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a b s t r a c t
Sugarcane bagasse-based activated carbon (SBAC) materials had been successfully prepared from 
sugarcane waste by zinc chloride activated method. Structure of the obtained materials was studied 
by scanning electron microscopy, X-ray diffraction and a surface area and pore size analysis method. 
Adsorption performances of the as-prepared materials were evaluated by a batch method on a 722 
spectrophotometer. Results indicated that the obtained materials had abundant pore structure, that 
is, the Brunauer–Emmett–Teller surface area could be up to 1,843 m2/g and the total pore volume Vt 
increased with increasing activator proportion. The proportion of mesopores increased first and then 
decreased with increasing activator proportion. For the sample of SBAC-3, the mesoporous surface 
area content can be up to 52% and there was a sharp peak at 4.9 nm by quenched solid density func-
tional theory. Adsorption experiments showed that the obtained material had good adsorption perfor-
mance. The acid condition is benefit for the adsorption behaviour. The adsorption quantity of SBAC-3 
increased with increasing the initial dye concentration. 
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1. Introduction

It is well known that the dye-containing wastewater is 
now a serious problem and has attracted much attention. 
Textile, leather, paper and plastic industries use dyes to deco-
rate their products and consume volumes of water [1,2]. As a 
result, they generate a considerable amount of dye-containing 
wastewater. Dyes are synthetic aromatic water-soluble dis-
persible organic colourants and are toxic to aquatic flora and 
fauna even in relatively low concentrations. A number of 
authors have been studying on the toxicity of dyes and their 
impact on the environment [3–6]. 

It is difficult to remove the dyes from the effluent because 
the dyes are stable to light and heat and are biologically 
non-degradable [7]. Various treatment techniques such as 
reverse osmosis, electrodialysis, ultrafiltration, ion-exchange 

and chemical precipitation have been used for the removal 
of coloured dyes from wastewater [8–13], but only that of 
adsorption is considered to be superior to other techniques. 
This is attributed to its low cost, easy availability, simplicity 
of design, high efficiency, easy operation and ability to treat 
dyes in more concentrated forms [14,15]. Nanoporous carbons 
are one of the most used adsorbents because of their excel-
lent properties such as high porosity, large surface area, good 
conductivity and low cost [16–18]. Traditional nanoporous 
carbon materials are mainly prepared from non-renewable 
resources such as coal, coal tar, and asphalt. [19–23], which 
consume the non-renewable fuels. Furthermore, the proper-
ties of obtained products are poor and price is high restricted 
by technological conditions. 

In recent years, extensive research has been under-
taken to develop nanoporous carbons from alternative and 
economic carbon precursors. An economic carbon precur-
sor is defined as one which is abundant in nature or is a 
by-product or waste and require little processing. On this 
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point, biomass has inherent advantages. Considering the 
factors of environmental quality, national security, agricul-
tural production and rural development [24,25], agricultural 
and forestry wastes such as husks [26], straws [27], peels [28], 
lignin [29,30], shells [31,32] and stems [33], have received 
much attention recently. These wastes are mainly composed 
of cellulose, hemicellulose and lignin and have high carbon 
content, which makes it suitable for conversion into a porous 
carbonaceous material. 

Therefore, a number of inexpensive and effective low-cost 
biomasses are being used to prepare nanoporous carbon for 
dyes removal from aqueous solutions [34–37]. China is one 
of the largest cane sugar producers and the plantation area 
of sugarcane ranked the third in the world. It will produce 
large amount of bagasse after the extraction of sucrose from 
sugarcane and the treatment and disposal of the bagasse will 
be a great challenge. Thus, recycling sugarcane bagasse to 
useful adsorption materials has great economic benefits, and 
their disposal pressure can be partially eased. Some investi-
gations have reported sugarcane bagasse as an economical 
carbon precursor for the adsorption of heavy metal ions and 
dyes from aqueous solution [38–41]. In this study, sugarcane 
bagasse is used as carbon resource to prepare nanoporous 
carbons and their adsorption performance for reactive tur-
quoise blue (TB) has been also studied.

