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ABSTRACT: In this study, acrylamide (AM) was, for the first time, successfully used to synthesize ordered mesoporous carbon (OMC)
through in situ polymerization inside SBA-15 (Santa Barbara Amorphous type material) as a hard template. A straightforward and envi-
ronmentally friendly method was proposed and verified with an emphasis on the precursor modification for the preparation of OMC.
The influences of the structure and the amount of SBA-15 on the OMC structure and adsorption capacity were evaluated. To improve
the adsorption capacity and yield, the following three approaches were tried: (1) the use of concentrated sulfuric acid (H,SO,) to fix car-
bon and nitrogen, (2) the use of a crosslinking agent, and (3) the addition of melamine as a possible nitrogen source. The adsorption
capacities for resorcinol were evaluated, and they showed an improvement of 37% in comparison with that of the commercially available
granular activated carbon (27 mg/g). Well-OMC materials were obtained with higher yields with H,SO, and crosslinking agent com-

pared with those obtained for the pure AM precursor. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43426.
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INTRODUCTION

Ordered mesoporous carbon (OMC) materials have attracted
broad and growing attention because of their wide applications
in catalyst supports,”” electrode materials,” and adsorbents.*
OMC has been thought of as an excellent adsorbent for organic
pollutant removal because of its remarkable properties, such as
its uniform tunable mesopores (typically in the range 2—
10 nm), high specific surface areas (SSAs; up to 1800 m*/g),
and higher hydrothermal resistance compared with mesoporous
silica materials and other materials.””

There are two main routes for synthesizing OMCs®: one is soft-
template synthesis, in which block copolymers are directly self-
assembled as templates for the generation of the porous carbon
structure, and then OMCs are obtained through cocondensation
and carbonization. The other route is hard-template synthesis,
in which mesoporous silica is presynthesized as a mold and
then filled with carbon precursor; this is followed by carboniza-
tion and subsequent template removal with sodium hydroxide
or hydrofluoric acid (HF). Soft-template synthesis overcomes
several limitations of hard-template synthesis; these include the
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elimination of the presynthesis of the mesoporous silica tem-
plate and template removal. However, because of the strict
requirements,” a limited number of materials®'? can meet these
requirements. Additional disadvantages include its (1) complex
and subtle multistep processes, (2) low self-assembly rate,”1? (3)
toxicity to the operators,” and (4) less ordered OMC product.'?
Therefore, the hard-template approach is preferred for wider
applications, and it was used in this study.

Since the first synthesis of OMC with sucrose as a carbon pre-
cursor,” various carbon precursors have been explored; these
include poly(acrylic acid),'* polypyrrole,'> polyacrylonitrile,'®
and resorcinol-formaldehyde resin.'” Acrylamide (AM) is an
easily accessible and relatively cheap chemical compound.
Because of its carbon—carbon double bond, amide group, and
wide range of chemical reactions, it is apt to be modified during
the polymerization process.

Phenolic compounds are toxic and hazardous to aquatic life
and human beings,>'®'® even at a very low concentration (0.1
ug/L).*° Thus, it is imperative to remove phenolic compounds
from wastewater before discharging. Among all of the methods
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Figure 1. AM polymerization reaction.

for phenols and the removal of their derivative, such as oxida-
tion, biodegradation, separation, precipitation,
extraction, and adsorption, adsorption is considered to
be the most effective method because of its sludge-free clean
operation and acceptable price and the availability of various
adsorbents. Activated carbons are often used for phenolic com-
pound removal'®'*** because of their good performance. Gen-
erally, activated carbon-based adsorbents are composed of a
large fraction of micropores (<2 nm); this can result in slow
diffusion kinetics. In contrast, because the ordered mesopores
possess fast adsorption kinetics and a high adsorption capacity,
OMC can be used as a substitute for activated carbon in water
purification.

