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AbstractThe production of isophthalic acid (IPA) from the oxidation of m-xylene (MX) by air is catalyzed by
H3PW12O40 (HPW) loaded on carbon and cobalt. We used H2O2 solution to oxidize the carbon to improve the cata-
lytic activity of HPW@C catalyst. Experiments reveal that the best carbon sample is obtained by calcining the carbon at
700 oC for 4 h after being impregnated in the 3.75% H2O2 solution at 40 oC for 7 h. The surface characterization dis-
plays that the H2O2 modification leads to an increase in the acidic groups and a reduction in the basic groups on the
carbon surface. The catalytic capability of the HPW@C catalyst depends on its surface chemical characteristics and
physical property. The acidic groups play a more important part than the physical property. The MX conversion after
180 min reaction acquired by the HPW@C catalysts prepared from the activated carbon modified in the best condi-
tion is 3.81% over that obtained by the HPW@C catalysts prepared from the original carbon. The IPA produced by the
former is 46.2% over that produced by the latter.
Keywords: Isophthalic Acid, Activated Carbon, H3PW12O40, H2O2, m-Xylene

INTRODUCTION

Isophthalic acid (IPA) is widely used in the production of unsat-
urated polyester resins, alkyd resins, polyaramides and other chem-
ical products. It is generally manufactured through the oxidation
of m-xylene (MX) by air under the catalysis of homogeneous Co/
Mn/Br catalyst system in acetic acid [1]. However, the bromide in
the catalyst system may seriously erode the equipment and pol-
lute the environment. It is of great significance to develop a tech-
nology for the production of IPA by bromine-free catalytic system.

Heteropoly acid (HPA) is widely used in many homogeneous and
heterogeneous catalytic reactions. Xu et al. [2] applied H3PW12O40/
-Fe2O3 for alkylation of thiophene with olefine. Lv et al. [3] re-
ported a H3PW12O40/Co(OAc)2/Mn(OAc)2 catalyst system to man-
ufacture IPA in homogeneous reaction system and avoided the
adverse effect of bromine. Long et al. [4] put forward a heteroge-
neous system composed of H3PW12O40/carbon and Co(OAc)2 to
catalyze the oxidation of MX to IPA and got a higher MX oxida-
tion rate and IPA yield than the H3PW12O40/Co(OAc)2/Mn(OAc)2

catalyst system.
Activated carbon has a well-developed pore structure and abun-

dant surface chemical groups. The change of the physical structure
and surface chemistry concerns the improvement of adsorption
capacity and catalytic activity of activated carbon [5-8]. Guo et al.
[9] realized the selective catalytic reduction of NO with NH3 over
H2SO4 modified activated carbons. Park et al. [10] applied MnO/C
nanocomposite for high performance lithium-ion battery anodes.

Liu et al. [11] enhanced the removal of methyl mercaptan with metal
modified activated carbon. Wang et al. [12] modified the carbon
with HNO3 solution to improve the catalytic activity of H3PW12O40@
carbon catalyst in the oxidation of MX to IPA. The results obtained
implied that the acidic functional groups on the carbon surface played
a vital role in improving the catalytic ability of the H3PW12O40@C
catalyst.

H2O2 usually functions as an oxidant to introduce oxygen-con-
taining acidic groups to the activated carbon surface. Chen et al. [13]
found that the decolorization of caramel, methylene blue adsorp-
tion, phenol adsorption and iodine number of granular fir-based
activated carbon could be improved with H2O2 modification. Xue
et al. [14] enhanced the lead sorption ability of the biochar by modi-
fying the char with H2O2. Song et al. [15] increased the amount of
oxygen-containing groups and the homogeneous active sites avail-
able for the adsorption of Pb2+ on the activated carbon surface by
oxidizing the carbon with H2O2. We used H2O2 solution to treat
the coconut activated carbon to ameliorate the catalytic ability of
HPW@C catalyst in the production of IPA from MX. The modifi-
cation conditions were explored systematically. The change of the
surface chemistry and the physical structure of activated carbon is
characteristized to study the relationship between the structure of
the activated carbon and the catalytic activity of HPW@C catalyst.

EXPERIMENTAL SECTION

1. Materials
The coconut activated carbon used was produced by Shanghai

Activated Carbon Co., Ltd., China. The cobalt acetate tetrahydrate
and phosphotungstic acid were produced by Sinopharm Chemi-
cal Reagent Co., Ltd. IPA, MX, m-tolualdehyde (3-IMA), M-Totuic
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acid (M-TA) and 3-carboxybenzaldehyde (3-CBA) were from Energy
Chemicals Co., Ltd. Glacial acetic acid, H2O2 (30%), potassium
dihydrogen phosphate and phosphoric acid were manufactured by
Shanghai Lingfeng Chemical Reagent Co., Ltd. All these reagents
are of analytically grade. Acetonitrile and methanol are of chromato-
graphic grade and were supplied by J&K Scientific Ltd.
2. Modification of Activated Carbon

The activated carbon of 20-40 mesh was chosen as the HPW
loader. After being washed with deionized water repeatedly, the car-
bon sample was dried at 110 oC until its weight was constant and
then sealed for use.

