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a b s t r a c t

Low-cost, chemically activated carbon materials, Pellet-600 and PVA-300, were prepared at relatively low
temperatures and show more effective removal efficiency of Cr(VI) from water than commercially available
activated carbons tested. The Pellet-600 is a pelletized carbon material with high mesoporous volumes
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eywords:
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and surface area, and the PVA-300 is composed of a high surface area carbon coating on a fiberglass mat
substrate. A much faster adsorption kinetics and a much higher adsorption capacity for Cr(VI) are achieved
by the Pellet-600. At very low concentrations of Cr(VI), the PVA-300 displays a strong adsorption ability
for Cr(VI). XPS data show an increase in the atomic ratio of Cr/C and oxidation of carbon materials after
adsorption of Cr(VI). These results suggest that a high content of mesopores with a high surface area and
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. Introduction

Chromium (Cr) compounds are widely used in industry such
s electroplating, metal finishing, leather tanning, pigments, etc.
he predominant use of chromium in industry unfortunately intro-
uces an environmental concern. Cr exists almost exclusively in the
r(III) oxidation state or in the Cr(VI) oxidation state. In the environ-
ent Cr(III) is typically not a problem, its relative toxicity is low. In

ontrast, Cr(VI) compounds are toxic chemicals and genotoxic car-
inogens [1]. Thus, the presence of Cr(VI) ions in the environment
s posing serious problems and causing great public concern [2,3].
urrently, the United States Environmental Protection Agency (US
PA) has set a Maximum Contaminant Level (MCL) for chromium
t 0.1 parts per million (ppm) in drinking water [4]. The increasing
oncern with Cr(VI) pollution, significantly motivates the investi-
ation and development of new and improved materials to address
he problems.
A wide range of technologies have been investigated for the
emoval of Cr(VI) from water [5–11]. Adsorption using activated
arbons proved to be the most efficient technique [7–11]. To fur-
her improve the removal efficiency of Cr(VI) ion from water, the
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ly improve the Cr(VI) removal efficiency from water.
© 2008 Elsevier B.V. All rights reserved.

ommercially available activated carbons were chemically modi-
ed with acid and different oxidizing agents such as HNO3, H2O2
nd Fe(NO3)3 [7,8]. It was found that the adsorption mechanism
nd rate of Cr(VI) are affected by the modified pore structure and
urface properties of the activated carbons.

A family of chemically activated carbon materials has been
eveloped by a new approach in our laboratory [12]. This new
ethod provides the carbon materials with relatively low-cost,

igh surface area, high mesopore volumes, and some unusual
ore surface chemistries [13–17]. Some of these activated carbon
aterials, without any post-chemical treatments, contain high con-

entration of functional groups. In most cases, these groups include
OH, O, and –COOH. Some other groups such as >P(O)OH and
P(O)(OH)2 may exist on the activated materials made from certain
aw materials and H3PO4 activation [16]. The previous studies have
hown that those kinds of materials have improved removal effi-
iency for trace toxic organics over the granular activated carbons
GACs) [17–20]. Therefore, the novel activated carbon materials
ith tailored porosity and surface chemistry are expected to have

reat potential as highly effective adsorbents for removal of Cr(VI)
rom water.

In this work, two chemically activated carbon materials with
ighly mesoporous volumes and functional groups were prepared

nd then tested in comparison to standard activated carbons for
r(VI) removal. The Cr(VI) adsorption kinetics and adsorption

sotherms were performed to demonstrate the superior activity of
he new materials. The effect of porous and chemical structures on
he adsorption of Cr(VI) was also elucidated.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zyue@utsi.edu
mailto:jeconomy@uiuc.edu
dx.doi.org/10.1016/j.jhazmat.2008.10.125
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. Experimental

.1. Synthesis of materials

Two chemically activated carbon materials, Pellet-600 with a
ellet form and PVA-300 with a fiber mat form, were laboratory
repared using a patented approach [12]. A granulated carbon
ellet-600 and a fiber form material PVA-300 were synthesized in
he following ways.

