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Abstract
Hydrothermal carbonization is one of the effective methods of converting wet lignocellulosic biomass into carbon-rich 
hydrochar. Due to its characteristic application on  CO2 capture and storage, many researchers have studied the  CO2 uptake 
on activated hydrochar. The present work studies the  CO2 uptake from banana-peel-derived activated hydrochar which is not 
presented in the literature. Hydrochar is obtained at three different temperatures (180, 200, and 220 °C) and activated using 
KOH. Characterization studies including SEM, XRD and FTIR were performed to examine the structure and chemistry of 
the derived activated hydrochar. The hydrochar sample (BP-180) when activated with a KOH/hydrochar ratio of 3 and an 
activation temperature of 700 °C has a well-developed microstructure with a surface area and pore volume of 243.4  m2/g 
and 0.0931  cm3/g, respectively. Samples obtained at higher process temperatures (BP-200 and BP-220) showed much lower 
porosity. Similarly, the maximum  CO2 adsorption is recorded for BP-180 (3.8 mmol/g), followed by BP-200 and BP-220 
with maximum adsorption capacities of 3.71 and 3.18 mmol/g, respectively, at 1 bar and 25 °C.
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Abbreviations
BP  Banana peel
BP-180  Banana peel hydrochar at 180 °C HTC 

temperature
BP-200  Banana peel hydrochar at 200 °C HTC 

temperature
BP-220  Banana peel hydrochar at 220 °C HTC 

temperature
EDX  Energy-dispersive X-ray spectroscopy
FTIR  Fourier transform infrared spectroscopy
HTC  Hydrothermal carbonization
KOH  Potassium hydroxide
Ɵ  X-ray diffraction angle (degree)

ppm  Parts per million
SBET  Brunauer–Emmett–Teller surface area  (m2/g)
SEM  Scanning electron microscope
Vt  Total pore volume  (cm3/g)
XRD  X-ray diffraction

Introduction

CO2 has been the most significant contributor (about 65%) 
to global greenhouse gas emissions.  CO2,  CH4, and  N2O 
are greenhouse gases that play significant roles in climate 
change. The rapid annual growth rate of atmospheric  CO2 
concentration of about 3.4 ppm per year has increased the 
concentration to 417 ppm by November 2022 (Global Moni-
toring Laboratory 2022). Rapid industrialization, deforesta-
tion and overpopulation are significant reasons for the rise in 
atmospheric  CO2 levels. In 2019, greenhouse gas emissions 
reached an all-time high of 52.4 gigatons of  CO2 equivalent, 
mainly due to a 0.9% annual increase in fossil  CO2 emis-
sions (Olivier and Peters 2020). Though there was a slight 
decrease in emissions in the European Union, the USA and 
Japan, increased emissions were reported in India, Russia 
and China. Global warming and climate change have been 
the main reasons for the rise in temperature, low rainfall 
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and seasonal fluctuations in food production which have 
further reduced global agricultural output (Sekoai and Yoro 
2016). A limit of global warming below 2 °C has been rec-
ommended by the 2015 Paris agreement, compared to pre-
industrial levels. At least one gigaton of  CO2 must be stored 
annually until 2030 to achieve the target set in this agree-
ment (van Soest et al. 2017).

Carbon capture and storage (or carbon capture and 
sequestration) is one of the ways to mitigate  CO2 emis-
sions. With such technology,  CO2 is captured and stored 
(e.g., deep underground in suitable geological formations 
(Hong 2022)). Carbon capture and storage methods can be 
categorized into three primary options: post-conversion, pre-
conversion, and oxy-fuel combustion (Cuéllar-Franca and 
Azapagic, 2015). Post-conversion specifically involves the 
removal or capture of  CO2 after the combustion process has 
taken place. While it offers the advantage of easy integration 
into existing plants, it does come with a significant energy 
penalty (Leung et al. 2014). Some of the technologies uti-
lized for post-conversion capture include liquid-phase chem-
isorption technology, adsorption, and calcium looping tech-
nology. Adsorption technology is particularly valuable due 
to its versatility for retrofitting and its capacity to perform 
effectively under a wide range of pressure and temperature 
conditions (Bui et al. 2018). Solid  CO2 adsorbents offer sev-
eral advantages over liquid adsorbents, such as suitability 
for a broader temperature range, up to 700 °C (Choi et al. 
2009), reduced waste generation, and less harmful disposal. 
Solid  CO2 adsorbents can be further categorized into three 
groups based on their temperature range. Low-temperature 
adsorbents (below 200 °C) include carbon-based adsorbents 
(Deepak et al. 2023), zeolite-based adsorbents (Chue et al. 
1995), metal–organic framework-based adsorbents, various 
alkali-metal carbonate-based adsorbents, and amine-based 
solid adsorbents. Intermediate-temperature adsorbents 
(200–400 °C) consist of hydrotalcite-like compound solid 
adsorbents. High-temperature adsorbents (above 400 °C) 
encompass calcium-based adsorbents and alkali ceramic-
based adsorbents (Wang et al. 2011). Adsorption has gained 
attention as one of the potential methods for  CO2 removal 
from flue gases due to its low energy requirements, low capi-
tal investment, and high  CO2 capture capacity. Nonetheless, 
there are still requirements for this technology, e.g., to pro-
duce adsorbents with better working capacities, tolerances to 
impurities and selectivity towards gases (Goel et al. 2021).