membrane
18,19,21-23

The main characteristics of an adsorbent, such as its pore struc-
ture, functional groups, and polarity, determine the adsorption
capacity. Numerous studies have been conducted to create geo-
metrical and chemical heterogeneity in adsorbents.™'*2!>+72¢
Generally, heteroatoms contained in functional groups can be
indirectly induced into OMCs through posttreatment with func-
tionalizing agents or coated with OMC as a composite or
directly incorporated into the precursor as a carbon source. To
improve the adsorption capacity of OMC, Anbia and Ghaffari*®
investigated the effect of various parameters (adsorbent dose,
pH, initial concentration, and contact time) on the adsorption
performance of modified OMC, which was fabricated through
the coating of CMK-1 with a polyaniline polymer. He et al.*®
prepared modified CMK-3 through chemical oxidation by
ammonium persulfate and sulfuric acid (H,SO,) and further
grafted it with 1l-octanol with an esterification reaction to
enhance its adsorption performance. Guo et al.'* tried to impart
OMC with new oxygen groups through oxidation with concen-
trated nitric acid. All of these methods showed considerable
adsorption improvements; however, because of the relatively low
reactivity of the carbon surface, posttreatment complicates the
process and also increases the cost. Meanwhile, posttreatment
accompanied with the use of nitric acid or other chemi-
142728 may generate secondary pollution during adsorbent
preparation. In addition, postmodification can result in low
bonding densities and may damage the carbon surface or meso-
structure;'***® for example, it can shrink the mesopore size,
decrease the surface area and pore volume, and cause pore
blockage. Ideally, when such functional groups can be incorpo-
rated in the carbon precursor and retained after carbonization,
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the desired OMC manufacturing process will become more
straightforward and environmentally friendly.

Although H,SO, was used as a catalyst for OMC fabrication,"?
no report has discussed its role in assisting in the retention of
carbon materials during the carbonization process, and its abil-
ity to activate carbon materials has not been reported. Namely,
the carbon fixation ability and activation effect”® of H,SO,,
where a dehydration and mild carbonization process occur, has
not been considered. Crosslinking is indispensable for OMC
fabrication through a self-assembly method,® but a crosslinking
agent has not been investigated in the hard-template synthesis
method. In this study, AM was, for the first time, successfully
used to synthesize OMC through in situ radical polymerization
with SBA-15 as a hard template. During the initiation reaction,
2,2'-azobisisobutyronitrile (AIBN) decomposed; this eliminated
a molecule of nitrogen gas to form two 2-cyanoprop-2-yl radi-
cals. These radicals initiated the polymerization for AM (as
illustrated in the top of Figure 1). Three batches of SBA-15
(—1, —2, and —3) with different mesopore sizes were prepared
through the tuning of the reaction time and temperature.*
Then, these templates were used to investigate their influence
on the properties of the fabricated OMCs. Three different
approaches were used to attempt to modify the OMC: (1) the
use of concentrated H,SO,, (2) the addition of crosslinking
agent, and (3) the addition of melamine as a possible nitrogen
source.

EXPERIMENTAL

Synthesis of the Silica Template

The synthesis of SBA-15 was modified from the literature.'
Typically, 100 mL of concentrated hydrochloric acid (HCl, 37%)
was added to 525 mL of distilled water to provide an acidic
solution, and then, 20 g of the triblock copolymer Pluronic
P123 (EO,,PO,0EO,; BASF) was added as a surfactant to direct
the formation of a mesoporous structure. Subsequently,
46.5 mL of tetraethylorthosilicate (98%, Aldrich) was added
after the complete dissolution of P123. Then, the resulting mix-
ture was vigorously stirred to form a homogeneous solution.
After the reaction was completed under certain conditions (40
°C for 4 h for SBA-15-1, 50 °C for 6 h for SBA-15-2, and 60 °C
for 8 h for SBA-15-3),”° the milky white suspension was aged in
a 90 °C water bath for 24 h. Then, the solid product was fil-
tered and washed with 2000 mL of 80-90 °C distilled water and
dried in an oven at 105 °C overnight. After drying, the product
was calcined in an air-flow furnace at 550 °C for 8 h.

Fabrication of the OMCs

The synthesis of the OMCs was accomplished by the in situ
polymerization of AM (>99%, Aldrich) in a silica mesoporous
template. The typical procedure is illustrated in Figure 2, where
X and Y indicate the amount and batch, respectively, of the
template used for synthesis. The complete abbreviations for the
different OMCs are listed in Table 1.

