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a  b  s  t  r  a  c  t

Granular  fir-based  activated  carbon  (GFAC)  was  modified  with  H2O2, and  orthogonal  array  experi-
mental  design  method  was used  to  optimize  the  process.  The  properties  of  the original  and  modified
GFAC  were characterized  by N2 adsorption–desorption  isotherms,  Brunauer–Emmett–Teller  (BET)  equa-
tion,  Barett–Joyner–Halenda  (BJH)  equation,  field  emission  scanning  electron  microscopy  (FESEM),  and
Fourier  transform  infrared  spectroscopy  (FT-IR)  analysis,  etc.  When  10.00  g of  GFAC  with  particle  size of
0.25–0.85  mm  was  modified  by 150.0  ml  of  aqueous  H2O2 solution,  the  optimized  conditions  were  found
to  be  as follows:  aqueous  H2O2 solution  concentration  1.0  mol·l−1, modification  temperature  30.0 ◦C,
modification  time  4.0 h. Modified  under  the  optimized  conditions,  decolonization  of  caramel,  methylene
blue  adsorption,  phenol  adsorption  and  iodine  number  of  the  modified  GFAC  increased  by  500.0%,  59.7%,
ore structure characteristics
urface chemistry

32.5%,  and  15.1%,  respectively.  The  original  and  optimally  modified  GFAC  exhibited  adsorption  isotherms
of  hybrid  Type  I–IV  isotherms  with  H4  hysteresis.  BET  surface  area,  micropore  area,  total  pore  volume,
micropore  volume,  and  microporosity  of  the  modified  GFAC  increased  by  7.33%,  11.25%,  3.89%,  14.23%,
9.91%,  respectively.  Whereas  the average  pore  width  decreased  by 3.16%.  In addition,  the  amount  of
surface  oxygen  groups  (such  as carbonyl  or carboxyl)  increased  in the  modified  GFAC.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Granular activated carbon (AC), an artificial carbon material
roduct with a three-dimensional structure, developed pore struc-
ure, high specific surface area and good adsorption capacity,

ainly composed of carbon (carbon content is 87–97%). It is a safe,
on-toxic, and efficient absorbent material which is easy to be pro-
uced, utilized, and recycled in large-scale industrialization [1,2].

ts adsorption selectivity to absorbate and the adsorption capacity
an be improved by the modification of its surface chemical proper-
ies, and pore structure such as pore size distribution [3]. Modified
y chemical oxidation/reduction is an effective way to develop spe-
ial function of AC, reduce the use cost of AC, enlarge its application
ange and improve its utilization efficiency [3–7].

Oxidation is one of the most conventional modifications used

or ACs. It is mainly used to introduce carbon–oxygen surface
roups, increase the oxygen-containing acidic groups (such as
arboxyl, phenolic hydroxyl, and ester groups, etc.) on the AC

∗ Corresponding author. Tel./fax: +86 771 3233718.
E-mail addresses: gxdxccj@163.com, chencongjin@gxu.edu.cn (C. Chen).

ttp://dx.doi.org/10.1016/j.apsusc.2014.07.111
169-4332/© 2014 Elsevier B.V. All rights reserved.
surface, and to enhance the surface polarity and hydrophilicity of
AC. Oxidation methods involve the utilization of oxidizing gases or
oxidizing solutions. The commonly used oxidants are HNO3 [8–11],
O3 [12,13], KMnO4 [14,15], NaClO [16,17], and H2O2 [18,19], and
so on. The investigation to examine the effect of H2O2 treatment
on hydrothermally produced biochar (hydrochar) from peanut hull
to remove aqueous heavy metals and the biochar characterization
measurements showed that the H2O2 modification increased the
oxygen-containing functional groups, particularly carboxyl groups,
on the hydrochar surfaces [18]. A study on the behavior of CS2
adsorption on the modified activated carbon (MAC) revealed that
the hydrogen peroxide modification led to the increase of basic
groups on the surface of AC and CS2 adsorption capacity [7]. When
AC was  modified, it was  found that both the specific surface area
and pore volume increased with the increment of the content of
oxygen-containing groups on the surface of MAC  [5].

