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On preparing highly abrasion resistant binderless
and in situ N-doped granular activated carbont

Zhenghan Cai,? Xuan Yang,® Guanfeng Lin,® Cuixia Chen,? Yandan Chen*®
and Biao Huang {0 *2

NaOH/urea, a cellulose solvent, has been applied for the preparation of binderless and in situ N-doped
GACs (NaOH/urea-GACs). The dissolved cellulose binds lignin, hemicellulose and undissolved cellulose
all together to form a granular precursor after kneading and extruding. During the process, NaOH and
urea are dispersed in sawdust where the NaOH acts as an activator at high temperatures, and the urea
plays the role of an in situ N-dopant. The results show that at a mass concentration ratio of 14 wt%
NaOH/24 wt% urea which has been activated for 1 h at 850 °C after kneading for 2 h GACs with
a specific surface area (Sger) of 811.299 m? g%, a microporosity of 59.20% and an abrasion resistance of
99.83% are obtained. The N content as well as its form of existence are also further explored. The
desulfurization ability of the NaOH/urea-GACs is also investigated, and NaOH/urea-GACs, without
removed alkali, are applied for desulfurization, and the adsorption process is appropriate for the
Bangham model. The experimental results indicate that it is feasible to use an NaOH/urea solvent as
a suitable chemical for the manufacture of GACs with good properties.

1. Introduction

GACs are widely used without producing secondary pollution in
various fields such as wastewater treatment," gas purification®
and immobilized catalysis.® Along with the deterioration of the
environment and economic development, the demand for GACs
is increasing. Therefore, it is necessary to explore new ways of
preparing GACs. At present, the methods of GAC preparation
can be divided into physical methods and chemical methods.
The physical methods are mainly used to prepare GACs from
the raw material of shells, for example coconut shell GACs.* The
chemical methods can be further divided into a binder method
or a binderless method. The binder method is mainly used with
powder activated carbon to form granules with a binder, but
this method reduces the original surface area of the powder
activated carbon. The binderless method is mainly used to form
granules from precursors and then GACs are obtained after
activation; this is a simple and effective way to prepare GACs.
Various chemical reagents have been used in this method by
many researchers, such as H;PO,,” ZnCl,,* KOH,” and K,CO3.%
Molina-Sabio et al.® described the preparation of activated
carbon discs without a binder by using H;PO, as an activating
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agent. J. M. et al.’® reported a method for the preparation of
binderless activated carbon monoliths (ACM) by asphalt. Farma
et al." used the fibres from the empty fruit bunches of oil palm
to produce ACM by high pressure. Silvestre-Albero et al.*?
depicted the preparation of ACM with high pressure and
asphalt that had been activated into powdered activated carbon
with KOH.

Nitrogen-containing functional groups make activated
carbon more widely applicable for energy storage. So far,
nitrogen-containing activated carbon is mainly obtained by
reactions with nitrogen-containing reagents, such as HNO; and
NH;,"”*** and the carbonization/activation of N-rich precur-
sors.''® However, few studies report functional binderless-
GACs with in situ N-doping. Solvents'” for the dissolution of
cellulose such as NaOH/urea, NaOH/thiourea and LiOH/urea
aqueous solution, pre-cooled to low temperatures, provide
a good way to prepare binderless-GACs with high abrasion
resistance and in situ N-doping.

In this work, GACs from sawdust were impregnated with an
NaOH/urea solution. The dissolved cellulose binds lignin,
hemicellulose and undissolved cellulose all together to form
a granular precursor after kneading and extruding. In this
process, NaOH and urea are dispersed into the sawdust, where
the NaOH acts as an activator at high temperatures, and the
urea plays the role of an in situ N-dopant. The experimental
results indicate that it is feasible to use an NaOH/urea solvent as
a suitable chemical for the manufacture of GACs with good
properties.
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2. Experimental
2.1 Materials

Sawdust collected from Fujian Province, China, was first
removed of any impurities and air dried, then it was crushed
and sieved to give particle sizes of 0.18-0.25 mm for subsequent
studies. Sodium hydrate, urea, sodium thiosulfate, potassium
dichromate, vitriol, iodine, potassium iodine, methylene blue,
soluble starch, hydrochloric acid, disodium hydrogen phos-
phate, monopotassium phosphate and other analytical reagents
were purchased from the Shanghai Sinopharm Chemical
Reagent Company Ltd and all were of analytical grade.