Carbon-based adsorbents like activated carbon, hydrochar 
and biochar are promising adsorbents that can be produced 
from various raw materials (precursors). They have several 
advantages over other adsorbents because of their large 
surface areas, ability for pore structure modification, and 
ease of renewal, which makes them highly suitable for  CO2 
sequestration. Mass production of carbon-based materials is 
straightforward because of their availability, low cost, and 

ease of manufacturing. Carbon-based material is hydropho-
bic, which increases its usability in humid climates. Hydro-
char does not require chemical or physical activation and has 
low preparation costs and environmental impact. Therefore, 
biochar and hydrochar have gained popularity as adsorbents 
for pollutants over other carbon-based adsorbents. Biochar 
and hydrochar are produced mainly by pyrolysis and hydro-
thermal carbonization (HTC).

Various biomasses, like corn stover, loblolly pine, 
tobacco stalk, rice husk, eucalyptus bark, and sweet potato 
waste, have been discussed as potential precursors for the 
development of hydrochar and biochar (Goel et al. 2021). 
The selection of biomass is primarily driven by its yield, 
 CO2 adsorption capacity, and raw material availability. Bio-
mass for the production of hydrochar and biochar is carbon-
based and can be derived from both animal and plant waste. 
Char synthesis aims to maximize the solid carbon content 
(Khan et al. 2021). Biomass-derived from plants mainly 
contains cellulose, hemicellulose, and lignin. An increase 
in lignin content contributes to char production, whereas 
volatile material production is primarily stems from cellu-
lose and hemicellulose (Liu et al. 2014). Therefore, for char 
production, high lignin-content biomasses are more suitable. 
Minerals and content present in biomass act like a catalyst, 
affecting the properties and product yield of the outputs of 
biomass conversion processes like HTC and pyrolysis. The 
moisture content of the biomass determines the conversion 
process. Wet biomasses have more than 30% moisture, and 
dry biomass has less than 30% (Kambo and Dutta 2015). 
While pyrolysis is used to produce biochar from dry bio-
mass, HTC can be employed to process wet biomass and 
convert it to hydrochar. Another classification is ‘purpose 
grown’ and ‘waste biomass’ depending on the source from 
which it was obtained (Brosse et al. 2012). Purpose-grown 
biomass has a low moisture (< 5%) and is specially grown. 
This eliminates the need for pre-drying. Waste biomass has 
no economic value and is suitable for producing char as it is 
cheap and readily available (Perlack 2003).  CO2 uptake on 
KOH-activated hydrochar produced by plant waste like water 
chestnut shells (Li et al. 2020) was reported as 3.61 mmol/g 
at 25 °C and 600 °C activations. Water caltrop shell (Zhao 
et al. 2021) and camphor leaves (Xu et al. 2018) hydrochar 
showed uptakes of 3.71 mmol/g and 3.74 mmol/g, respec-
tively, under the same conditions. A similar  CO2 uptake was 
noted by (Parshetti et al. 2015) for empty fruit bunch hydro-
char when activated with KOH and an activation tempera-
ture of 800 °C. Argan shell (Boujibar et al. 2018) hydrochar 
was shown to have a very high  CO2 uptake of 5.63 mmol/g 
at 850 °C activation temperature. Rehman et al. studied the 
 CO2 adsorption on hydrochar derived from orange peel 
waste where potassium oxalate was used as an activating 
agent (Rehman et al. 2022). The nitrogen doped hydrochar 
sample activated at 900 °C exhibited high surface area (2130 
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 m2/g) and micropore volume (1.12  cm3/g) resulting in high 
 CO2 uptake at 0 °C and 1 bar (6.6 mmol/g). Zubbri et al. 
conducted  CO2 uptake studies on KOH-activated hydrochar 
obtained from rambutan peel (Zubbri et al. 2021). By acti-
vating at 850 °C along with an additional water-soaking pre-
treatment, the  CO2 adsorption of 122 mg/g was obtained at 
30 °C. Deepak et al. studied the  CO2 adsorption performance 
on orange-peel derived KOH-activated hydrochar (Deepak 
et al. 2023). The maximum  CO2 uptake of 3.045 mmol/g at 
25 °C was obtained by the hydrochar synthesized at 220 °C. 
A KOH to char ratio of 3 was used, and the hydrochar was 
activated at a temperature of 700 °C.