In this paper, granular fir-based activated carbon (GFAC) was
modified by the hydrogen peroxide solution, and the effects of

aqueous H2O2 concentration, modification temperature, and mod-
ification time on the adsorption properties of the modified GFAC
(MGFAC) were investigated. The pore structure parameters, the
surface morphology, and the surface functional groups of GFAC

dx.doi.org/10.1016/j.apsusc.2014.07.111
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.07.111&domain=pdf
mailto:gxdxccj@163.com
mailto:chencongjin@gxu.edu.cn
dx.doi.org/10.1016/j.apsusc.2014.07.111
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efore and after modification under optimized conditions were also
etermined.

. Experimental

.1. Materials

GFAC was provided by the Jiangxi activated carbon plant, China,
nd was selected with particles of 0.25–0.85 mm by sieving. It was
ashed with deionized water, dried at 105 ◦C to constant weight,

ealed, and stored before use.
Aqueous H2O2 concentration (40 wt %) was used as a mod-

fication agent. Peracetic acid, glucose, potassium dichromate,
nhydrous sodium carbonate, ammonium chloride, methylene
lue, phenol, iodine, potassium iodide, sodium thiosulfate, potas-
ium bromide, potassium bromated, copper sulfate, sulfuric acid
nd other analytical reagents were used as purchased from the
hanghai Sinopharm Chemical Reagent Company Ltd (Shanghai,
hina). All chemicals were of analytical grade and made in the Spark
hemical Plant, Pudong New Area, Shanghai.

.2. Orthogonal test methodology for optimizing the modification
onditions of GFAC

From the preliminary experimental investigations, H2O2 was
sed as a modification agent to treat AC, in which aqueous H2O2
oncentration, modification time, and modification temperature
ere found to be the most influential operational parameters

18,19]. To optimize the modification conditions, an orthogonal
est methodology was used [20,21]. An L25 (56) orthogonal array
ith six operational parameters was adopted to evaluate the cor-

esponding optimal values. These parameters as well as their range
nd levels are summarized in Table 1, and the complete design
atrixes of the experiments are shown in Table 2.

.3. Modification of GFAC

In a typical run (Test No. 1 in Table 2), GFAC (10.00 g) with par-
icles of 0.25–0.85 mm were placed in an Erlenmeyer flask, and
50.0 ml  of aqueous H2O2 at a concentration of 1.0 mol  l−1 was
dded. Then the mixture was reacted in a digital water bath oscil-
ator at 30.0 ◦C and maintained for 1.0 h. After cooling, the resulting

ixture was washed with hot distilled water to pH ∼ 7.0. MGFAC
as filtered, dried at 110 ± 5 ◦C for 24.0 h, and stored in a tightly

losed bottle until further analysis.

.4. Characterization of GFAC

Iodine number, decolonization of caramel, methylene blue
dsorption, and phenol adsorption of GFAC were determined
y the test methods of wooden AC GB/T12496.8-1999, GB/T
2496.9–1999, GB/T 12496.10–1999, and GB/T 12496.12–1999
national standards of China).

The specific surface area and pore structure parameters of
FAC samples was determined by Micromeritics TriStar-3020
dsorption–desorption instrument (American Micromeritics Corp.)
nd were obtained by nitrogen adsorption–desorption isotherm
etermined at 77 K. Prior to the test, GFAC was degassed for 2 h
t 250 ◦C under vacuum. The specific surface area, SBET, was  deter-
ined from the isotherms using the BET equation at a relative

ressure of P/P0 = 0.05–0.35. The total pore (less than 300.00 nm
n diameter) volume (V),  was defined as the volume of gas nitrogen

dsorbed at a relative pressure of P/P0 ∼ 1. The micropore volume
Vmicro), the micropore area (Smicro), and the external surface area
Sexter) were determined by the t-plot model equation. The adsorp-
ion average pore width was calculated using 4 V/SBET; the pore size
ience 315 (2014) 203–211

distribution among 1.70 nm ∼ 300.00 nm in diameter was  deter-
mined using the BJH model equation. The relative growth rate (RGR)
of pore structure parameters was  calculated according to the fol-
lowing equation:

RGR(%) = NOMGFAC − NOGFAC

NOGFAC
× 100

Where NOMGFAC is the value of OMGFAC and NOGFAC is the value
of OGFAC.

