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Abstract
An approach to functionalize the chemical carbonization of a sugarcane pith is reported to utilize the readily available and 
abundant agro-waste that produces hierarchical porous activated carbon (AC) using a nitrogen activation strategy for CO2 
capture and environmental remediation. The obtained raw carbon (RC) and activated carbon (AC) were characterized for 
their structural, functional, elemental, morphological, and surface properties. The nitrogen-containing AC production with 
a surface area of 725 m2g−1 and 0.3377 cm3 g−1 pore volume is achieved. The nitrogen activation strategy for AC enhanced 
the CO2 uptake capacity with high CO2 selectivity over N2. The isosteric heat of adsorption (Qst), 28.79 kJmol−1, suggests 
the strong physio-sorption interactions between CO2 and hierarchical porous AC. Furthermore, the AC adsorbent was 
found efficient for the fast removal of methyl orange (MO) dye with an equilibrium capacity of ~ 527 mg g−1. The obtained 
AC showed appreciable reusability for MO adsorption efficiency. Combining the selective CO2 uptake with the high and 
fast dye removal capacity, this low-cost agro-waste-derived hierarchical porous AC has excellent potential for energy and 
environmental applications.
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1  Introduction

In the twentieth century, there was a rapid growth in indus-
trialization and energy consumption, which led to the burn-
ing of fossil fuels (coal, oil, natural gases, etc.), principally 
responsible for climate change and global warming [1]. As a 
result, it causes the release of greenhouse gases, where car-
bon dioxide (CO2) is the highest contributor with the annual 
average at Earth’s surface at 409.8 ± 0.1 ppm globally (the 
year 2019), and it continues to grow [2]. As a result, there 
is an urgent need to reduce global CO2 emissions. Three 
major existing methods have been demonstrated for CO2 
capture—oxy-fuel combustion, pre-combustion, and post-
combustion [3]—from which the capture technology based 
on post-combustion has great potential for the reduction of 
CO2 emissions, which uses various sorbents like zeolites, 
metal–organic frameworks (MOFs), covalent organic frame-
works (COFs), and activated carbons (ACs) [4, 5]. Among 
these sorbents, AC materials have been widely used because 
of their low cost, stability, availability of large surface area, 
etc. [6, 7]. Therefore, there is growing interest among aca-
demic researchers and industry in reducing CO2 emissions 
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where AC-based adsorption technologies have received 
greater attention.

Apart from the CO2 emissions, water pollution is also 
one of the major environmental issues resulting from indus-
trialization. Organic dyes are the significant source causing 
water pollution, especially azo dyes which belong to many 
industries, including textile, dyeing, printing, cosmetics, and 
pharmaceuticals [8]. These dyes have been characterized as 
hazardous and carcinogenic substances which can damage 
organs in human beings. Azo dyes are mainly classified as 
monoazo, diazo, triazo, polyazo, azoic, etc. From these azo 
dyes, monoazo dye (-N = N-) such as methyl orange (MO) 
is a widely used dye for the dyeing process, which is muta-
genic, carcinogenic, and toxic to aquatic organisms. It is 
challenging to remove MO dye from wastewater by degrada-
tion, mainly due to chromophore and aromatic structure in 
the MO [9]. Even trace of this dye is causing harmful effects 
on human beings and aquatic life because of their stability 
and resistivity towards degradation. Therefore, the effluent 
containing these dyes must be removed to reduce their haz-
ardous effect before discharging into the water. Numerous 
methods are used to remove azo dye waste from the water, 
such as photodegradation, coagulation, advanced oxidation, 
membrane separation, electrochemical, and biological meth-
ods [10]. However, these methods had some disadvantages: 
formation of by-products, high operating expenses, partial 
dye removal, high energy, etc. Therefore, traditional sorbents 
are now used to remove azo dyes due to their ease of opera-
tion, simplicity, huge availability, and efficiency.