In the modification part, OMC-1 was obtained with the previ-
ous procedure of preparing OMC-22, except the distilled water
was replaced by a mixture consisting of 10 mL of concentrated
H,SO, (96.1%, HACH) and 10 mL of distilled water. OMC-2
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Figure 2. Flow chart of OMC fabrication. [Color figure can be viewed in = a 110
the online issue, which is available at wileyonlinelibrary.com.] 200
. . b
was fabricated according to the flow chart for OMC-22 by the i
addition of an extra 0.2 g of crosslinking agent (N,N'-methylene
bisacrylamide, Acros Organics) during the polymerization pro- —r
cess. The effect of the crosslinking agent on polymerization is 05 1.0 15 20 25 3.0 3.5
illustrated in Figure 1. OMC-3 was obtained according to the 20 (degree)

flow chart with the replacement of the distilled water with a
mixture of 10 mL of concentrated H,SO, and 10 mL of distilled
water and the addition of an extra 0.2 g of crosslinking agent
during the polymerization process. On the basis of the proce-
dure for fabricating OMC-1, OMC-4 was obtained through the
mixture of 2 g of melamine (Acros Organic) with AM and
SBA-15 in an aqueous solution.

Characterization

Small-angle powder X-ray diffraction (SAXRD) patterns were
recorded with a Diano 2100E powder X-ray diffractometer with
Cu Ko, radiation (k= 1.54184, 45 kV, 30 mA) to analyze the
ordering of the mesostructure of the SBA-15 and OMCs. Trans-
mission electron microscopy (TEM) was used to characterize
the mesoporous structure of the SBA-15 and OMCs with an
acceleration voltage of 80 kV with a Hitachi 7600. SBA-15 was
also observed under a JEOL 6300 scanning electron microscope.
The SSAs and pore textural properties were measured with a
Micromeritics FlowSorb III surface area analyzer and ASAP
2020 (Accelerated Surface Area and Porosimetry System). Func-
tional groups and chemical bonds were analyzed by Fourier
transform infrared (FTIR) spectroscopy and Raman spectros-
copy with a PerkinElmer Spectrum 100 FTIR spectrometer and
a StellarNet’s Raman laser, respectively. Main elemental compo-
nents were analyzed in an Elementar Vario MICRO Cube
CHNS elemental analyzer.

Adsorption Study

To evaluate the adsorption capacities of the OMCs on resor-
cinol, batch adsorption experiments were conducted as follows:
100 mL of resorcinol solution with a concentration of 5 mg/L
(pH 6.1) was placed in both experimental (with adsorbent and

Table I. Relationship between the Templates and OMC Abbreviations

Amount of template (g)

Template 1 2 3

SBA-15-1 OMC-11 OMC-21 OMC-31
SBA-15-2 OMC-12 OMC-22 OMC-32
SBA-15-3 OMC-13 OMC-23 OMC-33
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Figure 3. SAXRD patterns of different batches of SBA-15. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

OMCGCs) and control (without adsorbent and regarded as blank)
conical flasks. All of the samples were placed in an E 24 incuba-
tor shaker (New Brunswick Scientific) at 200 rpm at room tem-
perature (25 °C). After 24 h, the conical flasks were removed,
and the solutions were filtered with 0.45-um glass filter paper.
The blank was used as a reference to establish the initial con-
centration for the solutions containing OMCs. A filtered solu-
tion from the experimental flask was analyzed for the final
concentration of resorcinol. The adsorption capacities of the
OMCs were measured by a Cary 50 ultraviolet—visible spectro-
photometer (Varian) with a wavelength of 500 nm at room
temperature. The amount of resorcinol adsorbed by the OMCs
was determined by the subtraction of the final concentration
from the initial concentration with the following formula:
(G=¢p)Vv
M

where g is the adsorption capacity (mg/g), C; is the initial con-
centration of resorcinol in the solution (mg/L), Csis the final
concentration of resorcinol in the treated solution (mg/L), V is

the volume of the solution taken (L), and M is the weight of
the adsorbent OMCs (g).

RESULTS AND DISCUSSION

X-ray Diffraction (XRD) Pattern of SBA-15

As depicted in Figure 3, the SAXRD patterns of different batches
of SBA-15 showed well-resolved diffraction peaks indexed as
(100), (110), and (200); this suggested a long-range, highly
ordered, two-dimensional hexagonal mesostructure.”” SBA-15-2
and SBA-15-3 had a similar trend of peaks, but SBA-15-3 had a
stronger peak of (100) reflection. In a comparison of SBA-15-1
with SBA-15-2 and SBA-15-3, we noticed that when the reaction
temperature was increased and the reaction time was extended,
the diffraction peaks shifted to a smaller angle value with increas-
ing intensity. Correspondingly, the d-spacing between (100)
planes increased from 9.31 nm (SBA-15-1) to 9.60 and 9.62 nm
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Figure 4. SAXRD patterns of OMCs prepared from different batches and

different amounts of SBA-15. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

for SBA-15-2 and SBA-15-3, respectively. We concluded that the
reaction conditions played an important role in the mesostructure
of the synthesized SBA-15.>°