In a typical modification process, 20 g activated carbon was im-
pregnated in 100 mL H2O2 solution for several hours, followed by
being rinsed with deionized water repeatedly and dried to con-
stant weight at 110 oC. Then the sample was heated in a furnace at
high temperature for some hours under N2 atmosphere.
3. Preparation of H3PW12O40@C Catalyst

15 g activated carbon sample was soaked in 60 mL phospho-
tungstic acid (HPW) solution of 18.75 g L1 at 60 oC for 4 h. Then
the mixture was heated at 100 oC to vaporize the water. The car-
bon sample loaded with HPW was vacuum dried at 110 oC for 12 h.
The H3PW12O40@C catalyst was prapared after the carbon immo-
biled with H3PW12O40 being calcined in N2 at 220 oC for 4 h.

Fig. 1. Simplified reaction path for the oxidation of m-xylene to iso-
phthalic acid.

Table 1. Standard equations
Sample Standard equations R2

IPA YIPA=1.58796×1010 XIPA+1.26058×106 0.99931
3-CBA Y3-CBA=1.74589×1010 X3-CBA1.28407×106 0.99936
m-TA Ym-TA=1.27313×1010 Xm-TA6.25067×107 0.99966
3-MB Y3-MB=4.49980×1010 X3-MB3.49858×106 0.99986
MX YMX=3.43066×1010 XMX3.52656×106 0.99937

Fig. 2. Schematic of the experimental setup.

4. Analytical Methods
In terms of the simplified reaction path from MX to IPA in Fig. 1,

MX, 3-IMA, M-TA, 3-CBA and IPA coexist in the liquor. The liq-
uid samples were tested by HPLC equipped with a C18 chromato-
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graphic column and a UV-detector. The mobile phase of HPLC was
composed of 80% acetonitrile solution and 0.03 mol l1 KH2PO4

aqueous solution. The CH3CN/KH2PO4 ratio of the mobile phase
altered from 1 : 4 (volume) to 4 : 1 after the mobile phase ran for
30 min at 1.0 ml min1. IPA, 3-IMA, M-TA and 3-CBA were meas-
ured by UV-detector at 230 nm, while MX was detected at 220
nm. The concentrations of these constituents were calculated by
external standard method. The standard equations obtained with
standard solutions are in Table 1, where Xi means peak area and Yi

stands for the mass concentration with unit of g g1.
5. Experimental Setup and Procedure

The experiments for the catalytic oxidation of MX to IPA were
performed in the setup shown in Fig. 2. The oxidation reactor was
a titanium autoclave of 1,000 ml. The complete condensation and
recycling of the evaporated compounds was ensured with a con-
denser, a gas-liquid separator and a liquid recycle tank. The reaction
heat was removed immediately by a cooling coil fixed in the auto-
clave. The reaction temperature was adjusted by the electric heating
jacket with a precision of 0.2 oC. The pulsation of the pressure in
the autoclave was below 2KPa. The amount of HPW@C supported
with 7.5% (wt) H3PW12O40 (HPW) on the carbon in the reaction
liquor was 16.0g l1. The Co(II) concentration in the reaction liquor
was 0.069% (wt). The initial MX concentration is 3.53% (wt).

The pressure in the autoclave was raised to 3.0 MPa with N2 after
the autoclave was filled with a mixture of proposed amount of HAc,
H2O, MX, Co(OAc)2 and HPW@C. Then the stirring speed of the
magnetic stirrer was controlled at 300 rpm before beginning heat-
ing the autoclave. The catalytic oxidation of MX to IPA was started
when air was introduced into the autoclave with a rate of 1.0 L
min1 as soon as the temperature in the autoclave reached 200 oC.
Liquor was sampled from the autoclave every 30 min to determine
the MX conversion and the concentration of the products.
6. Characterization of the Carbon Sample

Quantachrome NOVA4200e Specific Surface and Porosity Ana-
lyzer was used to obtain the textural characterization of the samples
by conducting N2 adsorption/desorption at 195.7 oC after the sam-
ples had been heated for 8 h at 200 oC. Total surface area was ob-
tained with BET model. Total pore volume was converted from
N2 adsorption volume at P/P0=0.9876. The micropore specific sur-
face and micropore volume was computed with t-plot method,
and the average pore size was calculated in terms of BJH analyses.

Acid-base titration method proposed by Boehm [16] was used to
measure the amount of the surface functional groups and character-
ize the amphoteric characteristics of the modified activated carbon.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed by Thermo Scientific EscaLab 250Xi X-ray photoelectron
spectrometer at monochromated Al-Ka anode X-ray radiation
(1,486.6 eV). FT-IR spectra were obtained with Nicolet 6700 Fou-
rier transform spectrophotometer using pellets of KBr disks con-
taining carbon samples at resolution of 4 cm1 in the range of 400-
4,000 cm1.

RESULTS AND DISCUSSION

1. Effect of H2O2 Concentration
The oxidation rate of the carbon by H2O2 is determined by H2O2

concentration. It is necessary to test the impact of H2O2 concentra-
tion on the catalytic performance of H3PW12O40@C catalyst. Five
carbon samples were soaked in H2O2 solution of 1.50%, 3.00%,
3.75%, 4.50%, and 5.25%, respectively, at 45 oC for 8 h. Then the
samples obtained were calcined at 700 oC for 4h. The H3PW12O40@C
catalyst prepared with the modified carbon samples and the origi-
nal carbon were used to accelerate the oxidation of MX to IPA. The
catalytic capacities of these H3PW12O40@C catalysts can be com-
pared in terms of the experimental results shown in Fig. 3.