The morphology of GFAC was examined by U8020 field emission
scanning electron microscope (FESEM) (U8020, Japanese Hitachi
Corp.) The functional groups on the surface of GFAC samples
were identified by Fourier transform infrared spectrometer (FT-IR)
(Nicolet 6700, American Nicolet Corp.). OMNIC software was used
for the data analysis.

3. Results and discussion

3.1. Orthogonal test

The results of L25 (56) orthogonal array of the experiments for
the modification of GFAC are shown in Table 2. Range analysis of
the experimental results of the L25 (56) orthogonal array is shown
in Table 3, and variance analysis of the experimental results of the
L25 (56) orthogonal array is shown in Table 4.

Table 4 Decolorization of caramel is an important index used
to evaluate the decolorization ability of AC to pigments in sugar
liquid [22]. The composition of the pigments in cane sugar liq-
uid is complex, and it is mainly divided into two  categories:
nitrogen-containing pigments and no nitrogen-containing pig-
ments. Nitrogen-containing pigments are formed by amino acid,
protein decomposition products. No nitrogen-containing pigments
are mainly formed by thermal decomposition products of sugar,
including some phenols and quinines compounds, and mainly
hydroxymethyl furfural compounds. In addition, there are many
complexes formed between phenols compounds and iron [23].
The chemical structure of some of these coloring materials is
quite complex and difficult to determine in many cases. The
most significant colored substances that develop during sugar
processing can be classified in three general groups: (a) melanins
(b) melanoidins and (c) caramels [24,25]. Because of its molecu-
lar size 1.43 × 0.61 × 0.40 nm3, the methylene blue (C16H18N3SCl)
molecule is accessible to the pores with diameters larger than
1.5 nm,  methylene blue adsorption is also an important index to
evaluate the adsorption capacity of AC to soluble organic macro-
molecules with diameters less than 1.5 nm [26–28]. Iodine is
considered as a molecular probe to assess the adsorption capacity
of AC to solutes of molecular size less than 1 nm and iodine number
gives information on the surface area contributed by pores larger
than 1 nm [28,29]. Phenol, a representative of polyphenols, its
longest dimension of the molecular is less than 1.0 nm, is accessible
to the pores with diameters larger than 1.0 nm [28]. Decoloniza-
tion of caramel, methylene blue adsorption, phenol adsorption and
iodine number are normally listed as specification parameters for
the commercial AC [30]. Therefore, decolonization of caramel (Y1,
%), methylene blue adsorption (Y2, mg  g−1), phenol adsorption (Y3,
mg g−1) and iodine number (Y4, mg  g−1) were determined. The kn

value is the average response value of the operational parame-
ter at the level number n, with the optimum level value when kn

is a maximum. R is defined as the remainder of maximum sub-
tract minimum of the same operational parameter kn value. The
magnitude of R reflects the influence of each factor on the corre-

sponding response. The larger R-value of a corresponding factor,
the more significant of the influence of that corresponding factor
is. From Table 3, there are significant differences in decoloniza-
tion of caramel, methylene blue adsorption, phenol adsorption, and
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Table  1
Design factors and levels for GFAC modification.

Parameters (Independent variable) Symbol Range and levels
1 2 3 4 5

Aqueous H2O2 concentration (mol l−1) A 1.0 3.0 5.0 7.0 9.0
Modification temperature (◦C) B 30.0 45.0 60.0 75.0 90.0

Modification time (h) C 1.0 2.0 3.0 4.0 5.0

Table 2
Results of L25 (56) orthogonal array of the experiments.

No. A B C Y1 (%) Y2 (mg  g−1) Y3 (mg  g−1) Y4 (mg  g−1)