XRD Patterns of the OMCs

Figure 4 compares the SAXRD patterns of the OMCs with different
SBA-15 templates and amounts. Here, the use of 1 g of SBA-15 was
not successful for fabricating OMC; thus, no SAXRD pattern of
OMC-1Y is presented. All of the carbon products had similar pat-
tern to those of the silica templates with (100), (110), and (200)
diffractions; this demonstrated the characteristics of the hexagonal
structures. Well-resolved (110) and (200) peaks were observed in
the OMC-22 curve, whereas weak peaks were detected for other
OMCs. Compared with the SAXRD patterns of SBA-15, these
weaker peaks may have resulted from the shrinkage of the compos-
ite during carbonization and the removal of the silica template.>"”
The OMCs duplicated from SBA-15-1 (OMC-21 and OMC-31)
had the highest average intensity and the ones duplicated from
SBA-15-3 (OMC-23 and OMC-33) had the lowest intensity at the
(100) peak. This difference was attributed to the serious shrinkage
and collapse of SBA-15-3 when the reaction temperature and time
increased, and it resulted in a larger pore size and thinner silica
walls.*® The interplanar distances (djop’s) for OMC-21, OMC-22,
and OMC-23 were 8.50, 8.75, and 9.00 nm, respectively. Similarly,
the d, ¢ values for OMC-31, OMC-32, and OMC-33 are 8.70, 9.00,
and 9.28 nm. It is worth noting that d,q, of the OMCs increased
with the increase of their silica templates’ d; . We also noticed that
an increase in the amount of SBA-15 caused an increase in d;q, of
the OMCs; this meant that the morphology and textural parame-
ters of the OMCs could be adjusted through changes in the ratio of
the template to the carbon precursor;>"*? nonetheless, the inten-
sities of the (100) peak of the corresponding OMCs decreased
slightly. These changes may have resulted from the excess amount
of template and may have led to the incomplete filling of the tem-
plate channels.

As the modified OMCs were synthesized with 2 g of SBA-15-2,
the SAXRD pattern of OMC-22 was adopted to compare the
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OMC:s before and after modification; this is presented in Figure
5. Figure 5 shows an obvious drop in the peak intensity at the
(100) peak reflection, and the (110) and (200) peaks were not
as well resolved as that of their silica templates (OMC-21 and
OMC-22). In other words, an ordered, two-dimensional hexag-
onal structure was detected, but the structure may not have
been as good as those of their templates and the original OMC.
These changes could have resulted from acid-catalyst effects® or
crosslinking swelling effects,® which may have caused the col-
lapse of the template walls. Another possible reason could have
been the complex physicochemical reactions of H,SO4,> such
as swelling and dehydration, which led to possible damage of
the original structure.

Morphology of SBA-15

The microstructure of SBA-15-2 is shown in Figure 6 as a typi-
cal template; it had a regular rodlike shape with an average
diameter around 0.5 ym and a length around 0.8—-1 um, similar
to those in previous reports.” The difference in length may have
resulted from the reaction temperature and time, which were
believed to determine the rod length and mesopore size.”® To
further show the mesostructure of SBA-15, TEM images are
exhibited in Figure 7, together with the change in the channel
diameter corresponding to the reaction conditions (time and
temperature). It is worth noting that increases in the reaction
temperature and reaction time could increase the average chan-
nel diameter from 3 to 9 nm; this was consistent with the
increasing trend of do for SBA-15, and it also agreed with the
literature.”® All of the diameters were measured by Image] soft-
ware, with standard deviations of about 0.5 nm. The TEM
images shown in Figure 7(a—c) display the parallel mesopores of
SBA-15 from the (110) direction and show uniform parallel
channels. The periodic hexagonal structure viewed along the
(100) direction is shown in Figure 7(d) and was consistent with
the SAXRD pattern. These highly ordered mesoporous struc-

C . s 2,3,7,14
tures were similar to those reported in the literature.

a OMC-22
——b OMC-1
¢ OMC-2
——d OMC-3
e OMC-4

- 100

Intensity (a.u.)