It can be seen from Fig. 3(a) that H2O2 modification improves the
catalytic activity of the H3PW12O40@C catalyst. The H3PW12O40@C
catalyst prepared with the modified carbon accelerates the MX
oxidation more efficiently. After 180 min, the MX conversion ob-
tained by the catalyst prepared from the carbon modified with
3.75% H2O2 was 97.57% while that by the H3PW12O40@C catalyst
prepared with the original carbon was 95.39%. The MX conver-
sions obtained by the catalyst prepared from the carbon modified
with H2O2 solution of 1.50%, 3.00%, 4.50% and 5.25% were 97.34%,
97.35%, 96.24% and 96.84%, respectively. It can also be concluded
that it will not upgrade the MX conversion further if the H2O2

concentration is raised above 3.75%.
Fig. 3(c) suggests that the formation rate of m-TA catalyzed by

the catalyst prepared from modified activated carbon be quicker
than that of the catalyst prepared from original carbon within the
120 min operation. 120 min later, the depletion rate of m-TA got by
the H3PW12O40@C catalyst prepared with the modified activated
carbon exceeded the generation rate of m-TA and the m-TA con-
centration began to decrease. But the m-TA by the HPW@C cata-
lyst prepared with the original carbon kept going up. It can be
concluded that the 3-IMA oxidation rate and the m-TA oxidation
rate acquired by the modified samples are greater than those ob-
tained by the original one.

Fig. 3(e) demonstrates that the modified samples are able to pro-
duce more IPA than the original one. The sample treated with 3.75%
H2O2 solution acquires more IPA than any other samples. After
180 min operation, the IPA obtained by the H3PW12O40@C catalyst
prepared from the sample modified with 3.00%, 3.75% and 4.50%
H2O2 reachs 1.84% (wt), 2.05% (wt) and 1.89% (wt), while that by
the H3PW12O40@C catalyst prepared from the original carbon was
only 1.43% (wt). The experiments prove that the best H2O2 con-
centration is 3.75%.

To explain the amelioration of the catalytic ability of the
H3PW12O40@C catalyst resulting from the modification with H2O2

solution, surface characterization was done to illustrate the rela-
tionship between the surface characteristics of the carbon samples
and the catalytic activity of the H3PW12O40@C catalysts.

The chemical groups on the carbon surface affect the adsorp-
tion capacity and catalytic activity of activated carbon, among which
the most important groups are oxygen-containing groups and
nitrogen-containing groups [17]. The surface chemistry of acti-
vated carbon has a significant impact on the load of HPW [18,19].
Hydroxyl hydrogenated on the carbon surface and heteropoly acid
anion forms a complex in acidic environment as follows:

MOH2
+(s)+[HPAn](aq)MOH2

+(HPAn)(s) (1)

Small amount of transition metal(M) exists on the carbon sur-
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face and transition metal, which catalyzes the decomposition of
H2O2 to hydroxyl radicals (HO·) in solution as follows:

H2O2+MHO·+OH+M+ (2)

H2O2+HO·HOO·+H2O (3)

HOO·+M+O2+H++M (4)

HOO·+H2OO2
+H3O+ (5)

H2O2 will decompose to HOO under alkaline condition as fol-
lows:

H2O2+OHHOO+H2O (6)

HOO· is a free radicals with strong electrophilic ability and oxi-
dizability, which can combine with carbon to form phenolic hy-
droxyl [20] or take off hydrogen atoms of C-H to generate C=O.
Meanwhile, some groups can be oxidized by HOO· to quinone,
benzopyran or pyrene [21]. HOO is a nucleophile that can react

Fig. 3. Effect of H2O2 concentration on MX oxidation. 215 oC, 3.0 MPa, air fluent: 1.0 L min1, stiring speed: 300 r/min, HPW@C: 16 g l1,
MX: 3.53% (wt), Co2+: 0.069% (wt), H2O: 4.0% (wt), HAC: 400 ml.
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deformation vibration. The band centered around 1,100 cm1 is
ascribed to the C-O stretching vibration of hydroxyl [22-26]. The
peak at 870 cm1 resulted from C-O-C symmetric and asymmet-
ric stretching vibration in the ether. It can be seen from Fig. 4 that
there is no introduction of new groups on the carbon surface and
the amount of carbonyl groups and hydroxyl groups increase after
H2O2 modification.

The ESCALAB-250XI multifunctional photoelectron spectrom-
eter was used to conduct a full spectrum analysis of the original
carbon and the carbon modified by H2O2 at 1-1,200 eV, the C1s
narrow spectrum was scanned within 278-297 eV and O1s nar-
row spectrum was obtained by scanning within 523-542 eV. The
change of the surface groups on the carbon samples can be acquired
through the fitting analysis of C1s and O1s.