1 1.0 30.0 1.0 58.8 165.0 376.1 773.8
2  1.0 45.0 2.0 55.0 142.5 327.2 680.1
3  1.0 60.0 3.0 40.0 127.5 376.1 300.0
4  1.0 75.0 4.0 42.5 126.0 312.6 799.4
5  1.0 90.0 5.0 40.0 127.5 300.4 758.0
6  3.0 30.0 2.0 60.0 150.0 332.1 758.0
7  3.0 45.0 3.0 27.5 135.0 483.6 602.9
8  3.0 60.0 4.0 50.0 127.5 337.0 688.0
9  3.0 75.0 5.0 37.5 100.5 356.6 816.2
10  3.0 90.0 1.0 55.0 135.0 312.6 697.1
11  5.0 30.0 3.0 60.0 172.5 337.0 300.0
12  5.0 45.0 4.0 35.0 133.5 473.8 665.8
13  5.0 60.0 5.0 25.0 97.5 429.8 558.0
14  5.0 75.0 1.0 2.00 105.0 512.8 300.0
15  5.0 90.0 2.0 2.00 78.0 437.2 510.1
16  7.0 30.0 4.0 52.5 141.0 346.8 499.4
17  7.0 45.0 5.0 22.5 120.0 483.6 300.0
18  7.0 60.0 1.0 20.0 93.0 468.9 300.0
19  7.0 75.0 2.0 2.00 78.0 420.1 300.0
20  7.0 90.0 3.0 2.00 60.0 508.0 452.2
21  9.0 30.0 5.0 45.0 105.0 454.2 674.0
22  9.0 45.0 1.0 20.0 91.5 493.3 300.0
23  9.0 60.0 2.0 2.00 60.0 537.3 300.0
24  9.0 75.0 3.0 2.00 60.0 503.1 300.0
25  9.0 90.0 4.0 20.0 115.5 490.9 480.3

Note: A represents aqueous H2O2 concentration, B represents modification temperature (◦C), C represents modification time (h), Y1 represents decolorization of caramel (%),
Y2 represents methylene blue adsorption (mg  g−1), Y3 represents phenol adsorption (m2 g−1) and Y4 represents iodine number (mg  g−1).

Table  3
Range analysis of the experimental results of the L25 (56) orthogonal array.

Y1 (%) Y2 (mg  g−1) Y3 (mg  g−1) Y4 (mg  g−1)
Levels  A B C A B C A B C A B C

k1 47.2 55.2 31.2 137.8 146.7 117.9 338.5 369.2 432.8 662.2 601.0 474.2
k2 46.0 32.0 24.2 129.6 124.5 101.7 364.4 452.3 410.8 712.4 509.8 509.6
k3 24.8 27.4 26.3 117.3 101.1 111.0 438.1 429.8 441.5 466.8 429.2 391.0
k4 19.8 17.2 40.0 98.40 94.0 128.8 445.4 421.0 392.2 370.3 503.1 626.6
k5 17.8 23.8 34.0 86.40 103.2 110.1 495.8 409.8 404.9 410.9 579.5 621.2
R  29.4 38.1 15.8 51.40 52.7 27.1 157.3 83.1 49.3 342.1 171.8 235.6

Note: the codes in the table correspond to those in Table 2.

Table 4
Variance analysis of the experimental results of the L25 (56) orthogonal array.

Index Parameters Sums of squares (×10−3) DOF Variance(×10−3) F F0.01 F0.05 Significance
Caramel decolonization capacity Aqueous H2O2 concentration 4.135 4 1.034 7.204 5.41 3.26 **

Modification temperature 4.221 4 1.055 7.354 5.41 3.26 **
Modification time 0.7913 4 0.1978 1.379 5.41 3.26
Error 1.722 12 0.1435

Methylene blue adsorption capacity Aqueous H2O2 concentration 9.129 4 2.282 6.427 5.41 3.26 **
Modification temperature 9.313 4 2.328 6.557 5.41 3.26 **
Modification time 2.048 4 0.512 1.442 5.41 3.26
Error 4.261 12 0.355

Phenol adsorption capacity Aqueous H2O2 concentration 81.96 4 20.49 13.37 5.41 3.26 **
Modification temperature 18.78 4 4.695 3.064 5.41 3.26
Modification time 8.241 4 2.060 1.344 5.41 3.26
Error 18.39 12 1.532

Iodine number Aqueous H2O2 concentration 471.6 4 117.9 15.16 7.01 3.84 **
Modification temperature 93.22 4 23.31 2.996 7.01 3.84
Modification time 201.7 4 50.42 6.483 7.01 3.84 *
Error  62.22 8 7.778

Note: ** represents very significant, * represents significant. DOF represents degree of freedom.
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Table 5
The adsorption properties of GFAC before and after modified under the optimal
conditions.