110 200

0.5 ) 1.0 15 ) 2.l0 ‘ 25 ) 3.0 . 35
20(degree)

Figure 5. SAXRD pattern comparison of OMCs before and after modifi-

cation. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 6. Scanning electron microscopy images of SBA-15-2 under different magnifications: (a) 8000 and (b) 20,000X.

TEM Characterization of the OMCs

The corresponding OMC replicas of the silica templates are
illustrated in Figure 8. All of the mesostructures, with parallel
ordered channels, were analogous to their templates. However,
the channel diameters were smaller than their templates (ca.
0.5-1 nm); this probably resulted from the shrinkage of carbon/
silica composite material during carbonization and the removal
of host silica.>'>?* The hexagonal structure of OMC viewed
from the (100) direction is shown in Figure 8(d); this is a rep-
lica of the SBA-15 structure, similar to those found in previous
reports.z’14

We found that additions of 2 and 3 g of SBA-15 resulted in the
same mesoporous structure; this further demonstrated that the
mesoporous structure of OMC was a replica of the pore struc-
ture of its silica template. However, it was very interesting that
the use of 1 g of SBA-15 resulted in a totally different structure
of carbon materials. In this case, we failed to obtain OMC, but
some hollow nanofiber-like carbons were observed.”***® This
phenomenon revealed that the ratio between SBA-15 and AM
played an important role in the successful replication of the
ordered carbon material. Only when the amount of template

18
15

12

Channel Diameter (nm)

SBA-15-1(40°C, 4h)

Figure 7. Influence of the reaction conditions on the SBA-15 channel diameter: (a—c) channel direction view of corresponding SBA-15 and (d) perpen-

SBA-15-2 (50°C, 6h)

was sufficient could the ordered be formed. Once the amount
of template was sufficient for OMC synthesis, the structure of
OMC mainly depended on the SBA-15 template structure. In
the following study, the investigations were focused on the
OMC-2Y and OMC-3Y series.

On the basis of the well-preserved, ordered mesoporous struc-
ture and reasonable ratio, modifications were conducted on the
basis of the OMC-22 synthesis procedures. TEM images of all
of the modified OMCs are depicted in Figure 9. In a compari-
son of the TEM images of OMCs fabricated with concentrated
H,SO, [Figure 9(a,c,d)] with OMC-22 [Figure 8(b)], we
observed that the channels were ragged, and the mesostructure
became disordered, although the main morphology was pre-
served, similar to that in nitric acid oxidized OMCs.?”*® Mean-
while, the inserted perpendicular view of the hexagonal
structure became more difficult to observe in these H,SO,-
modified OMCs, and the surfaces became blurry in comparison
with those of OMC-22 and previous reports.”'*'> In OMC-1
[Figure 9(a)], which only used H,SO,, such structures were not
found. However, the OMC fabricated with crosslinking agent
(OMC-2) maintained as well an ordered structure as OMC-22;

SBA-15-3 (60°C, 8h)

dicular view of SBA-15-2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Influence of the different SBA-15 templates on the OMC channel diameter: (a—c) channel direction view of OMCs and (d) perpendicular view

of OMC-22. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

this was also confirmed by the SAXRD pattern in Figure 5. This  ling, and oxidization, in the concentrated H,SO,** In terms of
surface change in OMC may have been due to the complicated =~ TEM observation, the crosslinking agent had less impact on the
physicochemical effects, such as dehydration, carbonization, swel-  morphology of OMC, and this agreed well with the XRD analysis.

Figure 9. TEM images of the modified OMCs: (a) OMC-1, (b) OMC-2, (¢) OMC-3, and (d) OMC-4.
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Table II. SSAs of the SBA-15 and OMCs

SSA SSA SSA
Sample (m2/g)  Sample (m3/g)  Sample  (m?/g)
SBA-15-1 561 OMC-21 474 OMC-1 379
OMC-31 422 OMC-2 443
SBA-15-2 597 OMC-22 518 OMC-3 516
OMC-32 427 OMC-4 482
SBA-15-3 534 OMC-23 528 GAC 580
OMC-33 551