Considering these severe environmental facts, many types 
of sorbents, including zeolites, porous silica, metal oxides, 
MOFs, COFs, and porous AC materials, have been devel-
oped and tested for both CO2 capture and dye removal from 
wastewater [11, 12], where porous carbon–based materials 
are the most widely used sorbents [13]. In addition, these 
carbon-based materials are broadly classified into traditional 
carbon materials (carbon blacks and AC) and nanostructured 
carbons (CNTs, graphene, fullerenes). ACs are considered 
most important materials due to their tunability towards 
large specific surface area (SSA) and pore volume [14]. 
Further, the AC exhibits hierarchical porous structures with 
ordered micro-, meso-, and macropores, and their functional 
combination demonstrates surprisingly better sorbents for 
many industrial applications, including gas/vapor capture 
and water purification applications [15]. Specifically, the 
hierarchical porous ACs showed excellent sorption capaci-
ties towards CO2 as well as different dyes [16, 17]. On the 
other hand, the hierarchical porous AC is an amorphous 
solid material that can be derived from various carbon-rich 
materials, including lignin, coal, charcoal, and agro-waste 
[18]. Out of these, the use of agro-waste can help to reduce 
the production cost and contribute to the recycling of waste 
to create an eco-friendly environment [19]. The hierarchical 

porous ACs can be prepared by carbonizing agro-waste 
using pyrolysis or different carbonizing agents such as 
H2SO4 [20, 21], HNO3 [22], and H3PO4 [21, 23]. However, 
the porosity and SSA enhancement have been extensively 
achieved by physical activation in N2, CO2, Ar, or chemical 
activation using KOH, ZnCl2, etc., to obtain the desirable 
adsorption properties utilized for potential applications [18, 
21, 24]. Sugarcane pith (SCP) is a fibrous agro-waste that is 
produced globally from the sugar production process. Glob-
ally, about 8 to 10 tonnes of SCP is produced per hour, while 
some of the SCP is reused mainly in paper manufacturing, 
most of the trash is burnt, leading to a further increase in 
CO2 emissions [25].

The properties of AC are mainly depending on the route 
of preparation, carbon source, and especially on the activa-
tion path. By considering these aspects, we report a facile 
and economic template-free strategy to prepare hierarchical 
porous AC from SCP that can be used as a dual-purpose 
material to combat air and water pollution. The hierarchi-
cal porous AC produced by post nitrogen activation shows 
a high SSA and a significant capacity for CO2 adsorption. 
Moreover, the highly porous material has a good adsorption 
capacity towards MO. The adsorption kinetics and thermo-
dynamics of both CO2 capture and MO adsorption are evalu-
ated using different models, and the best parameters describ-
ing the adsorption process on AC are reported. This is the 
first demonstration of hierarchical porous AC produced from 
SCP for potential CO2 capture and dye removal to the best 
of our knowledge. The enhanced sorption of CO2 and MO 
show that SCP could be potentially used for environmental 
remediation instead of causing pollution upon burning.

2 � Experimental

2.1 � Materials and methods

Concentrated H2SO4 was purchased from Loba Chem Chem-
ical Reagent Co. Ltd. The N2 gas utilized for activation and 
CO2 gas are purchased at a purity of > 99.9%. All chemical 
reagents were of analytical grade.

The agro-waste SCP obtained from the local area 
(Shirol Tahsil, Maharashtra, India) was washed with 
distilled deionized (DI) water and dried under sunlight 
for 3  days to use as a source for AC. The dried SCP 
was ground to powder and separated using the sieves to 
obtain ~ 25–50-micron particle size. Further, the SCP pow-
der was subjected to acid carbonization as per the previous 
report [20]. Briefly, the SCP was soaked in concentrated 
H2SO4 with an impregnation ratio of 1:1 for 24 h. The 
mixture was stirred more frequently for complete car-
bonization of SCP. After the impregnation, the residual 
solid separated from the liquid washed with DI water for 
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removal of acid and dried at 373 K for 12 h under vacuum. 
Finally, the product residual carbon (RC) was thoroughly 
ground in a mortar to obtain a fine powder. The obtained 
RC was then subjected to temperature activation proce-
dure in a tube furnace under N2 flow at 773 K for 3 h 
with 10 K min−1 rate. This activation generally helps to 
introduce newer micropores with broadening of existing 
mesopores. The resulting RC and AC samples were stored 
in an inert atmosphere.