.1.1. Pellet-600
Cellulose powder with ∼20 �m particle size (Aldrich Chemical

ompany) was dissolved in 66 wt% of ZnCl2 aqueous solution. The
eight ratio of cellulose, ZnCl2, and H2O in the solution is 2.5:33:16.
g of carbon black (Pearls 2000, Cabot Corporation) with particle

ize of ∼12 nm was mixed with 7 g of the solution. The mixture
as pelletized and then activated with ZnCl2 inside the material

n N2 at 600 ◦C for 30 min. The pellets were washed with HCl and
eionized (D.I.) water and then fully dried at 150 ◦C under vacuum.
he resulting pellets have a cylinder form with a diameter of 1.6 mm
nd a length of 1.3 mm. In this experiment, ZnCl2 plays an important
ole for the preparation of Pellet-600. Its aqueous solution is used
s a solvent for cellulose binder; subsequently it acts as a catalyst
o activate the cellulose binder to high surface area porous carbon
inder. Nanosize carbon black with very high geometric surface
ombining with the porous carbon binder provides the Pellet-600
ith a high porosity.

.1.2. PVA-300
1 g of polyvinyl alcohol (PVA) (99+% hydrolyzed, Avg. M.W.

0,000, Aldrich Chemical Company) was dissolved in 10 g of hot
ater (∼90 ◦C). After cooling, 1 g of H3PO4 (86%) was added into the

olution. A non-woven fiberglass mat, CRANEGLAS 230 (0.015 in.
ominal thickness, fiber diameter of 6.5 �m and 7 wt% of PVA bind-

ng), was dip-coated with the above solution. The coated mat was
ried at 120 ◦C and then activated with H3PO4 inside the coating at
00 ◦C in air for 60 min. The activated fiber mat was washed with a
aOH (0.5 M) solution and D.I. water, then rinsed thoroughly with
Cl (0.5 M) and D.I. water, and finally dried at 150 ◦C under vacuum.

As a comparison, two commercially available activated carbons,
ranular activated carbon GAC-F400 from Calgon Co. and activated
arbon fiber ACF-10 from Kynol Co., were employed in this study,
ince they have a close surface area and microporous volumes to
he Pellet-600 and PVA-300, respectively.

.2. Adsorption of Cr(VI)

K2Cr2O7 was used to prepare a stock solution with a concen-
ration of 1000 ppm Cr(VI) which was diluted for preparation of
tandard and test solutions. Standard solutions were prepared at
oncentrations of: 0, 5, 10, 20, 40, 80, 125, 200, 400, 600, 800, and
000 ppb. The pH of test solutions is in a range between 4.8 and
.8 based on the concentration of Cr(VI). The adsorption of Cr(VI)
as carried out in a shaking machine at room temperature. Color

eagent for the analysis of Cr(VI) was prepared according to Refs.
21,22]. 250 mg of 1,5-diphenylcarbohydrazide was dissolved into
0 ml of methanol (HPLC-grade). 250 ml of H2SO4 solution (con-
ains 14 ml of 98% H2SO4) was added into the above solution, which
as then diluted with D.I. water to 500 ml. The fresh color reagent

s a very clear solution and can be used for several days until any

olor appears.

Adsorption kinetics of Cr(VI) were studied at room temperature
ith an initial Cr(VI) concentration of 4 ppm at pH 6.0, an initial

olume of 200 ml, and a sample weight of 176–179 mg. One mL
amples were removed at different times for the analysis of Cr(VI)

c
fi
w
P
a
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oncentration. Although there is a minor error for the reported data
ue to an increasing solid to solution ratio with sampling, this test
ethod can be used to compare the removal efficiency of Cr(VI) on

ifferent activated carbons.
Adsorption isotherms were performed at concentrations of: 0.5,

, 2, 4, 8, 12, 20, and 40 ppm (pH changed from 6.8 to 4.8). For each
olution, 30–40 mg of each adsorbent was added and the samples
ere shaken for 7 days at room temperature.