SSAs of the SBA-15 and OMCs

SSAs of the silica template and OMCs were measured by an N,
adsorption—desorption method. The SSAs of the SBA-15 and
corresponding OMCs are displayed in Table II. These results
were similar to those of previous reports."**> The results show
that the change in the reaction conditions directly affected the
SSA of SBA-15, and this further impacted the SSA of OMC. We
concluded that the template with the higher SSA resulted in an
OMC with a higher SSA; however, the trend in actual data did
not match these assumptions. The results may have been caused
by the shrinkage and collapse during the fabrication process.
Compared with silica templates, the SSAs of OMCs decreased
in most cases and increased in OMC-33; this showed that the
template was not the only factor that determined the SSA of
OMC.”” We also noticed that the final SSA of OMC was
affected by the amount of SBA-15.°"% Because the channel
walls were formed by the carbon source (monomer) and the
mesopores were formed by the etching of the SBA-15, when the
pores were partially filled, the resulting OMC might have gener-
ated broken channel walls and became less ordered. On the con-
trary, completely filled mesopores could have resulted in well-
organized channel walls.

All of the modified OMCs had a smaller SSA compared with OMC-
22, but the difference was not significant, except that of OMC-1.
This may have been caused by the shrinkage of the pore structure
because of the strong oxidation reaction between the carbon pre-
cursor and H,SO,. The crosslinking agent bridged the molecular
chain (as shown in Figure 1) and increased the molecular weight of
the polyacrylamide (PAM) to increase its resistance to H,SO,, and
the melamine could generate some nitrogen gas during heating to
offset part of the shrinkage. Therefore, the decrease in SSA was
insignificant, even though H,SO, was also added in OMC-3 and
OMC-4. Therefore, the modification of the carbon precursor had
no significant influence on the SSA of the final OMC.

Nitrogen Sorption Isotherms and Pore Size Distribution

Further analysis of the N, sorption isotherms and pore size distri-
bution were conducted for OMC-22 and the modified OMCs. As
shown in Figure 10(a), all of the nitrogen adsorption isotherm
curves showed a representative type IV curve with H1 hysteresis;
this suggested the formation of cylindrical pore channels.”® The
gradual increase in the adsorption volume of the sorption iso-
therm curve located at low relative pressure (P/P, < 0.3, where P
and P are the equilibrium and saturation pressure of adsorbates)
might indicate the existence of abundant micropores less than
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2 nm in the materials. The relatively steep nitrogen uptake step in
all of the isotherm curves proved the presence of uniform meso-
pores.”®” The pore size distribution in Figure 10(b) demonstrated
that OMC-22, OMC-1, and OMC-2 had a narrow pore size distri-
bution of around 6-8 nm. OMC-4 had as slightly larger pore size
in the mesopore range, whereas OMC-3 displayed a wide pore
size distribution centered around 50 nm. These results were rea-
sonably consistent with the TEM characterization, except for that
of OMC-3; this might have been due to the combined effect of
H,SO, and crosslinker.

FTIR and Raman Spectra Analysis

FTIR and Raman spectroscopy were used to detect possible func-
tional groups and changes in the chemical bonds, which could be
attributed to the modifications of the carbon precursor. As shown
in Figures 11 and 12, modified OMCs had similar chemical struc-
tures to OMC-22. Specifically, in Figure 11, (1) the weak small
bands ranging from 3500 to 3950 cm ™' may have resulted from
the —OH stretching vibrations™**! because of the adsorption of
moisture, (2) the strong peaks centered around 1700 cm™ " could
be ascribed to C=0'"%¢ resulting from PAM, and (3) the bands
near 860 cm™ ' and those between 1460-1560 cm™' may have
been caused by the stretching vibrations of C—H>' and C—N,®
respectively. Stronger peaks were observed in Figure 11(b—d)
between 2285 and 2400 cm™'; these peaks were assigned to
C—0,*" or some trapped N, because of the pyrolysis of the
added chemicals. As shown in Figure 11(b), a sharp peak at

—-
%
-

400
& 30
«
E‘ 300
-
£
v
£ 2
-
g
= 200
L
§ -+ 0OMC-1
?:‘ 150, -=-0MC-2
2 -+ OMC-3
g 100
= OoMC-4
o ol
50 8 —+0MC-22
0
0 0.2 0.4 0.6 0.8 1
Relative Pressure (P/Py)
03
(b)
=+=0MC-1
0.7 ~8-0MC-2
——O0MC-3
0.6 —e—0MC-4
—=OMC-22

Pore Volume (cm*/g)

1 10 100 1000
Pore Size (nm)

Figure 10. (a) N, sorption isotherms and (b) corresponding pore size dis-
tributions of the modified OMCs and OMC-22. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. FTIR spectra of (a) OMC-1, (b) OMC-4, (c) OMC-2, (d)
OMC-3, and (e) OMC-22. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

670 cm ™' was observed; this may have been caused by C—OH
stretching vibrations,"® which resulted from the reaction between
H,SO, and melamine. At the same time, the peak around
1685 cm™ ' was steeper than the other peaks; this was attributed to
the strong stretching vibrations of C=N*' introduced by melamine.