2.2 � Characterization

The products RC and AC were characterized to determine 
their characteristic properties. The crystalline nature of RC 
and AC was determined using powder X-ray diffraction 
(PXRD) analysis on a Philips X-ray diffractometer employ-
ing nickel-filtered Cu Kα radiation (scan rate: 1° min−1) 
between 10 and 70°. The SSA and pore volume determi-
nations were carried out from N2 adsorption–desorption 
isotherms at a relative pressure (P/P0) 0.99 and 77 K using 
a Brunauer–Emmett–Teller (BET) analyzer, Bellsorp mini 
II (Japan). The Barrett-Joyner-Halenda (BJH) method was 
employed to determine pore size distributions from adsorp-
tion branches of the isotherm. The field emission scanning 
electron microscope (FE-SEM) micrographs were obtained 
using JEOL JSM-6360. Prior to these measurements, the 
samples were degassed under a vacuum at 573 K for 5 h 
to remove the guest molecules from the sample. The Fou-
rier transform infrared (FTIR) spectra were recorded in 
400–4000 cm−1 on FTIR-4600, Jasco, Japan model. The 
elemental analysis (C, H, and N) was carried out using 
an elemental analyzer (Thermo, Finnigan), and the mass 
percentage of oxygen was determined by the subtraction 
method. The X-ray photoelectron spectroscopy (XPS) was 
performed using a Shimadzu ESCA 3400 instrument.

2.3 � CO2 adsorption isotherms

For CO2 adsorption experiments, the samples RC and AC 
were degassed at 573 K for 5 h under a constant vacuum 
(~ 10−6 to 10−7 mbar) to remove the guest molecules from 
the pores. The CO2 isotherms were recorded at 288, 298, 
and 308 K at 1 bar using a gas adsorption analyzer (Bellsorp 
mini II) using a static volumetric method to determine the 
CO2 uptake capacity. The isosteric heat of adsorption (Qst) 
of CO2 is calculated for both the samples from these CO2 
adsorption isotherms. These adsorption isotherms were fur-
ther studied for single-site and dual-site Langmuir models 
to determine the correlation of adsorption (ESI Eqs. 1 and 
2). The CO2/N2 selectivity study for AC was carried out 
according to Henry’s law (ESI Eqs. 3–5).

2.4 � Dye removal studies

To examine the applicability of the AC for effluent treatment 
applications, a MO dye is used as a model organic pollut-
ant. A stock solution of 500 ppm was prepared in DI water 
and used to prepare further concentrations for adsorption 
experiments. The adsorption studies were conducted using 
0.1 g AC and 50 mL aqueous solution of MO dye of 10 to 
300 ppm concentrations. The percentage dye removal (E%) 
(ESI Eq. 6) and adsorption kinetics was determined from 
the 10 ppm MO dye experiment, while adsorption capacity 
(qt) and equilibrium adsorption capacity (qe) of the AC for 
MO were determined using Eqs. 7 and 8 (ESI) respectively. 
The dye and AC were continuously mixed with shaking on 
an orbital shaker at 200 rpm to ensure complete mixing and 
to attain equilibrium. The 2 mL dye solution fractions were 
collected at 5- to 30-min time intervals and filtered through 
a 0.22-μm nylon syringe filter. The absorption spectra of 
resulting dye solutions were recorded on a UV–Vis spectro-
photometer (UV-3000, Lab India).

3 � Results and discussion

The illustration of agro-waste SCP converted into AC with 
wide micro- and mesopores having large SSA along with 
properties, which was responsible for enhancement for 
CO2 and dye adsorption is given in Fig. 1. For the prepa-
ration of AC from RC, the simple strategy was followed 
with two steps: chemical carbonization and physical acti-
vation. Instead of thermal treatment for carbonization, we 
used chemical carbonization treatment where non-carbon 
species are removed from raw material which reduces cel-
lulose, hemicellulose, and lignin crystallinity and that results 
in an increase in surface area for high CO2 capture and envi-
ronmental remediation.

3.1 � Structural characteristics and chemical 
properties of carbons

The structure of the obtained RC and AC materials was stud-
ied by PXRD patterns shown in Fig. 2a. The RC material 
showed peak at around 19° results C (002) plane exhibits 
amorphization, whereas the AC reveals two diffraction peaks 
at 23° and 44°, corresponding to C (002) and C (101) planes 
of carbon [26].

The corresponding peak at 44° formed after the N2 activa-
tion, which indicates the graphitization of carbon to some 
extent with a stacking-like structure. The existence of a 
broad peak C (002) between 15 and 30° could be attributed 
to amorphous carbon post-activation. The shift in broader 
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peak position post-activation reveals changes in the d-spac-
ing of material, which signifies increasing regularity of the 
structure [27].

To compare the porosity of RC and AC, N2 adsorp-
tion–desorption isotherms and pore size distribution 
(PSD) were carried out using BET presented in Fig. 2b. 