The information described indicates that no studies have 
been reported on carbon capture using hydrochar derived 
from banana peel (BP). According to agricultural produc-
tion and trade, bananas are a leading crop worldwide. The 
rapid increase in production and export volume has resulted 
from rapid population growth in producing countries and 
expanding global consumption. Bananas have become the 
world’s second-largest fruit crop because of their high con-
sumption and cultivation. According to Mordor Intelligence, 
global production stood at around 116 million metric tonnes 
in 2019 and is projected to register a compounded annual 
growth rate of 4.5% during the forecast period of 2022–2027 
(Mordor Intelligence 2022). Asia, Latin America, and Africa 
are the predominant cultivators of bananas. Between 2010 
and 2017, the largest production of bananas came from India 
(29 million tonnes), followed by China, with 11 million 
tonnes. Both countries primarily serve their domestic mar-
kets. The Philippines with 7.5 million tonnes, and Ecuador, 
and Brazil, with an annual average of 7 million tonnes each, 
are other nations with high banana production (Dadrasnia 
et al. 2020). Production of bananas increased in India to 
30.5 million tonnes in 2019 from 2.9 million tonnes in 1970 
and is still growing at an average annual rate of over 5%. 
Such high banana production also means increased avail-
ability of BP as waste biomass. Discarded biomass causes 
wastage of resources and environmental pollution; the 
transformation of BP into valuable matter can contribute 
towards sustainability (Yabalak and Elneccar 2022). Raw 
and treated hydrochar from BP via carbonization at 513 K 
for 1 h exhibit Brunauer–Emmett–Teller surface areas (SBET) 
of 7.22  m2/g and 2.86  m2/g, respectively, and have corre-
sponding pore diameters of 5.4 nm and 6.07 nm. Applica-
tions of BP hydrochar were studied by (Yusuf et al. 2020) 
where HTC was performed at by varying the temperature 
from 150 to 300 °C for residence times of 1 and 2 h. The 
surface area of the original feed stalk was increased from 1.1 
 m2/g to 1.6  m2/g for carbonization at 200 °C, and reached an 
area of 9.2  m2/g at 300 °C. About 30–40% of the total fruit 
weight consists of BP, of which cellulose is approximately 
60–65%, while 6–8% is hemicellulose, and 5–10% is lignin 
(Liew et al. 2018; Pokharel et al. 2018). BP has been used 

as fertilizers and even for skin care (Lee et al. 2010; Hussein 
et al. 2019). An analysis of BP shows that it contains 35.65% 
carbon, 6.19% hydrogen, 1.94% nitrogen and 45.94% oxygen 
(Kabenge et al. 2018).

Various methods were employed to fully characterize 
hydrochar samples derived from BP waste. These methods 
included BET surface area analysis, thermo-gravimetric 
analysis (TGA), X-ray diffraction (XRD), scanning elec-
tron microscopy-energy-dispersive X-ray spectroscopy 
(SEM–EDX), and Fourier-Transform infrared spectroscopy 
(FT-IR). The investigation revealed distinct morphologi-
cal and microstructural features of the hydrochar sample. 
Very few studies have reported on the synthesis of BP 
waste hydrochar, and literature review indicates that no 
prior studies have used activated BP hydrochar as an adsor-
bent for  CO2, even though it is a low-cost precursor. Hence, 
the objective of the present work is to address this gap by 
ascertaining the behaviour of  CO2 adsorption on hydrochar 
synthesized from BP at different temperatures.