2. Experimental section

2.1. Preparation of sugarcane bagasse-based activated carbon 
materials

Sugarcane bagasse, obtained from the market in 
Zhengzhou, China, was washed and cut into pieces. The 
treated sugarcane bagasse was preoxidized in a muffle fur-
nace at 250°C under air atmosphere for 3 h. Predetermined 
amount activator zinc chloride (ZnCl2) and the oxidized 
sugarcane bagasse (OSB) was mixed well with a moderate 
amount of water. The mass ratios of ZnCl2 and OSB were 1:1, 
2:1, 3:1 and 4:1. The mixture was soaked for 12 h at room 
temperature and then dried at 110°C. The obtained compos-
ites were carbonized and activated at 800°C for 3 h under the 
flowing N2, followed by soaking in 20% hydrochloric acid 
(HCl). Finally, activated carbon materials were obtained after 
washing and drying the above samples. The as-prepared 
sugarcane bagasse-based activated carbon (SBAC) materials 
were denoted as SBAC-x, where x represented the mass ratio 
of ZnCl2 and OSB.

2.2. Material characterization

The microstructure of the carbon samples was investi-
gated by an FEI Quanta 250 scanning electron microscope 
(SEM), a Bruker D8 ADVANCE X-ray diffractometer (XRD) 
and a 2QDS-MP-30 automated surface area and pore size 
analyzer (Quantachrome Instruments Corporation). Prior to 
measurements, the sample was degassed for more than 3 h 
at 300°C under vacuum. The Brunauer–Emmett–Teller (BET)-
specific surface area (SBET) was calculated by BET theory. 
The total pore volume (Vt) was estimated from single point 
adsorption at a relative pressure P/P0 ≈ 0.99. The micropore 
surface area (Smic) was determined by t-plot theory. The pore 

size distribution and density functional theory (DFT)-specific 
surface area was determined by quenched solid density func-
tional theory (QSDFT).

2.3. Adsorption characterization

Adsorption was determined by batch method, which was 
simple and easy to perform. In batch method, a fixed amount 
of the adsorbent (0.5 g) was added to 20 mL dye solution with 
a certain concentration and thoroughly mixed in well-closed 
flasks. Then, all the flasks were allowed to stand for 120 min at 
50°C. The pH values of dye solutions (1, 2, 3, 4, 5), initial dye 
concentration (1, 2, 3, 4 mg/mL) were evaluated in the present 
study. Then, the suspensions were centrifuged at 4,000 rpm 
for 15 min. The solutions were carefully decanted to be ana-
lyzed using a 722 spectrophotometer (Shanghai Precision & 
Scientific Instrument Co., Ltd.) at 528 nm, which was the maxi-
mum wavelength for reactive TB. The adsorption quantity and 
efficiency were calculated based on the following equations:
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where q is the amount of dye adsorbed in carbon, C0 and C1 
are the initial and equilibrium concentrations of dye solu-
tions, m is the amount of adsorbent, V is the volume of solu-
tion and E is the adsorption efficiency.

3. Results and discussion

3.1. Microstructures of the as-prepared samples

Fig. 1 is the SEM image of sugarcane bagasse. As shown 
in Fig. 1, the rectangular pore walls form honeycomb-shaped 
skeleton. The width of the honeycomb-shaped pore is about 
100 μm. The skeleton is smooth and there are a few pores 

Fig. 1. SEM image of sugarcane bagasse.
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in the skeleton. After activation and carbonization at 900°C, 
the obtained carbons have abundant cylindrical macropo-
res, which arrange regularly in longitudinal formed carbon 
skeleton. The width of cylindrical macropores is about 13 μm 
(Fig. 2). From Fig. 2, we can also see that the carbon skele-
ton split after activation (Figs. 2(a)–(c)) and collapse to pieces 
when activator proportion is 4:1 (Fig. 2(d)). This can be due 
to the activated reaction between ZnCl2 and carbon skeleton 
during the heat treatment.