Fig. 1   Agro-waste SCP 
converted into hierarchically 
porous activated carbon with 
illustration of the content on 
the AC surface for CO2 and dye 
adsorption

Fig. 2   (a) PXRD pattern, (b) 
BET adsorption–desorption 
profile, (c) FE-SEM micro-
graphs of RC, and (d) FE-SEM 
micrographs of AC



10181Biomass Conversion and Biorefinery (2024) 14:10177–10188	

1 3

The obtained values of SSA (SBET), Langmuir surface area 
(asLang), total pore volume (Vtotal), monolayer volume (Vm), 
ultra-micropore volume (Vp), and pore diameter (Dp) are as 
given in Table 1. The SBET and Vtotal for RC are obtained to 
be 299.62 m2g−1 and 0.15 cm3g−1, respectively. After N2 
activation, SSA and total pore volume for AC are signifi-
cantly increased to 725.91 m2g−1 and 0.34 cm3g−1, respec-
tively, while Langmuir surface area for RC and AC is found 
to be 388.36 m2g−1 and 939.32 m2g−1, respectively. The 
N2 adsorption/desorption isotherm curve indicates that the 
nitrogen activation can significantly increase the adsorbed 
volume due to the enhancement of surface area and pore 
volume of carbons by opening the pores through the removal 
of unreacted matter from it. Based on the IUPAC classifica-
tion, the resulting N2 adsorption/desorption isotherms for 
RC and AC carbons have exhibited a type IV curve with 
an H4 hysteresis nature but in case of RC hysteresis loop 
opened at low pressure range due to the structural changes 
in the AC leads to hysteresis in adsorption isotherm [28]. 
The textural information can be obtained by interpreting 
the resulting hysteresis loop for mesoporous materials. The 
PSD of RC and AC calculated from N2 isotherms using non-
local density functional theory (NLDFT) method indicates 
the existence of micropores in the carbons centered below 
2 nm (Figure S1). The inset in Figure S1 shows that both 
RC and AC consist of micropores with a peak centered at 
0.80 nm (> 1 nm). The presence of such micropores is ben-
eficial for the volume-filling mechanism; however, activation 
increases micropore volume which enhances the adsorption 
phenomenon drastically in AC.

The PSD also shows presence of mesopores centered 
at ~ 29  nm. Through the nitrogen activation process, 
micropores are formed along with broadening mesopores, 
which results in a PSD centered at a smaller ~ 12 nm peak. 
The PSD of RC showed a similar mesoporous peak. There-
fore, in RC and AC, the presence of micro- and mesopores 
was observed simultaneously. Although mesopores do not 
directly participate in CO2 adsorption, they do provide easy 

diffusion/accessibility to micropores within them which 
results in enhanced adsorption capacity of AC. The pre-
treatment using H2SO4 in the production of RC is crucial to 
reduce non-carbon species from the internal structure and 
reduce the crystallinity of RC. The opening of pores was 
also confirmed from FE-SEM images (Fig. 2c and d). The 
surface morphology of the sampled AC changes a lot com-
pared to RC, and it is composed of large pores with plentiful 
open cavities. The appearance of pores on AC surfaces is 
a result of the removal of volatiles and impurities during 
activation, effectively unblocking any clogged pores. The 
RC produced from H2SO4 was broken into irregular pores 
with smaller sizes and shapes, which means nitrogen acti-
vation significantly cracks up the RC structure and has the 
potential to promote an effective adjustment on the porosity 
of the resulting AC. Thus, it can be seen that the N2 activa-
tion is significant to fabricate AC with high surface area 
and capable of increasing porosity, which can be explored 
in environmental remediation.

The CHN analysis of RC and AC shows the increase in 
C content from 55.9 to 71.9%, while the oxygen content 
decreases from 35.29 to 17.28% (Table 2). The XPS analysis 
also reveals the increase in nitrogen content which will be 
helpful to improve the CO2 adsorption as well as environ-
mental remediation. This proves that N2 activation improves 
the purity as well as properties of AC. Additionally, it was 
observed that the hydrogen content in AC decreases slightly 
which may be due to the removal of volatile matter from 
RC; this observation was further confirmed from the FTIR 
results, and the remaining functional groups on RC and AC 
surfaces were analyzed using the FTIR analysis (Fig. 3). A 
broader band at 3427 cm−1 and 1398 cm−1 is attributed to 
the presence of -OH stretching vibration peak or N–H from 
amines and O–H bend, which is mainly due to the hydrogen 
bond in carboxylic, phenols, and alcohols from both car-
bons. The characteristic peak observed at 2923 cm−1 and 
1029 cm−1 was caused by the -CH symmetric or asymmetric 
stretching vibration in the aliphatic hydrocarbons, and C-O 