Samples Adsorption properties
Y1 (%) Y2 (mg  g−1) Y3 (mg  g−1) Y4 (mg  g−1)

OGFAC 10.0 108.0 405.4 709.1
OMGFAC 60.0 172.5 537.3 816.2

Note: OGFAC represents original granular fir activated carbon, OMGFAC represents
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ptimally modified granular fir activated carbon. Y1 represents decolorization of
aramel (%), Y2 represents methylene blue adsorption (mg  g−1), Y3 represents phenol
dsorption (m2 g−1) and Y4 represents iodine number (mg  g−1).

odine number of the GFAC modified under different conditions,
ith different factors having different influences on MGFAC. In this

xperiment, 25 tests were designed. The influence of each factor
n the adsorption property of MGAC followed the order, caramel
ecolonization capacity: B1 > A1 > C4, methylene blue adsorption:
1 > A1 > C4, phenol adsorption: A5 > B2 > C3, and iodine number:
2 > C4 > B1. When these factors were optimized, decolonization
f caramel, methylene blue adsorption, and iodine number of
GFAC were mainly taken into account. For MGFAC, the following

spects should be considered when optimize the modification con-
itions: (a) aqueous H2O2 concentration had very significant effects
n decolorization of caramel, methylene blue adsorption, phenol
dsorption and iodine number; (b) the modification temperature
ad very significant effects on decolorization of caramel, methy-

ene blue adsorption, but had little effects on phenol adsorption
nd iodine number; and (c) the modification time had significant
ffects on iodine number, but had little effects on decolorization of
aramel, methylene blue adsorption and phenol adsorption. There-
ore, A1, B1, C4 was considered to be the optimal condition for

odification of GFAC, i.e., aqueous H2O2 concentration 1.0 mol  l−1,
odification temperature 30.0 ◦C, and modification time 4.0 h.

.2. GFAC modification under optimal conditions

Table 5 shows the adsorption properties of the original gran-
lar fir-based activated carbon (OGFAC) and the activated carbon
odified under optimal conditions (OMGFAC). Decolorization of

aramel, methylene blue adsorption, phenol adsorption, and iodine
umber of OMGFAC increased by 500.0%, 59.7%, 32.5% and 15.1%,
espectively. This indicated that the adsorption properties of OMG-
AC were improved.

.3. Pore structure of GFAC

The structural heterogeneity of AC has an important influence
n the adsorption process, and many methods have been used to
haracterize this property. Nitrogen adsorption is frequently used
t 77 K to probe the porosity and surface area of porous materials
ecause of the relatively small molecular diameter of nitrogen. It
as become a standard procedure used to characterize the poros-

ty texture of carbonaceous adsorbents. The adsorption isotherm
ives useful information about the pore structure of the adsorbent,
uch as adsorption heat and physical characteristics. In this study,
ow-temperature nitrogen adsorption measurement and FESEM

ethods were used to characterize the pore structure character-
stics.

.3.1. Nitrogen adsorption–desorption isotherms
Fig. 1 illustrates OGFAC and OMGFAC adsorption–desorption

sotherms of N2 at 77 K. The majority of physisorption isotherm

ay be grouped into six types. Clearly the samples are of hybrid

ype I-IV isotherms with H4 hysteresis [31–34]. The initial part of
he isotherms is of Type I, indicative of microporosity, hysteresis
oop of the isotherms is of Type IV, indicative of mesoporosity. The
ience 315 (2014) 203–211

Type I isotherm is given by microporous solids and is concave to
the P/P0 axis and adsorption amount approaches a limiting value as
P/P0 → 1. The very steep region at low P/P0 is due to the filling of very
narrow pores and limiting uptake is dependent on the accessible
micropore volume rather than on the internal surface area [31–34].
Characteristic features of the Type IV isotherm are its hysteresis
loop, which is associated with capillary condensation taking place,
and the limiting uptake over a range of high P/P0 [32]. An absence
of hysteresis loop of the isotherms indicated the absence of meso-
porosity [35]. This noticeable increase in the quantity adsorbed in
desorption branch is attributed to the capillary condensation. The
hybrid Type I–IV isotherms with H4 hysteresis is characteristic of
solid porous materials having both microporous and mesoporous
structures [31–36]. The initial part of hybrid Type I-IV isotherms for
carbonaceous adsorbents represents micropore fillings, and hys-
teresis loop of the isotherms represents the capillary condensation
of mesopore. As the authors summarize in Table 6, there are some
contributions (small) of microporosity and in a higher proportion
mesoporosity as reflected by the PSD.