In Figure 12, the strong D band located around 1300 cm™' was

related to the disordered graphite structure and defects and could
be attributed to C—O stretching.*>** We found that precursor
modification increased the defect sites in carbon materials, and this
made posttreatment easier. The G band around 1600 cm ™"
very significant, but relatively small peaks could be detected as the
stretching of C=0 vibrations;** this was consistent with FTIR anal-
ysis. These peaks around 2300 cm ™" could be attributed to gra-
phitic lattice vibration modes* and may have resulted from the
C—N vibrations.** These peaks around 300 cm ™" were assigned to
the —OH and —H bond vibrations,*” but they may have resulted
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Figure 12. Raman spectra of the OMC-22 and modified OMCs. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]|
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Table III. Elemental Compositions of the OMC-22 and Modified OMCs

Sample C N H 0
OMC-22 75.29 12.44 1.24 10.92
OMC-1 68.80 1191 1.71 13.71
OMC-2 76.84 12.81 1.49 8.57
OMC-3 71.08 11.98 1.66 13.97
OMC-4 71.47 13.51 1.41 10.05

from the adsorption of moisture. These results proved that addition
of H,SO, and melamine affected the pore structure of the final
OMC to a certain degree; however, the influence of the crosslinking
agent was not significant because it only changed the PAM struc-
ture instead of its functional group.

Element Analysis

Table IIT shows the slight increases in C, N, and H in OMC-2
compared with OMC-22; this resulted from the crosslinking
effect. Both N and H elements favored the adsorption capacity.
OMC-3 and OMC-1 had the same trends of elemental increase
(H, O) and decrease (C, N), this trend was related to H,SO,4; how-
ever, because of the crosslinking reaction in OMC-3, it had less of
a decrease. The oxygen was induced by the oxidation of polymer
by H,SO,; this could contribute to the adsorption of resorcinol.
In OMC-4, N increased slightly compared to that of the other
OMCs, and this was caused by the addition of melamine. The
existence of N, H, and O elements enhanced the interactions
between OMC and resorcinol and, hence, improved the adsorp-
tion capacity through weak forces, such as hydrogen bonds.'**"**

Adsorption Capacity Evaluation

The adsorption capacities for resorcinol removal were compared
between OMCs and commercial granular activated carbon (GAG;
Norit). GAC is a chemically activated granular carbon produced
by a phosphoric acid activation process. All of the data were
obtained within 2 weeks after the samples were fabricated. As
shown in Figure 13, the OMCs had a higher adsorption capacity

36
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GAC OMmMC-21 OMC-22 OMC-23 OMC-31 OMC-32 OMC-33
Figure 13. Adsorption capacities of resorcinol on the GAC and OMCs
obtained at an adsorption temperature of 25 °C with an adsorbent dose
of 0.1 g/L and an adsorption time of 24 h. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. Adsorption capacities of resorcinol on GAC and modified
OMCs obtained at an adsorption temperature of 25 °C with an adsorbent
dose of 0.1 g/L and an adsorption time of 24 h. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

than GAC (27 mg/g); it ranged from 28 to 34 mg/g. Among these
OMCs, OMC-22 had the highest adsorption capacity; it was
about 26% higher than that of GAC. The results did not show a
significant influence of the SBA-15 amount (either 2 or 3 g) on
the adsorption capacity in the investigated cases, except for
OMC-22 and OMC-23; however, we observed that the ratio
between the template and monomer had significant effects on the
polymerization speed and product. It is also believed that the ratio
affected the purity of OMC and, thereby, impacted the adsorption
capacity. In this study, the addition of 2 g of SBA-15 to the 10 g of
the AM solution might have already been saturated, as some white
powder was observed after in situ polymerization. The results
show that the OMCs replicated from SBA-15-2 had higher
adsorption capacities than the ones replicated from SBA-15-1
and SBA-15-3, whereas the ones made from SBA-15-1 had the
lowest adsorption capacity. It seemed that SBA-15-2 was a good
template for the fabricated OMC, and 2 g was appropriate for
10 g of AM.