6 ml of water samples were treated, after dilution if necessary,
ith 2 ml of the above color reagent. The color was developed upon

ddition of the color reagent. The solutions were measured within
h at � = 540 nm using a Shimadzu 2100 UV–vis spectrophotome-

er. The concentration of Cr(VI) prior to and after adsorption was
alculated by means of standard solutions.

.3. Characterization

Brunauer–Emmett–Teller (BET) surface area and micro- and
esoporous volumes were carried out on an Autosorb-1 appara-

us (Quantachrome). All samples were degassed at 150 ◦C until the
utgas pressure rise was below 5 �Hg/min prior to analysis. N2
sotherm results at 77 K in the appropriate relative pressure ranges

ere used for subsequent calculations. The BET equation was used
o determine the surface area. The Dubinin–Radushkevich (DR)
quation was used to deduce micropore (<2 nm) volumes. The total
ore volume was estimated from the amount of nitrogen adsorbed
t P/P0 = 0.95. The volume of mesopores (2–50 nm) was calculated
y subtracting the volume of micropores from the total pore volume
t a relative pressure of 0.95.

The ash or fiberglass content of activated carbon materials was
easured using a Hi-Res TA Instruments 2950 Thermogravimetric
nalyzer (TGA) by burning off the carbon materials (∼20 mg) in air
t 800 ◦C.

X-ray photoelectron spectroscopy (XPS) data were obtained
rom the carbon materials using a Physical Electronics PHI Model
400 surface analysis system. Before analysis all samples were
ashed with D.I. water and then fully dried. XPS spectra were
btained using an achromatic Mg K� (1253.6 eV) X-ray source
perated at 300 W. Survey scans were collected from 0 to 1100 eV
ith a pass energy equal to 178.95 eV. High-resolution scans were
erformed with the pass energy adjusted to 35.75 eV. The pres-
ure inside the vacuum system was maintained at approximately
0−9 Torr during all XPS experiments. A non-linear least squares
urve fitting program (XPSPEAK4.1 software) with a symmetric
aussian–Lorentzian sum function and Shirley background sub-

raction was used to deconvolve the XPS peaks. The carbon 1s
lectron binding energy corresponding to graphitic carbon was ref-
renced at 284.5 eV for calibration [23].

. Results and discussion

.1. Comparison of different adsorbents

The BET surface area and microporous and mesoporous vol-
me of the four carbon materials are listed in Table 1 comparing
hemically activated carbon materials Pellet-600 and PVA-300 with
ommercially available products GAC-F400 and ACF-10. Pellet-600
as the highest surface area, microporous and mesoporous vol-
mes which contributed from porous carbon binder and nanosize

arbon black. PVA-300 fiber has a 33-wt% of carbon coating on a
berglass substrate so that it has a lowest surface area of 549 m2/g
hich is mainly contributed from the activated coating material.

ellet-600 and PVA-300 were prepared with chemical activations
t relatively low temperatures. Previous studies have demonstrated
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Table 1
Comparison of porosity parameters of adsorbents.

Adsorbent Pellet-600 PVA-300 GAC-F400 ACF-10

Activation method ZnCl2 at 600 ◦C H3PO4 at 300 ◦C – –
Material form Pellet Fiber mat Granule Fabric
BET surface area

(m2/g)
1357 549 (1664a) 1053 730

DR micropore
volume (cm3/g)

0.49 0.22 0.41 0.25

Mesopore volume
(cm3/g)

0.94 0.07 0.19 0.05

Total volume
(cm3/g)

1.43 0.29 0.60 0.30

Ash or fiberglass* 1.72 67.0* 5.97 2.10
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log Q = log K + 1/n × log Ce), where Q is mass of the target compound
adsorbed per unit mass of adsorbent (mg/g); Ce is equilibrium con-
centration of the adsorbate in the liquid (mg/l); K is the adsorption
equilibrium constant (mg/g)(mg/l)−1/n; and n is a constant indica-
(wt%)

a BET surface area (m2/g of carbon). Calculation based on the carbon coating.
* Adsorbent consists of porous carbon and fiberglass.

hat low temperature, chemically activated materials possess more
unctional groups [13–17].