Table 1   Textural properties of 
RC and AC materials derived 
from SCP

Sample SBET AsLang Vtotal Vm Vp Dp

(m2/g) (m2/g) (cm3/g) (cm3/g) (cm3/g) (nm)

RC 299.6 388.36 0.1502 68.83 0.0440 2.004
AC 725.9 939.32 0.3377 166.78 0.0771 1.860

Table 2   Elemental composition 
from ultimate and XPS analysis 
of RC and AC materials derived 
from SCP

* Determined by difference

Sample From ultimate analysis (%) From XPS analysis (%)

C H N O* C N O

RC 55.9 8.16 0 .60 35.29 71.4 0.7 28.0
AC 71.9 10.0 0 .68 17.28 89.9 1.0 9.1
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bond stretching vibrations in organic compounds such as 
alcohols, phenols, acids, ethers, or esters, respectively [29, 
30]. The peak at 795 cm−1 and 656 cm−1 is attributed to the 
cut-off plane bending vibrations of -CH bonds. The peak at 
1711 cm−1 and 1620 cm−1 was assigned to the C = O stretch-
ing vibration of carboxyl or carbonyl groups and C = C 
stretching of conjugated alkenes [31]. After activation, the 
AC sample shows the same spectrum but the peak intensi-
ties of formed groups were decreased and slightly shifted to 
lower wavenumber; this was probably due to the possible 
molecular interactions. The characteristic peak at 1163 cm−1 
is due to C–O stretching vibrations (e.g., in C–O–C glyco-
sidic linkages of oligosaccharides or in triacylglycerols) only 
obtained in RC. It is noted that the relative intensities of the 
peak corresponding to the inner C-O group in AC disappear 
which shows graphitization of carbon with decrease in O 
content from C–O–C linkages, and this is also confirmed 
from CHN and XPS analyses (Table 2).

The XPS technique was performed to evaluate the ele-
mental composition, functionalities, and oxidation states 
of both RC and AC (Fig. 4). The survey spectrum of both 
RC and AC shows high-intensity peaks corresponding to C 
and O. However, the spectrum shows the absence of peaks 
corresponding to sulfur and phosphorus while the trace 
amount of nitrogen is observed in both materials (Figure S2) 
and is in good agreement with the CHN results. The ana-
lyzed C 1 s and O 1 s spectra are deconvoluted and fitted 
using the Gaussian fitting method. The high-resolution C 
1 s spectrum of RC and AC can attribute to correspond-
ing binding energies of 284.7, 286.1, 288.0, and 292.13 eV 
which can be ascribed to the presence of C = C, C-O/C-N, 
O-C = O, and carbohydrate linkage groups respectively [32, 
33]. The high resolution of the O 1 s spectrum of both AC 

and RC materials can be fitted by four peaks, which reveals 
the appearance of peaks corresponding to C = O, O–H, 
C–O–C, and water clusters located at 531.3, 532.6, 533.1, 
and 535.1 eV, respectively [34]. Meanwhile, the contents of 
C, N, and O of both materials are summarized in Table 2. It 
is important to note that even an increase in a trace amount 
of N in AC could be contributed to the formation of pores 
which may be contributed to the enhancement of the adsorp-
tion phenomenon. It can be noted that the spectrum of RC 
material shows high-intensity peaks corresponding to the O 
with lower C intensity while the intensity corresponds to C 
increase with decreasing O intensity in AC; this attributes 
that the graphitization of carbon occurs which was supported 
from CHN and FTIR results.

3.2 � CO2 adsorption capacity

The CO2 adsorption isotherms of RC and AC were recorded 
by the volumetric method [35], and CO2 adsorption capaci-
ties were investigated at a temperature of 298 K shown in 
Fig. 5a and the resulting data are listed in Table 3. The com-
parison of all three temperatures is shown in Figure S3. The 
material AC possesses the highest CO2 adsorption capacity 
of 2.71 mmolg−1 at 288 K (1 atm). This value is in good 
agreement with previously reported results derived from 
agro-waste for CO2 capture. The RC exhibits CO2 capac-
ity (around 0.89 mmol g−1) at 288 K and 1 atm, which is 
lower than that of the AC due to weak chemical interactions 
between the CO2 and carbon surface. As expected, from 
Figure S3, it is observed that the amount of CO2 adsorption 
decreases with a temperature rise in both samples at differ-
ent adsorption temperatures. The material AC exhibits the 
CO2 adsorption capacity of 2.72, 2.35, and 2.08 mmol g−1 
while for RC the adsorption capacity is 0.89, 0.73, and 
0.61 mmol g−1 at 288, 298, and 305 K and 1 atm, respec-
tively. Higher CO2 capture was observed at a lower tem-
perature (288 K) which can be attributed to the exothermic 
nature of the CO2 capture process (Figure S3). The activa-
tion process was found to be significant in enhancing the 
capture capacity as compared to their carbonized counterpart 
[36].