3.3.2. Characterization of pore structure
The BET surface area (SBET), micropore area (Smicro), external

surface area (Sexter), single point adsorption total pore volume (V),
mesopore volume (Vmeso), micropore volume (Vmicro), and adsorp-
tion average pore width (Wd) (4 V/SBET) of OGFAC and OMGFAC
were obtained by applying the BET equation to N2 adsorption
isotherm at 77 K as shown in Table 6. The relative growth rate (RGR)
of pore structure parameters is also listed in Table 6.

Table 6 Pore size distribution is an important property for porous
adsorbents. Pore size distribution determines the fraction of the
total pore volume accessible to molecules of a given size and shape
[34]. According to the IUPAC pore dimension classifications, the
pore of a porous absorbent is grouped into micropore (d < 2 nm),
mesopore (d = 2–50 nm)  and macropore (d > 50 nm). The average
adsorption pore width (4 V/SBET) of OGFAC and OMGFAC was
found to be 3.48 nm and 3.37 nm,  respectively. The BJH adsorption
and desorption cumulative surface areas (SBJH) of pores between
1.70 nm and 300.00 nm in diameter were found to be 341.9 m2 g−1

and 339.6 m2 g−1 in OGFAC, whereas those were 348.5 m2 g−1 and
343.4 m2 g−1 in OMGFAC, respectively. The BJH adsorption and
desorption cumulative volumes (VBJH) of pores between 1.70 nm
and 300 nm in diameter were found to be 0.5656 cm3 g−1 and
0.5597 cm3·g−1 in OGFAC, whereas those were 0.5663 cm3 g−1 and
0.5585 cm3 g−1 in OMGFAC, respectively. Pore size distribution of
OGFAC and OMGFAC calculated using the standard BJH method
is displayed in Fig. 2. OGFAC pore size distribution curve (a) and
OMGFAC pore size distribution curve (b) showed that the major-
ity of pore volume of OGFAC and OMGFAC were both distributed
in pores with an average diameter of 2–50 nm.  The BJH adsorption
pore size distribution curve (c) indicated that the samples were
characterized by a single peak, corresponding to the pore diam-
eter of 11.98 nm and 11.89 nm for OGFAC and OMGFAC. These
results confirm that the samples are mainly mesoporous struc-
ture with average pore diameter of 6.62 nm and 6.5 nm for OGFAC
and OMGFAC, respectively. Desorption branch (curve d) showed
again that the samples are characterized by a single peak centered
round the pore diameter of 11.92 nm in OGFAC, and 11.90 nm in
OMGFAC, and are mainly mesoporous structure with average pore
diameter of 6.59 nm and 6.51 nm for OGFAC and OMGFAC, respec-
tively. Fig. 2 shows that most of GFAC pores are in the mesoporous
range and Table 6 indicates the microporous structure is simulta-
neous present. It was found that micropore of OGFAC and OMGFAC

showed a smaller contribution to the total pore, since OMGFAC and
OGFAC had low microporosities of 27.61% and 25.12%, respectively.
Whereas this further proved that OMGFAC formed another micro-
pore when modified with H2O2. Thus, both OGFAC and OMGFAC
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(a) The original granular fir activated carbon (OGFAC)

(b) The optimally modified granular fir activated carbon (OMGFAC)
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Fig. 1. Adsorption–desorption isotherms of N2 at 77.35 K on the granular fir activated carbon.
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Table 6
Pore structure parameters of OGFAC and OMGFAC.

SBET (m2 g−1) V (cm3 g−1) Vmicro (cm3 g−1) Vmeso (cm3·g−1) Microporosity (%) Wd (nm) Smicro (m2 g−1) Sexter (m2 g−1)

OGFAC 944.7 0.8226 0.2066 0.6160 25.12 3.48 534.4 410.3
OMGFAC 1013.9 0.8546 0.2360 0.6187 27.61 3.37 594.5 419.4
RGR  (%) 7.34 3.89 14.23 0.44 9.91 −3.16 11.25 2.22

(a) OG FAC pore size d istribution curve
(b) OMGFAC pore size d istribution curve
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Fig. 2. BJH pore size distribution of OGFAC and OMGFAC.