As shown in Fig. 5, the peak in C1s can be resolved into six sep-
arate peaks: (1) Graphite carbons, (2) Carbon in phenols, alcohols
and ethers; (3) Carbon in carbonyls and quinones; (4) Carbon in
ester groups and anhydrides; (5) Carbon in carboxyl groups, and
(6) -* shake-up. Table 2 lists the result of the peak fitting calcu-
lation. It can be seen from Table 2 that the proportion of the car-
bon in the form of graphite on the carbon surface decreases from
56.64% to 44.72% after the H2O2 modification. The percentage of
the carbon in alcohol, aldehyde and ether increases from 8.50% to
21.05%. The content of the carbon in carbonyl and quinone slightly
rises from 19.64% to 21.35% but the carbon in ester and anhydride
decreases from 6.71% to 2.45%. The carbon in carboxyl is raised
from 1.80% to 6.82%.

with acidic groups.
Fig. 4 shows the FT-IR spectra of the original carbon and the

carbon modified by H2O2 (3.75%). The spectral range around
3,400 cm1 represents the hydroxyl and chemisorbed water O-H
stretching vibration. The band at 1,700 cm1 can be assigned to the
C=O stretching vibration from carbonyl. The spectral range of about
1,550 cm1 represents the carboxyl carbonate or surface hydroxyl

Fig. 4. FT-IR spectra of the original carbon and the carbon modi-
fied by H2O2 (3.75%).

Fig. 5. C1s fitting curve of the original carbon and the carbon modified by H2O2 (3.75%).

Table 2. Fitted C1s peak parameters deduced from XPS for carbon samples
Peak B.E (eV) Assignment AC (%) OAC (%)

1 284.1 Graphite (C=C) 56.64 44.72
2 284.8 Aldehyde, alcohol and ether group (C-OH, C-O-C, C-O-R) 08.50 21.02
3 285.8 Carbonyl and quinone group (C=O) 19.64 21.35
4 288.3 Anhydride and ester group COOC- 06.71 02.45
5 289.4 Carboxyl COOH 01.80 06.82
6 291.5 -* 06.70 03.64
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The O1s spectrum depicted in Fig. 6 is divided into four sepa-
rate peaks: (1) Oxygen in carbonyl and quinone groups; (2) C=O
in ester groups, amides, anhydrides, oxygen in ethers and alcohols;
(3) C-O in the anhydride and esters; and (4) Oxygen in the car-
boxyl [27]. The peak resolution data listed in Table 3 shows that
the proportion of the oxygen in the carbonyl group and the qui-
none group increases from 16.63% to 24.94%, and that of the oxy-
gen in the carboxyl group increases from 6.55% to 12.65%. The
percentage of the oxygen in the ester, anhydride, alcohol, ether de-
creases from 43.30% to 30.62%. And the oxygen in carboxyl rises
from 6.55% to12.65%. The XPS characterization suggests that the
H2O2 treatment leads to great alteration in the surface chemistry on
the carbon. The amount of carbonyl, carboxyl and hydroxyl groups
increased conspicuously.

The Boehm titration data listed in Table 4 shows that the H2O2

modification results in an obvious increase in the total acidic groups,
lactone, carboxyl and phenolic hydroxyl on the carbon surface. The
amount of total acidic groups of the carbon sample impregnated
in 3.75% H2O2 solution is 1.54×104 mol g1 while that of the orig-

inal carbon is only 6.67×105 mol g1. The carboxyl on this modi-
fied sample is 12-times that on the original carbon. The lactone on
this sample is 2.41×105 mol g1 while that on the original carbon
is 1.62×105 mol g1. The phenolic hydroxyl group increases from
4.53×105 mol g1 to 5.76×105 mol g1 after being treated with 3.75%
H2O2 solution. It can also be noticed that the total basic groups on
the modified samples are reduced obviously. For instance, the basic
groups on the original carbon are 8.69×104 mol g1 while those on
the sample treated with 3.75% H2O2 solution are 6.62×104 mol g1.

Table 4 also shows that the acidic groups on the carbon samples
increase with the H2O2 concentration rising from 1.50% to 4.50%
because higher H2O2 concentration accelerates the oxidation of the
activated carbon and benefits the production of the oxygen-con-
taining groups on the carbon surface. The rate of H2O2 decompo-
sition to HOO· is 1,000 times that of the HOO generation rate,
and the number of HOO· in the H2O2 solution increases with the
H2O2 concentration. As a consequence, the carboxyl content in-
creases as H2O2 concentration rises. Table 4 suggests that the phe-
nolic hydroxyl of the samples modified with different H2O2 con-

Fig. 6. O1s fitting curve of the original carbon and activated carbon modified by H2O2.