The CO2 adsorption capacity was found to be higher in 
AC as compared to RC, reasoning, the AC has the highest 
SSA (725 m2 g−1), which is mainly due to the formation of 
a large number of micropores (< 2 nm) as compared to RC 
(SSA 299.62 m2 g−1). Also, the micropore volume for AC 
was found to be 0.3174 cm3 g−1 which is about 3 times more 
than that of RC (0.1402 cm3 g−1). The volume of micropores 
below 2 nm has shown a good relationship with the CO2 
adsorption capacity (1 bar) which showed that the volume-
filling mechanism for CO2 adsorption established this size 
limit. The interaction energy between the CO2 molecules 
and AC material is enhanced when the adsorption occurs in 
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micropores, ascribed that the overspread of potential fields 
from the neighboring walls. Furthermore, AC’s compara-
tively high nitrogen content (1%) contributes to higher CO2 

capacity than RC where its nitrogen content is 0.69%. The 
weak interaction between RC and CO2 mainly occurred 
due to obstruction by the tar and impurities into the pores; 

Fig. 4   XPS spectra of RC and 
AC material, (a and b) survey; 
(c and d) C1s; (e and f) O1s 
spectra respectively

Fig. 5   CO2 adsorption iso-
therms (a) of RC and AC mate-
rials at 298 K; (b) comparison 
of Qst of RC and AC for the 
adsorption of CO2 calculated 
using the dual-site Langmuir 
isotherm fits
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however, when RC is exposed with the physical activation 
under N2 assists to increase the pore volume by removing 
such impurities resulting in the boost of CO2 adsorption 
capacity. The CO2 capacity has supposed as a keyword of the 
Vp analyzed with the help of BJH plot showed the improve-
ment in the Vp (0.044 cm3g−1) of RC to 0.077 cm3 g−1 in 
AC inferred in to increment in SSA and total pore volume 
which enhances the CO2 adsorption capacity. From practical 
aspects, it was observed that the N2 activation is a construc-
tive course of action to fabricate hierarchical porous struc-
tures in AC, which is closely associated with the SSA, pore 
volume, as well as nitrogen content, playing an important 
role in determining the CO2 adsorption capacity [37].

The CO2 capture amount for hierarchical porous AC is 
higher than that of other agro-waste-derived AC materials 
(Table S2). Compared to the other porous materials recently 
reported for CO2 capture, the sample hierarchical porous AC 
demonstrates a comparable and good CO2 capture capacity 
of 2.35 mmol g−1 at 298 K and hence will be applicable as 
a favorable CO2 adsorbent.

3.3 � CO2/N2 selectivity

The adsorption selectivity nature of AC for CO2 and N2 
was carried out at 288 and 298 K (shown in Figure S10) by 
measuring their adsorbed amounts at the same pressure. The 
maximum N2 adsorption was found to be 0.43 mmol g−1; 
however, this adsorption capacity for CO2 has reached 
2.72 mmol g−1 at 288 K and 1 atm. Further, the CO2 and N2 
adsorption isotherms were fitted with a simplified virial-type 
equation (ESI Eq. 3) and CO2/N2 selectivity calculated from 
Henry’s law constant (Eq. 1) as follows [38, 39]:

where KH(i) and KH(j) are Henry’s constants for CO2 and N2, 
respectively (Table S1). The AC exhibits high adsorption 
selectivity of 21.41 and 19.87 for CO2 over N2 at 288 K and 
298 K, respectively. Our results showed that the selectivity 
is remarkably higher as compared to the other agro-derived 

(1)Sij =
KH(i)

KH(j)

carbons reported in the literature [40]. Therefore, AC 
obtained from SCP could be a promising and selective 
adsorbent for CO2 and may be explored for the separation 
of CO2 and N2.