C. Chen et al. / Applied Surface Science 315 (2014) 203–211 209

ed an

c
H

3

o
O
n
t
A
i
A
c
c

Fig. 3. FESEM images of the original activat

an be classified into both microporous and mesoporous structures.
owever, they were both mainly mesoporous.

.3.3. Surface morphology
FESEM was employed to observe the surface physical morphol-

gy of the activated carbon. FESEM micrographs of OGFAC (a, b),
MGFAC (c–f) are shown in Fig. 3. It can be seen that the exter-
al surfaces of GFAC were full of irregular cavities and pores, and
he pore shape was not complete, partially blocked in OGFAC.
fter modified with hydrogen peroxide, the pore structure exhib-
ted in order, developed porosity, shaped integrity in OMGFAC.
fter amplified by 600–1000 times, the section of the main pore
hannel showed numerous tiny pores, and formed a crisscross the
hannel structure, which increased the specific surface area, total
d the optimally modified activated carbon.

pore volume of OMGFAC. Especially micropore volume, micropore
surface area increased, and the average pore diameter of OMG-
FAC decreased, which make it more conducive to adsorption. As
mentioned in Section 3.3.2, GFAC mainly consisted of mesopore
together with a small portion of micropore.

3.4. FTIR of the GFAC

The FT-IR spectra of OGFAC and OMGFAC are shown in Fig. 4.
It can be seen that the overall shapes of the two spectra were very

similar. Both spectra show the absorption band at 3444–3420 cm−1

due to the O H stretching vibration. The signal at 2905–2897 cm−1

is attributed to C H ( CH2, CH3, CH O) stretching vibrations
[37]. The very weak absorptions at 2525 cm−1 and 2134 cm−1 can
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ig. 4. FTIR spectra of the original activated and the optimally modified activated
arbon.

e seen in the FT-IR spectrum of OMGFAC. Such bands have been
bserved in the earlier IR studies of carbon but the assignments
ere difficult to be assigned because of the limited number of

ands that absorb in these regions. Carbon–oxygen bands have
een proposed to give bands at 2525 cm−1 and 2134 cm−1, perhaps
ue to ketene [29]. The bands at 1806–1802 cm−1 and 1626 cm−1

re attributed to the C O stretching vibration from carbonyl and
arboxyl groups [38,39]. The peak at 1499 cm−1 is assigned to the
cissoring vibration of the ( CH2) group, which may  overlap with
he methyl group asymmetrical bending. It may  also be attributed
ither to the in-plane bending of the H-bonded hydroxyl group,
n O H deformation vibration in carboxyl groups or a C–H bend-
ng vibration [37,38]. The peak at 1172 cm−1 is associated with
henol (C O) and O H bend/stretching vibration [39], and that
t 1078 cm−1 corresponds to alcoholic C O stretching vibration
38].The band at 894–882 cm−1 is due to ( OC OH) vibration [40].
he surface functional groups of AC are grouped into three cate-
ories: carboxyl-type, carbonyl-type and hydroxyl-type [41]. FT-IR
tudy showed that the amount of surface oxygen complexes such
s carbonyl or carboxyl compounds in OMGFAC increased than that
n OGFAC.

. Conclusions

GFAC was effectively modified with H2O2. When 10.00 g of
FAC with particle sizes of 0.25–0.85 mm modified by the 150.0 ml
f aqueous H2O2, the optimized conditions were found to be
s follows: aqueous H2O2 concentration 1.0 mol  l−1, modification
emperature 30.0 ◦C, modification time 4.0 h. Modified under the
ptimized conditions, the adsorption properties of the MGFAC were
mproved. Decolorization of caramel, methylene blue adsorption,
henol adsorption, and iodine number of OMGFAC increased by
00%, 59.7%, 32.5% and 15.1%, respectively. OGFAC and OMGFAC
oth exhibited hybrid Type I-IV isotherms with H4 hysteresis. After
odification, BET surface area, micropore area, total pore volume,
icropore volume, and microporosity of GFAC increased by 7.33%,

1.25%, 3.89%, 14.23%, 9.91%, respectively. Whereas the average
ore width decreased by 3.16%. The amount of surface oxygen-
ontaining groups such as carbonyl or carboxyl also increased.
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