Figure 14 compares the adsorption capacity of the OMC-22 and
modified OMCs. OMC-2 and OMC-3 with crosslinking agent
showed the highest adsorption capacity (37 mg/g); this was
37% higher than that of GAC and 8.8% higher than that of the
original OMC-22. The adsorption capacity of active carbon pre-
dicted by Kumar et al.*® was less than 30 mg/g at a low concen-
tration of resorcinol; this was lower than the OMC studied
here. Liao et al.*’ reported that the adsorption of resorcinol by
multiwalled carbon nanotubes at an initial concentration of
100 mg/L was about 31 mg/g; this was lower than those of
OMC-22, OMC-2, and OMC-3. The adsorption percentage of
OMC investigated in this study was about 75% at a very low
material loading of 10 mg for a low concentration (5 mg/L) res-
orcinol solution; this was higher than that of activated carbon
made from coffee grounds.”® The OMCs also performed better
than ZnCl,-activated coir pith carbon.*” These results suggest
the favorable influence of the crosslinking agent in improving
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the adsorption capacity of the studied OMC. As discussed
previously, the main characteristics (morphology, pore size,
and SSA) of these modified OMCs were similar except for
those of OMC-3; thus, the improvement of adsorption the
capacity mainly resulted from the different chemical composi-
tions, namely, those of the heteroatoms (O and N). Also, we
noticed that when the crosslinking agent was added, the OMC
yield was improved from 2 to 3 g, with an improvement of
50%. We believe that the crosslinking agent not only induced
the nitrogen element to favor the adsorption perform-
ance'*?"* but also changed the PAM structure from linear
two dimensional to three dimensional (partially shown in Fig-
ure 1) and increased the molecular weight and, thereby,
reduced the pyrolysis of PAM. The adsorption capacity of
OMC-1 was slightly lower than that of OMC-22; this meant
that the single effect of H,SO, was not good and may have
even damaged the mesoporous structure [as shown in Figure
5(b)] and reduced SSA. However, because of the relatively
mild dehydration carbonization process, more carbon material
was fixed, and a higher yield (ca. 40%) of OMC was observed.
The addition of melamine (OMC-4) caused no significant
improvement in the adsorption, although melamine was
applied as a nitrogen source. However, because of its low sol-
ubility and instability, the presence of nitrogen in the finally
prepared OMC was very limited. We believe that better per-
formance could be achieved by optimization of the melamine
dose and by changing its introducing method. We observed
that the adsorption capacities of the OMCs were partially cor-
related to their SSAs; this means that higher SSA induced a
higher adsorption capacity.

If one recalls the SSAs of the OMCs and GAC, one can infer
that the ordered mesopores favored the adsorption capacity
over the SSA. Although no significant changes were observed, as
depicted in Figure 9 through carbon precursor modification,
the improved adsorption capacity may have been due to the
increase in adsorption sites, such as C—O and C—N bonds; this
could directly or indirectly drive the interaction between OMC
and resorcinol through hydrogen bonds.'**"** It is worth not-
ing that OMCs derived from different carbon precursors can
affect the adsorption;'* therefore, the emphasis of this study
was to evaluate the modification of carbon precursors, such as
AM, especially through the addition of the crosslinking agent.
Extra posttreatment could be applied in the previously modified
OMC to further improve its adsorption capacity. The modifica-
tion method proposed here could easily be extended to other
polymer systems and would, thereby, promote the design of
multifunctional adsorbents.

CONCLUSIONS

This study demonstrated that AM could be used as a carbon
precursor to fabricate OMC. Several approaches were used to
modify the OMC to improve its adsorption capacity. Generally,
the addition of crosslinking agent and melamine showed good
potential for adsorption capacity improvement, and the cross-
linking agent could improve the carbon yield. The use of con-
centrated H,SO, did not show direct improvement in the
adsorption capacity and could damage the mesostructure,

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43426



http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

although a higher yield (ca. 40%) of OMC was obtained. The
characterization of the pore structure and the evaluation of the
adsorption capacity revealed that the modification of the pre-
cursor with crosslinking agent could not only just preserve the
ordered mesoporous structure but could also improve the
adsorption capacity through the introduction of the heteroatom
(N) from the carbon precursor. In light of this research, it
should be possible to fabricate superior adsorbents suitable for
the removal of different pollutants through the incorporation of
diverse polymers as carbon precursors.
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