3.4 � Isosteric heat of adsorption (Qst)

The Clausius–Clapeyron equation (Eq. 2) was employed to 
understand the surface interactions of AC and RC from the 
CO2 adsorption isotherms at 288 and 298 K.

We have noted that the Qst value for the CO2 adsorption 
in the RC and AC decreases with an increase in adsorption 
capacity. As illustrated in Fig. 5b, the Qst for the AC is var-
ied from 13.36 to 2.56 kJmol−1, while for the RC it is in the 
range of 32.10 to 30.80 kJmol−1. The Qst values of RC and 
AC are below > 40 kJmol−1 suggesting a physical adsorption 
nature of the material. Even the trends in the Qst value for 
both samples are the same, the Qst value in AC is lower than 
RC. This attributes that the micropores in the AC are fully 
occupied and then reach a saturation level with high amounts 
of CO2 uptake (2.01 mmol g−1) while in the case of RC all 
sites are occupied at a lower amount of CO2 (0.61 mmol g−1) 
which suggests relatively strong interactions between CO2 
molecules and pore walls of carbons [41, 42]. Therefore, 
low heat of adsorption of CO2 is of clear interest as they 
will provide high selectivity. The Qst decreases swiftly with 
an increase in adsorbed capacity for CO2 affirming the het-
erogeneity in the adsorption. The fitting results obtained 
from different models are summarized in Figure S4, S5, S6, 
and S7, which shows that the adsorption behavior of CO2 
on AC is in accordance with the dual-site Langmuir model 
(R2 = 0.9999), suggesting adsorption energy on the AC sur-
face is uniform and remains unchanged [43, 44].

3.5 � Methyl orange (MO) dye adsorption kinetics 
and equilibrium study

The adsorption kinetic study of MO was carried out to ana-
lyze the effect of time on the removal of MO (Fig. 6a). In 
this work, the efficiency of AC for the removal of MO from 
aqueous solutions was studied. The effects of dye removal 
experiments were performed using a dye solution of 10 ppm 
concentration. Figure 6c demonstrates that AC shows effi-
cient and fast (within 25 min) adsorption of MO that may 
be due to the presence of large vacant sites with high SSA 
and large pore volume. The adsorption equilibrium obtained 
from the kinetic curve shows that AC achieves adsorption 
equilibrium within 20 min, resulting in the removal of 97.8% 
(± 0.5) of MO at room temperature. This may be attributed 
to the stronger electrostatic attraction forces between the dye 

(2)Qst = RT2

(

�lnP

�T

)

Table 3   CO2 adsorption performance of RC and AC (at 1 atm P)

Sample BET surface area 
(m2/g)

Adsorption capacity 
(mmol/g)

T (K)

RC 299 0.89 288
0.73 298
0.61 308

AC 725 2.72 288
2.35 298
2.08 308
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and AC as each molecule of MO has a negative charge. The 
equilibrium adsorption capacity (Fig. 6b) was determined 
using 10 to 300 ppm MO concentrations at 0 to 120-min 
time intervals. The study shows that the MO removal effi-
ciency of AC decreases from 97.8 to 49.4% (± 0.5) reasoning 
unavailability of vacant sites on AC after initial adsorption 
which slows down the adsorption rate. It can be also attrib-
uted that after initial adsorption the repulsive forces between 
adsorbed dye and upcoming dye resulted in the decrease in 
adsorption capacity.

To understand dynamic adsorption characteristics and to 
determine the rate of adsorption of MO on the AC, linear 
forms of two kinetic models, pseudo-first-order (Eq. 3) and 
pseudo-second-order (Eq. 4), were used as below,

The adsorption data were fitted, and the parameters are 
listed in Table S3. The correlation coefficient (R2) is deter-
mined for both kinetic models which (Figure S11) shows 

(3)ln
(

qe − qt
)