Fig. 3 shows the XRD results of samples with different 
mass ratio of activator and sugarcane bagasse (A/B). It is 
shown that steamed bread like 002 peaks appear at about 
23°, which indicates that the obtained material is amor-
phous. In most cases, activation degree of the obtained car-
bon increases with increasing the activator proportion and 
it results in carbon skeleton collapsing and become more 
disorder. However, for SBAC, 002 peaks grow stronger and 
shift to a higher angle with increasing the activator propor-
tion. This is because that the macroporous structures burst 
and the carbon skeletons stack. The carbon pieces recombine 
to new graphite microcrystal during high temperature treat-
ment. There are obvious 100 peaks at about 45° and graphite 
micro-crystalline structure at about 80° (the insert in Fig. 3).

The N2 adsorption–desorption isotherms of the obtained 
carbon materials with different activator proportions are 
shown in Fig. 4. According to the isotherms of the samples, 

SBET, Smic, SDFT, Vt, and pore size distribution of the sam-
ples are obtained and the results are shown in Table 1 and 
Fig. 5. Results show that sugarcane bagasse-based carbons 
have abundant pore structure, high specific surface area and 
high pore volume after activation by ZnCl2.

Fig. 2. SEM images of sugarcane bagasse-based activated carbons: (a) SBAC-1; (b) SBAC-2; (c) SBAC-3; (d) SBAC-4.
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Fig. 3. XRD curves of the obtained samples.
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It can be clearly seen from the isotherms (Fig. 4) that 
the adsorption amount increases clearly at low relative 
pressure (P/P0) and the adsorption occurs in the micropo-
res. The adsorption amount increases slightly with increas-
ing the P/P0 when activator mass ratio is relatively low 
and the isotherm is of type-I-B. For example, for the sam-
ple of SBAC-1, the adsorption volume increases from 300 
to 434 cm3/g when P/P0 is from 0.01 to 0.99. The adsorption 
volume increases obviously with increasing A/B ratio and 
the isotherm is type-IV when A/B is 3:1. There is an obvi-
ous type-H4 hysteresis loop when A/B ratio is 3:1, which 
indicates that the obtained material SBAC-3 has both micro-
pores and mesopores. Furthermore, the proportion of meso-
pores increases first and then decreases with the increasing 
A/B ratio (Table 1), which agrees well with the QSDFT pore 
size distribution curves (Fig. 5). When A/B is 3:1, the meso-
porous surface area content is the highest and it can be up 
to 52% by QSDFT (Table 1). 

As shown in the QSDFT curves in Fig. 5, there are obvi-
ous peaks at 1.0, 2.2 and 4.9 nm in all samples. However, there 
are some significant differences in the sample structure. For 
SBAC-1 and SBAC-2, the position and number of the peaks 
are almost the same in addition to peak intensity. The SBAC-2 

has stronger peak intensity, which indicates that it is more 
porous and has the highest surface area (Table 1). For SBAC-
3, the position of micropore shift to 1.3 nm and there is a peak 
at 3.5 nm and there is also a relatively weaker wide peak at 
7.3–12.0 nm. Furthermore, the peak at 4.9 nm is very strong, 
which indicates that the pores are trend to mesopores. For 
SBAC-4, the peak intensity at 4.9 nm become weaker than 
that of SBAC-3 and distribution of big size pores is wider and 
its intensity is weaker (Fig. 5), which results in the decrease 
of surface area (Table 1). 

Table 1 shows the BET and DFT surface area and pore 
volume. It is obviously seen that the obtained materials have 
high specific surface area. The SBAC-1 and SBAC-2 are typ-
ical microporous materials and the microporous surface 
area content can be up to 92% and 88%, respectively. With 
increasing the activator proportion, the micropores content 
decreases and mesopores content increases, for example, 
there is a sharp peak at 4.9 nm in the sample of SBAC-3. The 
microporous surface area content is only 52% calculated by 
BET and the SBET is only 1,414 m2/g. However, when A/B = 4:1, 
the SBET increases to 1,663 m2/g and microporous surface 
area content increases to 63% accordingly. Results calcu-
lated by QSDFT theory have the similar trends. When the 
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Fig. 4. N2 adsorption–desorption isotherms of the as-prepared carbon samples.