Table 3. Fitted O1s peak parameters deduced from XPS for carbon samples
Peaks B.E (eV) Assignment AC (%) OAC (%)

1 530.6 Carbonyl and quinone group (C=O) 16.63 24.94
2 531.9 C=O in mide, anhydride,ester group and oxygen in alcohol, ether group (C-OH, C-O-C) 33.52 31.78
3 533.2 C-O in anhydride and ester group (CO-O-R) 43.30 30.62
4 534.7 Carboxyl (COOR) 06.55 12.65

Table 4. Boehm titration results of carbon samples (H2O2 concentration)
H2O2

concentration
Acidic groups
(104 mol g1)

Lactone
(105 mol g1)

Phenolic hydroxyl
(105 mol g1)

Carboxyl
(105 mol g1)

Basic groups
(104 mol g1)

.0 0.667 1.62 4.53 0.519 8.69
1.50% 1.320 2.07 4.89 6.250 6.81
3.75% 1.540 2.41 5.76 7.220 6.62
4.50% 1.460 2.25 5.02 7.370 5.66
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centration is in the order of 3.75%>4.50%>1.50%. The reason may
be that high H2O2 concentration helps the oxidation of C-H to C-
OH. But more phenolic hydroxyl groups will be oxidized to car-
bonyl groups if the H2O2 concentration increases further.

Fig. 7 is the N2 adsorption-desorption isotherms of different
samples. Fig. 7(a) demonstrates that the adsorption capacity of
HPW@C decreases obviously compared with that of the original
activated carbon because of the HPW adsorption on the carbon
surface. Fig. 7 also proves that the modification with H2O2 solu-
tion enhances the adsorption ability of the HPW@C catalyst. The
adsorption abilities of the HPW@C catalysts prepared with the car-
bon impregnated in H2O2 solution are in the sequence of 4.50%>
3.75%1.50%. Greater adsorption ability is faborable for the cata-
lytic activity of the catalysts.

Table 5 lists the physical characteristics of original activated car-
bon and HPW@C catalysts. It can be seen from Table 5 that the
specific surface area and pore volume of activated carbon loaded
with HPW are clearly reduced because the HPW molecules cov-
ering carbon pores thicken the walls of the holes, reduce the pore
size and block the holes [24-26]. The total surface of the original
activated carbon is 757.2 m2 g1 while that of HPW@C is 690.8 m2

g1. The total pore volume of HPW@C was reduced to 0.3651 cm3

g1 from 0.4221 cm3 g1 of the original activated carbon.
Table 5 also shows that the specific surface of the catalyst in-

creases with H2O2 concentration. But the micropore surface of the
catalyst prepared with the carbon oxidized by H2O2 is in the order
of 3.75%>4.50%>1.50%. The surface area of mesopores increases
from 17.9 m2 g1 to 55.2 m2 g1 when H2O2 concentration increases
from 3.75% to 4.50%. The reason may be that some pores are pro-

duced due to the oxidation of the activated carbon by H2O2. But
some micropores may be turned into mesopores as H2O2 concen-
tration increases from 3.75% to 4.50% because of the reaction be-
tween the micropore and H2O2.

Though the HPW@C catalyst prepared with the original car-
bon has greater surface area than the catalyst prepared with the car-
bon modified by H2O2, the catalytic activity of the former is inferior
to that of the latter because the latter holds more acidic groups than
the former. Hence, it can be concluded that acidic groups play a
more important role than the surface area in the catalytic oxida-
tion of MX to IPA. The increase of acidic groups on the carbon
surface is favorable for the adsorption of MX, especially the polar
compounds 3-IMA, M-TA and 3-CBA on HPW@C catalyst, which
accelerates the production of IPA from the oxidation of MX. The
carbon treated with 3.75% H2O2 holds more acidic groups than
the carbon treated with 4.50% H2O2 so that the catalytic capacity
of the HPW@C catalyst prepared with the former is superior to that
of the HPW@C catalyst prepared with the latter despite the fact that
the former has smaller surface area than the latter. The catalytic
capacity of the HPW@C catalyst prepared with the carbon modi-
fied with 1.50% H2O2 exhibits the worst catalytic activity among
these three catalysts prepared with the modified carbon because it
has the fewest acidic groups and the smallest surface area.
2. Effect of Impregnation Temperature

The temperature of the carbon sample impregnated in H2O2

solution may affect the oxidation of activated carbon by H2O2. Five
carbon samples were impregnated in 3.75% H2O2 solution for 8 h
at 30 oC, 40 oC, 45 oC, 50 oC and 55 oC, respectively, followed by
being carbonized at 700 oC for 4 h. The H3PW12O40@C catalysts

Fig. 7. N2 adsorption-desorption isotherms (H2O2 concentration).

Table 5. Physical characteristics of the samples (H2O2 concentration)
Impregnation concentration SBET (m2 g1) Smic (m2 g1) SBJH-A (m2 g1) Vtotal (cm3 g1) Vmic (cm3 g1) DBJH (nm)
Original carbon 757.2 674.3 82.9 0.4221 0.3337 2.23
HPW@C 690.8 670.4 20.4 0.3651 0.3423 2.11
HPW@C-1.50% 622.3 567.2 55.2 0.3459 0.2836 2.22
HPW@C-3.75% 633.7 615.8 17.9 0.3382 0.3173 2.14
HPW@C-4.50% 668.0 612.7 55.2 0.3718 0.3102 2.23
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prepared with the carbon samples obtained were applied to accel-
erate the oxidation of MX to IPA. Fig. 8 shows the changes of MX
conversion and IPA concentration with reaction time.