.2. Adsorption kinetics

Cr(VI) removal with four adsorbents vs. adsorption time is
hown in Fig. 1. The Pellet-600 displays superior activity as com-
ared to the other materials tested and demonstrates the fast
inetics of the material. After 540 min the Pellet-600 had removed

he Cr(VI) below the EPA MCL of 100 ppb, and it continued to remove
he Cr(VI) to below 6 ppb. It is suggested that high mesoporous
olumes and surface area in the Pellet-600 improve the removal
fficiency of Cr(VI) from water. The commercial granular form, GAC-

ig. 1. Cr(VI) removal vs. adsorption time. (A) Change in Cr(VI) concentration and
B) change in the ratio of Cr(VI) adsorption.

F
(
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400, was not able to reach the MCL set by the EPA as it only
emoved down to 840 ppb after 6 days. Although the PVA-300 had
lower kinetics, it was still able to come close to the MCL after 6 days,
hereas the commercial fiber form, ACF-10 only reached about

00 ppb. The slower removal of Cr(VI) by the PVA-300 is probably
ue to the lower carbon content (33.0 wt% of the carbon coating)
n the fiberglass mat vs. the ACF-10 which is 97.9% carbon.

.3. Adsorption isotherms

The adsorption isotherms for the materials are shown in Fig. 2.
he Pellet-600 shows a high capacity in both low concentration
nd high concentration regimes. The capacity was much greater
han other materials. The isotherm for PVA-300 shows a very high
apacity in the low concentration regime, but fell below commer-
ial products at high concentration. This is again due to the lower
mount of carbon in the PVA-300. The log–log plot can be seen in
ig. 2(B) long with the best-fit lines. The lines for all materials are
hown to fit well with a Freundlich isotherm model Q = KC1/n

e (or
ig. 2. Adsorption isotherms of Cr(VI) for materials tested. (A) Linear-type plot and
B) log-type plot with best-fit lines.
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Table 2
Freundlich model parameters for adsorbents.

Adsorbent K 1/n r

Pellet-600 12.05 0.300 0.960
P
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Fig. 4. XPS survey spectra of PVA-300 before and after adsorption.

Table 3
XPS surface elemental analysis of the Pellet-600 and PVA-300.

Pellet-600 PVA-300

B
A

6
i

VA-300 4.43 0.181 0.969
AC-F400 3.38 0.375 0.948
CF-10 2.54 0.624 0.988

ive of adsorption intensity. For an effective adsorption system, high
dsorption capacity (Q) and low equilibrium concentration of tar-
et compound (Ce) after adsorption are needed. Thus, the larger the
value and smaller the 1/n value, the more effective the adsorbent

s for adsorption.
The calculated Freundlich parameters and the best-fit correla-

ion coefficient values (r) are listed in Table 2. The Pellet-600 and
VA-300 show higher K and lower 1/n values as compared to the
ommercial products GAC-F400 and ACF-10. This indicates that the
hemically activated Pellet-600 and PVA-300 are effective mate-
ials for the removal of Cr(VI) from water. It is suggested that the
mproved adsorption affinity of Cr(VI) on the Pellet-600 and PVA-
00 might be related to the pore surface chemistry of the materials
s well as their proper pore structures.