Table 1
Pore structure parameters of the obtained samples

Sample BET QSDFT Vt (cm3/g)
SBET (m2/g) Smic (m2/g) Smic/SBET (%) SDFT (m2/g) Smic (m2/g) Smic/SDFT (%)

SBAC-1 1,458 1,335 92 1,401 1,230 88 0.672
SBAC-2 1,843 1,626 88 1,717 1,424 83 0.870
SBAC-3 1,414 736 52 1,142 553 48 0.896
SBAC-4 1,663 1,040 63 1,446 919 64 0.972
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activator is less, the obtained materials are mainly micropo-
rous. With increasing the activator proportion, the activation 
degree increases correspondingly, so the specific surface area 
increases first. When the activator proportion increases to a 
certain extent, the pore size becomes larger and micropore 
content decreases, which results in the decrease of specific 
surface area. The total pore volume Vt estimated from single 
point adsorption at a relative pressure P/P0 ≈ 0.99 increases 
with increasing activator proportion. This may be because 
that activation degree of the obtained carbon increases with 
increasing the activator proportion and activated reaction 
between ZnCl2 and carbon skeleton during the heat treat-
ment results in the increase of pore volume.

3.2. Adsorption properties

Fig. 6 is the standard curve of reactive TB. As shown in 
Fig. 6, the absorbency (y) and dye concentration (x) of reac-
tive TB solution have good linearization. The linearity can be 
described as in Eq. (3).

y x= − +0 040 0 694. . � (3)

The initial pH value of the solution is an important pro-
cess controlling parameter in adsorption [42]. The adsorption 
behaviour of sugarcane bagasse-based carbons on reactive 
TB was studied at the varying pH range of 1.0–5.0, 20 mg/mL 
initial dye concentration with 0.2 g adsorbent at 50°C for 
2 h. Fig. 7 shows the effect of the pH value on adsorption of 
dye aqueous solution onto sugarcane bagasse-based carbon. 
Results showed that reactive TB solution got lighter imme-
diately after the obtained material SBAC-3 was added to 
the solution. Furthermore, the dye solution got lighter with 
decreasing solution pH value. This indicated that the adsorp-
tion behaviour was easier in acid condition. 

Table 2 shows the effect of initial dye concentration on 
the adsorption performance of reactive TB using SBAC-3. It 
was observed that as the initial dye concentration increased 
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from 1 to 4 mg/mL, the adsorption efficiency decreased from 
53.7% to 37.3%. However, the adsorption capacity of SBAC-3 
increased from 21.5 to 59.6 mg/g (Table 2). This is because 
that increasing the initial dye concentration provides a driv-
ing force to overcome all mass transfer resistances of dyes 
between the aqueous and solid phase.

4. Conclusions

Sugarcane bagasse-based activated carbon materi-
als had been successfully prepared from sugarcane waste 
by ZnCl2-activated method. The prepared materials 
had abundant nanopores. XRD results showed that 002 
peaks grew stronger and shifted to a higher angle with 
increasing the activator proportion due to the collapse of 
macroporous structure and the recombination of graph-
ite microcrystal during high temperature treatment. N2 
adsorption-desorption isotherm changed from type-I-B 
to type-IV when activator proportion was from 1:1 to 3:1 
and the micropores proportion decrease from 92% to 52%. 
The BET surface area and total pore volume could be up to 
1,843 m2/g and 0.972 m3/g, respectively. The total pore vol-
ume Vt increased with increasing activator proportion due 
to the increase of activation degree between ZnCl2 and car-
bon skeleton. The obtained material had good adsorption 
performance and the adsorption efficiency increased with 
decreasing solution pH value. The adsorption quantity of 
SBAC-3 increased with increasing the initial dye concentra-
tion and it increased from 21.5 to 59.6 mg/g when the initial 
dye concentration increased from 1 to 4 mg/mL. 
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