2.2 Preparation of the NaOH/urea solvents

Based on the preparation of a cellulose dissolving system
invented by Lina Zhang'”'®* The mass ratio varied between
7 wt% NaOH/12 wt% urea and 21 wt% NaOH/12 wt% urea. 14—
42 g of NaOH and 24-48 g of urea were dissolved in distilled
water while stirring to obtain a 150 g aqueous solution and pre-
cooled to —12-0 °C for later use.

2.3 Preparation of the GACs

Sawdust (50 g) between 0.18 and 0.25 mm in size was added to
the NaOH/urea solution (150 g) which had been pre-cooled to
—12-0 °C. The mixtures were kneaded at room temperature for
1-3 h and subsequently columnar material was extruded, then
dried at 105 °C. During the activation process, the solidified
sample was heated up to the final temperature (550-650-750-
850-950 °C) and maintained for 30-45-60-75-90 min. The
activated samples were boiled with 10 wt% industrial hydro-
chloric acid solution for 30 min. Further washing was finished
with hot distilled water until the pH value was almost neutral.
Finally, the products were dried at 105 °C for 8 h for further
characterization studies.

2.4 Physical and chemical characterization

The iodine number and the methylene blue adsorption value of
the GACs were obtained in accordance with GB/T 12496 - 1999
(National Standards of P. R. C). Abrasion resistance was ob-
tained on the basis of GB/T 13803.1 - 1999.

Textural characteristics were determined by nitrogen
adsorption at —196 °C with an automatic adsorption instru-
ment (ASAP 2020 HD88, Micromeritic). The surface area of the
sample was calculated by Brunauer-Emmett-Teller (BET)
analysis in a relative pressure range of 0.05-0.30 at —196.15 °C.
The micropore volume was determined according to the HK
(Horvath-Kawazoe) method.

Surface morphologies were observed by field emission
scanning electron microscopy (FSEM). FSEM images were ob-
tained with a NovaNano SEM 230. The Raman spectra were
recorded with a Renishaw inVia at a wavelength of 514 nm with
a power of 25 mW by laser operation.

The surface functional groups and structure were studied by
Fourier transform infrared spectroscopy (FT-IR) with a Nicolet
380. An Elementar Vario EL cube microanalyzer was applied for
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elemental analysis (EA: C, H, O and N). X-ray photoelectron
spectroscopy (XPS) was carried out with a Thermo Scientific
Escalab 250Xi.

The pH of the sample was determined according to GB/T
12496.7 - 1999. Briefly, 2.5 g of undried sample was weighed
into a 100 mL conical flask with 50 mL carbon dioxide-free
water. The conical flask was heated to boiling for 5 min. Then, it
was cooled to room temperature and the evaporated water was
replenished. Then the pH value was measured.

A sulfur dioxide absorption detector (Shenzhen Korno Elec-
tronic Technology, GT901-SO,) was used for desulfurization
analysis by measuring the SO, content of the reaction bed
export at different times.

2.5 Desulfurization experiment

GACs without removed alkali were used in the desulfurization
experiment. SO, removal was carried out at 90-95 °C in a fixed
bed with a quartz glass tube and a temperature controller (@
2.5 cm X 60 cm). GACs for desulfurization loading were 6 cm in
height and 15.7 g, with ordinary GACs as the control group. SO,
removal was conducted by passing a simulated flue gas
comprising N, and 0.5% SO,. The gas space velocity (SV) was
160 mL min~". Finally, the flue gas was sent through the NaOH
solution after the reactor. The desulfurization efficiency was
studied by determining the SO, content of the reaction bed
export.

3. Results and discussion
3.1 The preparation of NaOH/urea-GACs

The main factors in the preparation of NaOH/urea-GACs which
included the NaOH/urea mass concentration ratio, the knead-
ing time, the activation temperature and the activation time
were investigated by a single factor experiment as shown in
Fig. S1, S2, S3 and S4,f respectively. The NaOH/urea mass
concentration ratio (X;), the activation temperature (X,) and the
activation time (X3), as critical variables for the preparation of
the NaOH/urea-GACs, were analyzed by RSA to optimize the
entire preparation process. Subsequently, optimal results were
obtained (Tables S1 and S2f) based on the iodine value.
Experimental data were fit and predicted with a second order
model. Analysis of variance (ANOVA) was applied to analyze the
experimental data at a 95% confidence interval (Tables S3 and
S41). Clearly, the model is significant, efficienct, appropriate
and valid with a very low value of lack of fits value (p = 0.0588).*°
Empirical relationships between variables and responses were
expressed by the following equations:

Y = 882.48 + 20.17X; + 35.70X, + 27.54X;
— 5.03X,X; + 9.13X, X3 + 10.92X,X;3
— 37.14X,* — 27.20X,”> — 16.09.X5° 1)

Optimization of the variables to maximize the iodine value
was finished by the quadratic model as shown in Fig. 1.
Experimental results show that the produced carbons are of
high abrasion resistance, all more than 97%. The conditions for
a high abrasion resistance (>97.00%) with a better adsorption

This journal is © The Royal Society of Chemistry 2018
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Fig.1 RSA for the Box—Behnken Design (BBD): (a) and (b) NaOH/urea-activation temperature; (c) and (d) NaOH/urea-activation time; (e) and (f)

activation temperature-activation time.

performance are 14 wt%/24 wt%, 2 h, 850 °C, and 60 min for the
alkali urea ratio, the kneading time, the activation temperature
and the activation time, respectively. The NaOH/urea-GACs
were obtained with a high iodine value up to 861.24 mg g *,
a high methylene blue value up to 130.5 mg g ', and a high
surface area up to 811.299 m> g~ *.

These results revealed the feasibility of using an NaOH/urea
solvent as a suitable chemical for the manufacture of GACs with
a good adsorption capacity and mechanical strength.

3.2 Chemical and structural characteristics of the NaOH/
urea-GACs

The nitrogen adsorption/desorption isotherm curve and the
pore size distribution for the GACs, prepared under 14 wt%/
24 wt%, 2 h, 850 °C, and 60 min, are shown in Fig. 2a and b,
respectively.

According to IUPAC, Fig. 2a shows the obtained isotherm
curve belonging to a type I isotherm. At low pressures (P/P, < 1),
it shows an exponential increase, until it approaches a certain
relative pressure. Additionally, the obvious desorption hyster-
esis loop is presented at intermediate and high relative pres-
sures, which represents dense micropore structures. The

This journal is © The Royal Society of Chemistry 2018

adsorption isotherm of this material shows a good agreement
with those reported in the literature.*

The Brunauer-Emmett-Teller surface area evaluated by the
nitrogen adsorption isotherm corresponds to a value of 811.299
m?” g~ for the produced GACs by NaOH/urea as shown in Table
1. The pore size distribution calculated by the standard BJH
method appears in Fig. 2b. The volume distribution shows that
the main part of the GAC pore diameter is in the range of 0.45-
3.5 nm, with an average diameter of 2.74 nm. The single point of
BJH adsorption total pore volume and micropore volume is
found to be 0.5554 cm® g~' and 0.3282 cm® g, respectively.
Fig. 2b shows that most of the GAC pores are in the microporous
range, with as much as 59.20%. In conclusion, the prepared
GACs can be said to have both microporous and mesoporous
structures, but it is mainly a microporous material.

Scanning electron microscopy (SEM) techniques were used
to observe the surface physical morphology of ordinary GACs
and NaOH/urea-GACs as shown in Fig. 3. SEM images (a and b)
indicate the pore structures of the NaOH/urea-GACs as a result
of activation. As indicated, the NaOH/urea-GACs obtained an
abundant specific surface area in the activation process. Thanks
to the well-developed pores, the GACs possessed a high BET
surface area and adsorption capacity. Raman spectra of the

RSC Adv., 2018, 8, 20327-20333 | 20329
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Fig. 2 (a) N, adsorption—desorption isotherm; (b) pore size distribution for NaOH/urea-GACs.
Table 1 Sger and pore structure of NaOH/urea GACs with different NaOH/urea ratios
NaOH/urea Sper (m* g™ 1) TPV (cm® g ') MV’ (em® g~ ) AR (%) AD? (nm)
14 :12 678.012 0.4680 0.2860 99.04 2.55
14:24 811.299 0.5554 0.3282 99.83 2.74
21:12 798.413 0.5367 0.3154 99.90 3.58

“ Total pore volume. ” Micropore volume. ° Abrasion resistance. ¢ Average diameter.

GACs at different ratios of NaOH/urea are shown in Fig. S5.1
There are two major peaks, D (~1345 cm™ ') and G (~1587 cm ™)
bands, used to characterize the degree of disorder in ACs at
a ratio of area Ip/Ig.** The Ip/Ig value of NaOH/urea-GACs is
1.022, 1.020 and 1.005 for 14 : 12, 14 : 24 and 21 : 12, respec-
tively. It is similar to other ACs activated with NaOH-KOH.*

The capacity of GACs depends upon the porosity as well as
the chemical reactivity of the functional groups at the surface.
EA, XPS and FT-IR were applied to analyze the chemical
performance of the NaOH/urea-GACs.