.4. XPS analysis

In order to future characterize the surface characters of the
repared materials, XPS data were obtained for Pellet-600 and PVA-
00 prior to and after adsorption of Cr(VI). XPS survey spectra (see
igs. 3 and 4) show carbon and oxygen atoms on the Pellet-600
nd carbon, oxygen, and silicon atoms on the surface of PVA-300
rior to adsorption. Silicon should derive from SiO2, which is the
ain constituent of the fiberglass substrate. For both materials, Cr

tom was detected on the surface after adsorption of Cr(VI). The sur-
ace elemental analysis from high-resolution XPS spectra is listed
n Table 3. The atomic ratio of Cr/C greatly increased in both mate-

ials after adsorption. For the Pellet-600 the atomic ratio of Cr/C
ncreased from 0 to 0.037 and O/C increased from 0.110 to 0.206.
or the PVA-300, Cr/C increased from 0 to 0.022, the change in O/C
as omitted due to an error from a contribution of O in the SiO2.

Fig. 3. XPS survey spectra of Pellet-600 before and after adsorption.

i
2
(
I

F
a

O/C Cr/C Cr/C

efore adsorption 0.110 0 0
fter adsorption 0.206 0.037 0.022

To explain the increase in O/C on the surface of the Pellet-
00, High-resolution XPS C1s spectra (Fig. 5) were deconvoluted

nto four peaks. Based upon literatures [24,25], the four peaks

n the spectra represent carbon in C*–H and C*–C (peak I,
84.5 eV), carbon present in phenolic, alcohol, and ether groups
peak II, around 285.5 eV), carbonyl or quinone groups (peak
II, 287.5 eV), and carboxyl or ester groups (peak IV, around

ig. 5. High-resolution XPS C1s spectra of the surface of Pellet-600 before and after
dsorption.
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90 eV). There is a significant decrease in the relative content
f peak I while a significant increase in the peak III is observed
fter adsorption. This suggests that the carbon in the Pellet-600
as oxidized ( C–H → C–OH → C O) after the adsorption of
r(VI).

It is reasonable to hypothesize that the part of adsorbed Cr(VI) is
educed to Cr(III) with oxidation of the functional groups C–H and
–OH in the Pellet-600. The reduction of Cr(VI) to Cr(III) on acti-
ated carbons was reported in literatures [26–28]. It was found that
mall amount of Cr(III) may not be adsorbed in the pores, instead, it
ay begin to dissolve back into solution around pH 4–5. However,

n the case of this study, if Cr3+ ion was formed, it is likely to be
dsorbed by ion exchange groups, such as –COOH, which presents
relatively higher concentration in the chemically activated carbon
aterials.

. Conclusions

Two activated carbon materials, Pellet-600 and PVA-300, were
ynthesized with chemical activation at low temperatures. Both
aterials show an improved adsorption efficiency in removing

r(VI) from water as compared to the commercial products GAC-
400 and ACF-10. The following features of the materials are
ummarized as follows:

1) The Pellet-600, a granulated carbon material activated with
ZnCl2 at 600 ◦C in a N2 flow, has high mesoporous volumes and
surface area. The PVA-300, a fiber form material activated with
H3PO4 at 300 ◦C in air, has high surface area carbon coated on
a fiberglass substrate. Both carbon materials are low cost and
considered to have high concentration of functional groups on
the surface due to the low temperature activation.

2) The Pellet-600 shows much faster adsorption kinetics than
other materials for the removal of Cr(VI) from water. Its high
mesoporous volume and high surface area are considered to be
the main factors for the improvement.

3) Cr(VI) adsorption isotherms show that the Pellet-600 has a
higher adsorption capacity than other materials. The PVA-300
has a stronger adsorption affinity for Cr(VI) over other materials
at very low concentrations of Cr(VI).

4) XPS analyses show an increase in the atomic ratios of Cr/C
and O/C on the surface of the carbon materials after adsorp-
tion of Cr(VI). The peak-fitting of C1s spectra demonstrates a
conversion of carbon bonds from C*–H to C* O. These results
suggest that the adsorption of Cr(VI) onto carbons is achieved
partially by a redox reaction between the Cr(VI) and carbon
materials.
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