Fig. 8(a) shows that the MX oxidation rates of the samples im-
pregnated at different temperature differ little. After 180 min oper-
ation, the MX conversions obtained by the HPW@C catalysts pre-
pared with the carbon samples impregnated at 30 oC, 40 oC, 45 oC,
50 oC and 55 oC are 96.87%, 97.20%, 97.35%, 97.30% and 96.90%.

Fig. 8(b) shows that the IPA yields obtained by the HPW@C
catalysts prepared with the carbon samples impregnated at differ-
ent temperature are similar. After 180 min reaction, the IPA engen-
dered by the catalysts prepared with the samples immersed at 30 oC,
40 oC, 45 oC, 50 oC and 55 oC are 1.99% (wt), 1.97% (wt), 2.04%
(wt), 1.98% (wt) and 2.02% (wt), respectively. The difference of the
catalytic activities of the catalysts prepared is little when the impreg-
nation temperature ranges from 30 oC to 55 oC.

The Boehm data shown in Table 6 suggest that the carboxyl
groups increase with the impregnation temperature because a higher
oxidation temperature may be favorable for the formation of the
carboxyl groups. Lactones also increase with the impregnation tem-
perature because more carboxyl groups is of benefit to the produc-
tion of lactone from the reaction between carboxyl groups and

Fig. 8. Effect of H2O2 impregnation temperature on MX oxidation. 215 oC, 3.0 MPa, air fluent: 1.0 L min1, stiring speed: 300 r/min,
HPW@C: 16.0 g l1, MX: 3.53% (wt), Co2+: 0.069% (wt), H2O: 4.0% (wt), HAC: 400 ml.

Table 6. Boehm titration results of carbon samples (impregnation temperature)
Impregnation
temperature

Acidic groups
(104 mol g1)

Lactone
(105 mol g1)

Phenolic hydroxyl
(105 mol g1)

Carboxyl
(105 mol g1)

Basic groups
(104 mol g1)

30 oC 1.44 1.10 9.52 3.82 6.97
40 oC 1.31 2.39 5.97 4.74 6.12
45 oC 1.54 2.41 5.76 7.22 6.62

Table 7. Physical structure of HPW@C catalysts (impregnation temperature)
Impregnation temperature SBET (m2 g1) Smic (m2 g1) SBJH-A (m2 g1) Vtotal (m3 g1) Vmic (m3 g1) DBJH (nm)

30 oC 676.4 621.9 54.5 0.3685 0.3287 2.15
40 oC 737.9 690.9 46.9 0.3999 0.3457 2.17
45 oC 633.7 615.8 17.9 0.3382 0.3173 2.14

phenolic hydroxyl groups. But the phenolic hydroxyl groups de-
crease with the impregnation temperature because the oxidation
rate of phenolic hydroxyl to carbonyl is significantly accelerated at
higher impregnation temperatures [22].

The physical characteristics depicted in Table 7 show that SBET

increases as the impregnation temperature rises from 30 oC to 40 oC
because more micropores are produced due to the more violent
oxidation reaction between the carbon and H2O2 as the impregna-
tion temperature rises. But SBET decreases with the impregnation
temperature rising over 40 oC because micropores are destroyed
due to the fierce oxidation of carbon by H2O2 at higher reaction
temperature. The mesopores reduce with the impregnation tem-
perature because more mesopores are damaged if the impregna-
tion temperature goes up. Fig. 8 demonstrates that the sequence of
the adsorption capacity of HPW@C is in concert with that of their
SBET.

Though the HPW@C catalyst prepared with the carbon impreg-
nated at 45 oC holds the smallest SBET and Smic among these three
samples, its catalytic activity is similar to those of the other cata-
lysts because it holds the most acidic groups on its surface area.
SBET of the HPW@C catalyst prepared with the carbon impregnated
at 40 oC is bigger than that of the catalyst prepared with the carbon
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for 7 h. After 180 min operation, the MX conversion acquired by
the sample impregnated for 7 h is 99.02% while those obtained by
the samples impregnated for 6 h, 8 h and 9 h are 97.23%, 97.70%
and 96.87%, respectively. In Fig. 10(b) the IPA produced by the
HPW@C catalyst prapared with the carbon impregnated for 7 h is
higher than any other catalysts. After 180 min reaction, the IPA
concentration obtained by the sample impregnated for 7 h is 2.09%
(wt), while those obtained by the samples impregnated for 6 h, 8 h
and 9 h are 1.84% (wt), 1.97% (wt) and 1.97% (wt), respectively.

The Boehm data in Table 8 show that carboxyl group increases
with impregnation time because the prolongation of the oxidation
time is favorable for the production of carboxyl groups. The lac-
tones also increase with the impregnation time because more lac-
tones are formed due to more carboxyls combining with phenolic
hydroxyls. The phenolic hydroxyl groups increase as the impreg-
nation time extends from 6 h to 7 h due to more carbon oxidized
to phenolic hydroxyl groups by H2O2. However, the phenolic hy-
droxyl groups are reduced with the impregnation time prolonging
to 8 h because more phenolic hydroxyls are consumed in the pro-
duction of lactones. The sample impregnated in H2O2 solution for
8 h holds the most adicic groups.