The FT-IR spectra of the GACs prepared without (Fig. 4a) and
with (Fig. 4b) the addition of NaOH/urea are illustrated in Fig. 4.
In general, the spectrum lines all contain several basic peaks. A
strong and wide adsorption peak around 3435 cm™ ' can be
assigned to O-H stretching vibrations, typical peaks at 2926 and
2854 cm ' are attributed to stretching of aliphatic bands in

Fig. 3 SEM images of NaOH/urea-GACs.

20330 | RSC Adv., 2018, 8, 20327-20333

-CH; and -CH,, the peak around 1600 cm™ " [1584 cm ™' (a) or
1628 cm~ " (b)] is related to C=O stretching vibrations of
carbonyl groups,?*** and a small peak around 1456 cm ' is
attributed to a C-H scissor vibration.?® The peak which weakens
in NaOH/urea-GACs at 1110 cm ™" belongs to a C-O stretching
vibration. However, as shown in Fig. 4b, preparation with an
NaOH/urea system causes some changes in the spectra of
NaOH/urea-GACs. Therefore, some peaks that may be related to
N-containing groups could be observed in NaOH/urea-GAC
spectra. Firstly, a small peak that appears around 3175 cm ™'
more likely belongs to N-H.>* The obvious peaks around 1550
and 672 cm™ " correspond to the N-H in-plane bending vibra-
tions® and bonding vibrations,* respectively.

a, ordinary-GACs
b. NaOH/urea-GACs
1 1

3500 3000 2500 2000 1500
Wavenumber/cm'

1000 500

Fig. 4 FT-IR spectra analyses of GAC without (a) and with (b) the
addition of NaOH/urea.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Elemental analysis of ordinary-GACs and NaOH/urea-GACs

Elements C/% H/% O/% N/% Others/%
Ordinary-GAC 70.39 0.96 3.66 0 24.99
NaOH/urea 14 : 12 62.90 2.38 13.23 1.08 20.41
NaOH/urea 14 : 24 62.59 2.10 17.53 2.25 15.53
NaOH/urea 21 : 12 80.34 1.74 12.74 1.38 3.81

To verify the presence of nitrides in the NaOH/urea-GACs,
the samples were analyzed by EA. Thus, the C, H, O and N
content of GACs with different NaOH/urea ratios, and ordinary-
GACs are shown in Table 2. It’s pretty obvious that the content
of N and O in NaOH/urea ratio GACs is higher than in ordinary-
GACs. When the NaOH/urea-GACs are prepared with 14%
NaOH/24% urea, the content of N and O reaches the highest
with this increase in urea. Compared to 14 wt% NaOH/12 wt%
urea GACs and 14 wt% NaOH/24 wt% urea GACs, except for an
increase in the nitrogen, the oxygen content also increases,
which seems to indicate that the presence of urea contributes to
the formation of oxygen-containing groups in this system. But
increasing the alkali reduces the oxygen content obviously due
to its dehydration.

It is widely known that most oxygen-containing functional
groups show acidic properties, and nitrogen-containing func-
tional groups show basic properties.>** So it is necessary to
measure the pH of the samples. The pH variation of the NaOH/
urea-GACs with a change in the NaOH/urea ratios is as follows:
9.21, 6.67 and 8.87 for 14 : 12, 14 : 24 and 21 : 12, respectively.
The change can be associated with changes in the N and O
content. Such as for 14 wt% NaOH/24 wt% urea GACs, O
increases more than N so the pH is lower than 7. Compared to
the pH of ordinary-GACs (5.63) which are activated by equiva-
lent NaOH, the alkalinity of the NaOH/urea-GAC surface is
enhanced.

We further determine the form of N in the presence of
NaOH/urea-GACs by XPS. The N1s peaks of 14% NaOH/24%
urea-GACs are shown in Fig. 5. As previously reported, the
surface state of N in AC analyzed by XPS is classified into pyr-
idinic (N-6), pyrrolic/pyridone (N-5), amino/imino and graphitic
nitrogen (N-Q) which have the values of around 398.1 eV,
400.5 eV, 399.8 eV and 401.3 eV, respectively.”®*>" Pyrrole/
pyridone (N-5) disappears due to activation at high tempera-
tures while the graphitic nitrogen appears. Therefore, in NaOH/
urea-GACs, nitrogen is present in mainly the pyridinic (N-6),
amino/imino nitrogen and graphitic nitrogen (N-Q) forms .

