
“Experimental data.
PCalculated from model.
90
Lo % +1 ®3)
9% ke 4. e
—&—AC-Fe-550 Cr(VI) in solution
10 —m— AC-Fe-550 Cr(lll) in solution
where k, is the rate constant of pseudo-second-order S —a—AC-Fe-1150 Cr(Vl) in solution
reaction (g/(mg h)). % 60 —e— AC-Fe-1150 Cr(lll) in solution
Table 2 lists the kinetic parameters of first- and g 50
second-order reactions. It is noted that, in all cases, f:; 40
correlation coefficient (R*) for pseudo-first-order £
model is less than 0.90 which is indicative of a bad E %
correlation. In contrast, the application of pseudo-sec- 20
ond-order model leads to much better coefficient of 10
around 0.98-0.99. Moreover, the calculated values of
gde are in much better agreement with experiment data. 0 0 10 20 30 40 50 60

Thus, second-order kinetic model is more suitable to
depict the Cr removal suggesting that the process
involves chemical reaction mechanism. AC-Fe-550 and
AC-Fe-750 manifested the highest Cr removal capac-
ity, with calculated adsorption capacity at equilibrium
of 19.96 and 18.59 mg/g. In addition, second-order
reaction rates (k,) were one magnitude higher for car-
bothermally treated samples compared with AC and
AC-Fe. The removal capacities agree well with results
from dosage test; carbothermal treatment at extreme
high temperature (>950°C) resulted in the loss of
removal ability.

3.4. Mechanism of Cr removal

During kinetic study, Change of Cr speciation with
the change of time was monitored. Almost no Cr(III)
was detected for AC and AC-Fe indicating that Cr
removal by these materials is mostly through adsorp-
tion and no reduction occurred. In contrast, carbother-
mal samples all had Cr(Ill) detected in solution
indicating that a portion of initial Cr(VI) was reduced.
Petala et al. suggested that iron nanoparticles probably

time (h)

Fig. 8. Cr speciation in aqueous phase for AC-Fe-550 and
AC-Fe-1150.

operate as generators of reducing species, e.g. Fe(Il) or
H/H, rather than as direct reducing agent [31].

Fig. 8 is the changes in percentage of Cr(VI) and
Cr(ID in total Cr with the change of time for AC-Fe-
550 and AC-Fe-1150 in solution as example. As shown
in Fig. 7, overall, 97.5 and 52% of the initial Cr was
removed after 24 h for AC-Fe-550 and AC-Fe-1150,
respectively. A rapid decrease of Cr(VI) was observed
during the first 6 h of reaction, while fraction of Cr(III)
increased. For AC-Fe-550, Cr(III) accounted for 80% of
the residual total Cr in solution after 4 h. This number
is 48% for AC-Fe-1150. It appears that AC-Fe-550
showed stronger reduction ability than AC-Fe-1150.
This could be due to the differences both in Fe
composition and surface properties of activated car-
bon. As shown from XRD, reoxidation of elemental
iron was more severe with AC-Fe-1150, which may
mean that elemental iron was encapsulated in a thick
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layer of ion oxides and its reduction ability was not
released. In addition, AC-Fe-550 had higher surface
area and pore volume than AC-Fe-1100, which may
also contribute to its higher Cr(VI) removal and reduc-
tion capacity. High surface area means more adsorp-
tion sites which could create an environment of
enriched Cr(VI) around iron particles, thus may
accelerate reduction. Cr(IIl) became the main Cr form
with AC-Fe-550 in aqueous phase, which is considered
less toxic than Cr(VI).

Speciation of Cr on solid surface of AC-Fe-550 and
AC-Fe-1150 were also investigated. Combining with
Cr speciation in solution, around 96% of the initial
total Cr was account for. The rest 4-5% may not be
extracted by the digestion method.

Fig. 9 is the change in Cr(VI) and Cr(Ill) content
with the change of time on solid phase for AC-Fe-550.
If Cr removal was dominated by adsorption process,
Cr(VD) content on solid phase should be stable with
time. However, Fig. 9 show that Cr(VI) was stable
around 95% in the first 1 h and dropped drastically to
58-62% from 1 to 8 h. This contradiction proved that
the removal pathway was partly attributed to
reduction. It is believed that Cr(VI) was fast reduced to
Cr(Ill) by elemental iron and part of the Cr(Ill) may
diffuse back to solution which resulted in an increase
in Cr(Ill) in aqueous phase. Burks et al. reported that
Cr(Il) could also be co-precipitated with Fe** onto
solid surface [32]. As the reduction and co-precipitation
progressed, the surface was gradually covered by
excess reaction products, which might act as physical
barrier preventing further transport of electron. This
may explain why Cr removal leveled off at longer con-
tact time as shown in Fig. 7. Cr(VI) and Cr(IlI) content
on solid were stable after 10 h of contact with about

120
—&—AC-Fe-550 Cr(VI) on surface

—&—AC-Fe-550 Cr(lll) on surface
100 —a—AC-Fe-1150, Cr(VI) on surface
—&—AC-Fe-1150, Cr(Ill) on surface

80

60

40

Percentage of total Cr (%)

20

0 10 20 30 40 50 60
time (h)

Fig. 9. Cr speciation on solid surface for AC-Fe-550 and
AC-Fe-1150.
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52% being Cr(VI) and the rest Cr(II) for AC-Fe-550. Cr
speciation for AC-Fe-1150 surface followed the same
trend with about 75-82% of the Cr(VI) adsorbed on
solid surface instead of being reduced to Cr(III). Cr
speciation on solid and aqueous phase both showed
lesser reduction of Cr(VI) by AC-Fe-1150.

In summary, with carbothermally synthesized sam-
ples, besides adsorption, a significant portion of the
initial Cr(VI) was reduced.

4. Conclusions

Carbothermal synthesis of activated carbon sup-
ported NZVI was carried out in this research. TEM
images, XRD patterns, FTIR spectra, BET surface area,
and pore volume analysis of synthesized materials
revealed that carbothermal temperature played a sig-
nificant role. It affected the morphology, size of the
nanoparticles, extent of dispersion, crystalline struc-
ture, surface functional groups, surface area, and pore
structure. When temperature was low (about 350°C),
iron oxides may still be the main species. Reduction of
iron oxides to elemental iron progressed with the
increase in temperature. However, extreme tempera-
ture as high as 1,150°C probably results in a surface
that is reactive in air and iron oxides reappeared. In
addition, dispersion of nanoparticles on activated car-
bon increased as the temperature increased. Besides,
effect of activation and sintering resulted in difference
in pore volume and surface area. Activation was
strongest at temperature around 550°C and the resul-
tant materials had the highest pore volume and sur-
face area. Studies on Cr removal were conducted to
test the reactivity. At the same dosage, total Cr
removal followed the order of AC-Fe-550~ AC-Fe-
750 > AC-Fe-350 > AC-Fe > AC-Fe-950~ AC-Fe-
1150 > AC. Temperature is significant in determining
the reactivity. Also, Cr removal followed the assump-
tion of pseudo-second-order reaction well with corre-
lation coefficient greater than 0.97.

Overall, combining results from characterization
and reactivity, temperatures between 550 and 750°C
seem optimum based on the formation of elemental of
iron, chromate removal capability, and removal rate.
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