Fig. 11 shows that the adsorption capacities of the HPW@C
catalysts decrease with the impregnation time, which is similar to
the order of their SBET. The physical characteristics listed in Table 9
show that the mesopores decrease with the impregnation time be-
cause more mesopores are destroyed due to the long reaction time
between carbon and H2O2. Smic of the HPW@C catalyst prepared
with the carbon impregnated for 7 h is the biggest among those of
these three samples. Some micropores are produced from the car-
bon oxidation by H2O2 as the impregnation time increases from

impregnated at 30 oC, they have the same catalytic performance
because of the latter having more acidic groups.
3. Effect of Impregnation Time

The time of the carbon impregnated in H2O2 solution may influ-
ence the oxidation of carbon by H2O2. Four carbon samples were
impregnated in 3.75% H2O2 solution for 6h, 7h, 8h and 9h, respec-
tively, followed being calcined at 700 oC for 4h. The H3PW12O40@C
catalysts prepared with the carbon samples obtained were used to
catalyze the oxidation of MX to IPA. The experimental results in
Fig. 10 show that 7 h is the optimal impregnation time.

Fig. 10(a) shows that the highest MX oxidation rate is obtained
by the HPW@C catalyst prapared with the carbon impregnated

Fig. 9. N2 adsorption-desorption isotherms (impregnation tempera-
ture).

Fig. 10. Effect of H2O2 impregnation time on MX oxidation. 215 oC, 3.0 MPa, air fluent: 1.0 L min1, stiring speed: 300 r/min, HPW@C:
16.0 g l1, MX: 3.53% (wt), Co2+: 0.069% (wt), H2O: 4.0% (wt), HAC: 400 ml.

Table 8. Boehm titration results of carbon samples (impregnation time)
Impregnation

time
Acidic groups
(104 mol g1)

Lactone
(105 mol g1)

Phenolic hydroxyl
(105 mol g1)

Carboxyl
(105 mol g1)

Basic groups
(104 mol g1)

6 h 1.16 1.79 5.93 3.86 6.62
7 h 1.41 2.26 7.52 4.27 6.31
8 h 1.31 2.39 5.97 4.74 6.12
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the carbon impregnated for 6 h is bigger than that of the HPW@C
catalyst prepared with the carbon impregnated for 8 h, the latter
shows better catalytic activity than the former because the latter
holds more acidic groups.
4. Effect of Calcination Temperature

Calcination is an important step in the modification of carbon
with H2O2. To test the effect of calcination temperature, three car-
bon samples were calcined for 4 h at 600 oC, 700 oC and 800 oC,
respectively, after being impregnated in 3.75% H2O2 solution for
7 h at 40 oC. The MX oxidation results catalyzed by the HPW@
catalysts prepared with the carbon samples obtained shown in Fig.
12 illustrate that 700 oC is the best calcination temperature.

It can be seen from Fig. 12 that the HPW@ catalyst prepared
with the carbon sample carbonized at 700 oC gets the highest MX
oxidation rate and IPA yield. After 180 min reaction, the MX con-
version obtained by the sample calcined at 700 oC is 99.02% while
those obtained by the samples calcined at 600 oC and 800 oC are
96.95% and 97.56%, respectively. The IPA produced by the sam-
ples calcined at 600 oC, 700 oC and 800 oC are 1.90% (wt), 2.09%
(wt), and 1.96% (wt), respectively.

The Boehm data shown in Table 10 show that the carboxyl groups
decrease with the calcination temperaure. The reason may be that
some groups on the surface of the activated carbon may decom-

6 h to 7 h. But more micropores are destroyed when the impreg-
nation time prolongs from 7 h to 8 h due to the long time erosion
caused by H2O2.

The HPW@C catalyst prepared with the carbon impregnated
for 7 h exhibits the best catalytic activity becasue it has the most
acidic groups. Though SBET of the HPW@C catalyst prepared with

Fig. 11. N2 adsorption-desorption isotherms (impregnation time).

Table 9. Physical structure of HPW@C catalysts (impregnation time)
Impregnation time SBET (m2 g1) Smic (m2 g1) SBJH-A (m2 g1) Vtotal (cm3 g1) Vmic (cm3 g1) DBJH (nm)

6 h 790.1 713.0 77.0 0.4413 0.3576 2.23
7 h 780.7 732.6 48.1 0.4171 0.3622 2.14
8 h 737.9 690.9 46.9 0.3999 0.3457 2.17

Table 10. Boehm titration results of carbon samples (calcination temperature)
Calcination
temperature

Acidic groups
(104 mol g1)

Lactone
(105 mol g1)

Phenolic hydroxyl
 (105 mol g1)

Carboxyl
(105 mol g1)

Basic groups
(104 mol g1)

600 oC 1.29 1.88 5.21 5.20 6.71
700 oC 1.41 2.26 7.52 4.27 6.31
800 oC 1.25 3.60 5.10 3.81 6.14

Fig. 12. Effect of calcination temperature on reaction in H2O2 modification. 215 oC, 3.0 MPa, air fluent: 1.0 L min1, stiring speed: 300 r/min,
HPW@C: 16.0 g l1, MX: 3.53% (wt), Co2+: 0.069% (wt), H2O: 4.0% (wt), HAC: 400 ml.