In general, FT-IR, EA, pH and XPS analyses indicate that the
surface alkaline functional groups of the GACs obtained by
NaOH/urea activation are abundant with increasing nitrogen
groups, and the alkalinity of the activated carbon surface is
enhanced.

3.3 Desulfurization experiment

3.3.1 Different concentrations of SO, imported. The
different initial concentrations (300, 360 and 420 ppm) of the
SO, adsorption breakthrough curves for the GACs are shown in

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

399.78¢V 58.39%

~398.58eV 25.23%

401.18eV 16.38%

406 404 402 400 398

Binding Energy / eV

396 394

Fig. 5 N 1s XPS spectra of the NaOH/urea-GACs.

Fig. 6. Among them, the SO, adsorption breakthrough curves of
ordinary GACs were studied with initial concentrations of
360 ppm. SO, capacity is calculated according to the equation:

g =1[A4 x (Co — C,) x /(1000 x m) 2)

here, A4 is a mixture flow simulation, 160 mL min%; C, is the
imported SO, concentration, mg L% C, is the exported SO,
concentration, mg L™ '; m is the GAC loading, 15.7 g.

Compared to the SO, adsorption breakthrough curve shown
in Fig. 6¢c, the SO, adsorption breakthrough curve shown in
Fig. 6d has a shorter through time and lower SO, capacity,
61 min, 266 mg g * and 102 min, 339 mg g~ ', respectively. Due
to the remaining alkaline oxide, the GACs possess a very good
desulfurization effect.

In Fig. 6(a-c), the tendency of the breakthrough curve is
similar, which is to continue rising. As time passes, when the

200 - —=—C_=300mg-L"
= -1
—e—C =360mg-L
—4—C_=420mg-L"
150 L —¥— Ordinary-GACs

100

SO, exit concentration (mg-L")

O
o

O | 1
0 20 40 60 80 100
Adsorption time t/min

120 140

Fig. 6 The breakthrough curve for desulfurization by ordinary GACs
and NaOH/urea-GACs without removed alkali.
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Table 3 The parameters of the Bangham kinetic model fitting

Experimental
k (min™") n R ge (mg g™ value g. (mg g™ )
0.0006 1.6767 0.9680 344 345

export concentration is the same as the initial concentration,
the GACs have become saturated from adsorbing SO,.**
Furthermore, a, b and c through time and SO, capacity are
345mg g ', 125 min; 339 mg ¢ ', 102 min; 315 mg g~ ', 82 min,
respectively.

3.3.2 Motion dynamics. According to a report by Gao J. X.,
et al.*® to simulate the adsorption of SO, by the Bangham model,
the equation® used is shown as eqn (3). Its linear representation
is shown as eqn (4):

4= g1 —e ") 3)
lgllg(qe/(qe — g )] =gk + nlgt (4)

where ¢, is the adsorption of SO, at the adsorption equilibrium
and g, is the adsorption of SO, at time ¢, mg g . k and n are
constant. A fitted curve is shown in Fig. 7, with fitting param-
eters shown in Table 3.

As indicated in Table 3, the correlation coefficient of the
Bangham model fitting R* is 0.9680, which means that there is
a good fit for the Bangham model. Therefore it is suitable to
describe the adsorption process of SO, on the surface of the
GACs by the Bangham model.

Alkaline sodium salt remaining in the NaOH/urea-GACs,
reacts with SO, (the mechanism is as follows), which
increases the absorption of SO,.

NazO + SO2(ad) - NaZSOS(ad) (5)

20332 | RSC Adv., 2018, 8, 20327-20333
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4. Conclusions

Highly abrasion resistant binderless and in situ N-doped GACs
were prepared from sawdust with NaOH/urea solution. NaOH/
urea was used as an assistant adhesion action agent and acti-
vating agent during the preparation process. It is very effective
to prepare GACs with highly developed pores and excellent
surface performance. Under optimal conditions, it resulted in
NaOH/urea-GACs with iodine adsorption values of 861.24 mg
¢~', a methylene blue value of 130.5 mg g, a special surface
area of 811.299 m” g~ and an activation yield of 38-42%. The
GACs were heteroporous with a micropore volume up to 59.20%
and a total pore volume of 0.5554 cm® g~ *. The FTIR and XPS
results indicate the presence of pyridinic, amino/imino
nitrogen and graphitic nitrogen in the NaOH/urea-GACs. EA
and pH analyses seem to indicate that the presence of urea
contributes to the formation of oxygen-containing groups in
this method. With their excellent properties, NaOH/urea-GACs
can be effectively used as adsorbents for hazardous materials
in the air and wastewater.
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