= ln qe − K
1
t

(4)
t

qe
=

1

K
1
qe

2
+

t

qe

a linear plot for MO adsorption on the AC for a pseudo-
second-order kinetic model with good correlation coefficient 
(R2 = 0.99784) than that of a pseudo-first-order kinetic model 
(R2 = 0.92543). From the slope of the pseudo-second-order 
kinetic model curve, the theoretically calculated equilibrium 
adsorption (qe, cal) of MO can be found in good agreement 
with the experimental adsorption capacity (qe, exp). There-
fore, the MO adsorption process is mainly controlled by 
the rate-limiting step [45, 46]. The maximum adsorption 
capacity of AC was obtained from adsorption equilibrium 
experiments using a series of different concentrations of 
MO solution. On the other hand, the concentration of dye 
solution (up to 300 ppm) increased the adsorption capacity, 
which is applied in equilibrium adsorption analysis for fit-
ting different adsorption isotherm models such as Langmuir, 
Freundlich, and Temkin (ESI Eqs. 9–11) to determine the 
interaction between dye and adsorbents AC [47, 48]. The 
adsorption isotherm values calculated from these isotherm 
models are given in Table S4. Among three models, the 
Langmuir isotherm model showed a good correlation coef-
ficient (R2 = 0.9850) for adsorption of MO (Figure S12a). 
From the results, it is clear that Langmuir adsorption is a 
monolayer and homogeneous active site present on the solid 

Fig. 6   (a) Adsorption rate of 
methyl orange dye on AC; (b) 
equilibrium adsorption capacity 
of AC for methyl orange dye, 
(c) UV–Visible spectra showing 
removal of dye w.r.t. time (inset 
in c shows photograph of dye 
removal w.r.t. time)
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surface of the AC derived from sugarcane pith. As illustrated 
in Fig. 6b, the maximal MO adsorption capacity of the AC 
using the Langmuir isotherm model has been obtained to 
be 527.7 mg g−1 while experimental adsorption capacity 
is found to be 500.0 mg g−1. This indicates that the AC is 
a good adsorbent for MO removal and able to achieve high 
adsorption capacity in a small time of equilibrium. The dye 
adsorption capacity of AC is comparable to other hierarchi-
cal porous structures derived from agro-waste and has been 
summarized in Table S5.

FTIR and XPS analyses suggest the presence of a sig-
nificant number of acidic surface groups/some amount of 
aromaticity/hydrogen bonds on the surface of AC. This may 
be attributed to the stronger electrostatic attraction force 
among the SCP-AC and MO in the form of π-π, cation-π, 
and anion-π interactions due to the presence of hetero-atoms 
on its structure, negative charge on each MO molecule, and 
stronger chemical interactions that can account for a signifi-
cant MO adsorption [46]. Also AC has large SSA and good 
porosity which ensures the higher accessibility of active sur-
face/sites for MO adsorption (Fig. 1).

3.6 � Regeneration and recycling of activated carbon 
for MO adsorption

Instead of solvent treatment, thermal treatment at 773 K 
for 60 min was employed to reproduce AC after adsorp-
tion of dye to minimize secondary pollution. The reusability 
of AC (Fig. 7a) shows that MO adsorption efficiency (E) 
for the second cycle decreased slightly and was observed 
to be 93.30%. However, the study shows a decrease in E to 
87.08% for the subsequent 3rd cycle indicating the appreci-
able reusability of AC. The reduction in E may attribute to 
the blockage of pores due to MO molecules or its pyrolyzed 
products. Further, the activation of AC was confirmed from 
the FTIR study (Fig. 7b) which shows that the peaks similar 
to AC were observed in regenerated AC (ACR) as well as the 
absence of peaks corresponds to 1600 cm−1 and 1516 cm−1 
for -N = N- stretching vibrations and the peak at 1111 cm−1 

corresponding to -S = O stretching vibrations confirms its 
regeneration from MO adsorbed AC (ACMO).

4 � Conclusion

In summary, the abundantly available agro-waste sugarcane 
pith was successfully converted into ordered hierarchi-
cal porous activated carbon (AC) as an efficient adsorbent 
for CO2 and methyl orange dye. Particularly, AC material 
possesses high SSA (725.91 m2 g−1) and total pore volume 
(0.3377 cm3 g−1), exhibits a high CO2 adsorption capacity 
of 2.72 mmol g−1 at 273 K (1 atm). The material exhibits 
the simultaneous presence of micro- and mesopores with 
plenteous open cavities. The AC exhibits good selectivity for 
CO2/N2 and low isosteric heat of adsorption (Qst) of 21.41 
and 13.36 kJ mol−1, respectively, and is the best fit with the 
dual-site Langmuir model. Further, AC showed a high equi-
librium capacity (527.7 mg g−1) and a faster removal rate 
of MO dye with pseudo-second-order kinetics. Considering 
the merits, the SCP was found to be the low cost and eas-
ily available source for AC which would be the promising 
material for CO2 capture, storage, as well as the removal of 
dyes from wastewater. In addition, our results may serve as 
a guide for future studies for sustainable and clean energy-
related applications.
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