2182 Z.-w. Fang et al.

November, 2018

SBET.
The HPW@C catalyst prepared with the carbon calcined at

700 oC displays the best catalytic activity because it has the most
acidic groups among these three samples. Though the HPW@C
catalyst prepared with the carbon calcined at 800 oC holds greater
SBET than the HPW@C catalyst prepared with the carbon calcined
at 600 oC, these two samples exhibit similar catalytic ability due to
the latter owning more acidic groups.
5. Effect of Calcination Time

Three carbon samples were calcined at 700 oC for 3 h, 4 h and
5 h, respectively, after being impregnated in 3.75% H2O2 solution
for 7 h at 40 oC. The HPW@C catalysts prepared with the carbon
samples acquired were applied to speed up the oxidation of MX to
IPA.

The MX oxidation results depicted in Fig. 14 prove that 4 h is
the best carbonization time. The MX conversion after 180min oper-
ation obtained by the samples calcined for 3 h, 4 h and 5 h was
96.95%, 99.02% and 97.56%, respectively. The IPA produced by the
sample calcined for 3 h, 4 h and 5 h is 1.96% (wt), 2.09% (wt) and
1.90% (wt), respectively.

The Boehm data listed in Table 12 reflect that phenolic hydroxyl
groups and carboxyl groups decrease as the calcination time in-
creases from 3 h to 4 h. The reason is that more phenolic hydroxyl
groups and carboxyl groups are comsumed and decomposed with
the enlongation of the carbonization time. The lactones increase as
the activation time extends from 3 h to 5 h because more lactones
are produced due to the reaction between phenolic hydroxyl groups
and carboxyl groups with a long reaction time.

Fig. 15 shows that the adsorption capacity of the HPW@C cata-
lysts decreases with the calcination time. The physical characteris-

pose at high temperature in N2 atmosphere [31-33]. The lactone
increases with the carbonization temperature due to more lac-
tones produced at higher temperature.

The physical characteristics depicted in Table 11 show that Smic

increases with the calcination temperature because more micropo-
res are produced due to more acidic groups decomposing at higher
temperature. SBJH-A decreases from 79.1 m2 g1 to 48.1 m2 g1 as the
carbonization temperature rises from 600 oC to 700 oC, but increases
again to 59.3 m2 g1 when the carbonization temperature goes up
further to 800 oC. SBET changes lilttle as the carbonization tempera-
ture ranges from 600 oC to 800 oC. Fig. 13 shows that the adsorp-
tion capacities of the HPW@C catalysts are in accordance with their

Table 11. Physical structure of HPW@C catalysts (calcination temperature)
Calcination temperature SBET (m2 g1) Smic (m2 g1) SBJH-A (m2 g1) Vtotal (cm3 g1) Vmic (cm3 g1) DBJH (nm)

600 oC 785.0 705.8 79.1 0.4365 0.3501 2.22
700 oC 780.7 732.6 48.1 0.4171 0.3622 2.14
800 oC 795.4 736.2 59.3 0.4395 0.3710 2.21

Fig. 13. N2 adsorption-desorption isotherms (calcination tempera-
ture).

Fig. 14. Effect of calcination time on reaction in H2O2 modification. 215 oC, 3.0 MPa, air fluent: 1.0 L min1, stiring speed: 300 r/min,
HPW@C: 16.0 g l1, MX: 3.53% (wt), Co2+: 0.069% (wt), H2O: 4.0% (wt), HAC: 400 ml.
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tics shown in Table 13 reveal that SBET and Smic decrease obviously
with the calcination time prolonging from 3 h to 5 h because more
micropores are destroyed with a longer calcination time at high
temperature.

Though the HPW@C catalyst prepared with the carbon cal-
cined for 4 h has smaller SBET than the catalyst prepared with the
carbon calcined for 3 h, the former shows more excellent catalytic
activity than the latter because the former has more acidic groups.
Though the HPW@C catalyst prepared with the carbon calcined
for 3 h has bigger SBET than the catalyst prepared with the carbon
calcined for 5 h, these two samples exhibit similar catalytic perfor-
mance because the latter has more acidic groups.

CONCLUSIONS

A study was made to improve the catalytic activity of HPW@C
catalyst by oxidizing the carbon with H2O2 solution. Some conclu-
sions drawn from the experiments are as follows:

(1) The catalytic capability of HPW@C catalyst in the produc-
tion of IPA from MX was ameliorated after the activated carbon
treated with H2O2 solution.

(2) The best modification condition was calcining the carbon at

700 oC for 4 h after being impregnated in 3.75% H2O2 solution at
40 oC for 7 h.

(3) The surface characterization reveals that the H2O2 modifica-
tion gave rise to an increase in the acidic groups and a reduction
in the basic groups on the carbon surface. The increase of acidity
is beneficial to the catalytic activity of the HPW@C catalyst in the
oxidation of MX to IPA. The catalytic ability of the HPW@C cata-
lyst relies on its surface chemical characteristics and physical prop-
erty. The surface chemistry plays a more important role than the
physical property.

(4) The MX conversion after 180 min reaction acquired by the
HPW@C catalysts prepared from the activated carbon modified in
the best condition was 3.81% over that obtained by the HPW@C
catalyst prepared from the original carbon. The IPA produced by
the former is 46.2% over that produced by the latter.
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