In this study, hydrochar was successfully produced from 
BP waste via hydrothermal carbonization (HTC) at varying 
temperatures: 180 °C, 200 °C, and 220 °C, designated as 
BP-180, BP-200, and BP-220, respectively. The resulting 
hydrochar was further activated using KOH to enhance its 
carbon capture properties. The  CO2 adsorption capacities 
of the prepared sorbents were measured at 25 °C and pres-
sures ranging from 0 to 1 bar. The findings demonstrated that 
BP-180 exhibited superior performance compared to BP-200 
and BP-220 in terms of  CO2 uptake. The authors performed 
a literature review on the char:KOH ratio and concluded that 
a ratio of 1:3 is optimal for activation. Excess KOH ensured 
complete activation of the hydrochar. A high KOH ratio also 
increases the surface development including porosity and 
surface area which is required for high  CO2 uptake (Singh 
et al. 2019).

Material and methods

Synthesis of materials

A fixed variety of bananas (Robusta) was collected locally, 
and the banana were peeled. Further drying of BP at 80 to 
90 °C in an oven was carried out until a constant weight 
was obtained. The masses of banana peels after drying 
were measured, and the percentage of biomass recovered 
after drying was 9.90%. After drying of the banana peels, 
they were ground to a fine powder. The obtained fine pow-
der was then sieved through a wire mesh of size 20 um to 
obtain a uniform particle size. This powder obtained was 
then used for hydrochar production using the hydrothermal 
carbonization process. The synthesis procedure for activated 
hydrochar is shown in Fig. 1. The reactor was equipped 
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with sensors to measure temperature and pressure during 
the process of HTC. The temperature inside the reactor was 
controlled by an electric band heater by adjusting the input 
electric voltage. 4 g of dried and fine ground BP was dis-
persed into 60 mL of water and placed in a 100 mL Teflon-
lined reactor for the HTC process. The ratio of biomass 
to water was maintained at 1:15 by mass. Hydrothermal 
carbonization was then performed at three temperatures, 
180 °C, 200 °C and 220 °C, for 3 h after the required tem-
perature was reached and the corresponding samples were 
designated BP-180, BP200, and BP-220. The temperature 
was maintained by adjusting the saturated pressure to the 
corresponding temperature value. The reactor was allowed 
to cool to room temperature before char collection. The char 
was collected by filtration using Whatman Grade 1 filter 
paper (particle retention of 11 um), and dried at 80 °C until a 
constant weight was obtained. For chemical activation using 
KOH, the samples were then mixed with an aqueous 6 molar 
KOH solution in the desired weight ratio (1:3) with a mag-
netic stirrer for 6 h before drying them in a hot air oven at 
90 °C. The KOH aqueous solution was obtained by dissolv-
ing 15 g of 99.9% pure KOH pellets with approximately 45 g 
of water. The hydrochar samples obtained from KOH activa-
tion were dried in a hot-air oven at 80 °C until a constant 
weight was obtained. The dried samples were neutralized 
with hydrochloric acid (HCl) and deionized water to remove 

impurities. Finally, the obtained microporous carbons were 
dried in an oven at 80 °C. The KOH-treated dried carbon 
samples were activated in an inert (nitrogen) atmosphere at 
700 °C for 2 h. The three samples of the hydrochar obtained 
at temperatures 180 °C, 200 °C, and 220 °C are named 
BP-180, BP-200, and BP-220, respectively.

Material characterization

Physical and chemical properties of the synthesised hydro-
char were measured before  CO2 adsorption studies were 
conducted. Specific surface area and pore volume were 
measured with Brunauer–Emmett–Teller (BET) analysis 
using a Micromeritics Quantachrome Analyzer. The car-
bon structures were examined by powder X-ray diffraction 
(XRD) in a JEOL X-ray diffractometer (DX-GE-2P, Japan 
make). The incident radiation was Cu Kα (λ = 1.5418 Å) 
over a range of 2 h angles from 5 to 90°. The scanning 
speed was 0.5°/min, and the operating current and volt-
age were 20 mA and 30 kV, respectively. The morphology 
and elemental composition were observed using scanning 
electron microscopy (SEM) (Carl Zeiss, Germany make) 
and energy-dispersive spectroscopy (EDS) (Link ISIS-300 
Micro-analytical System, Oxford instruments, UK). Hydro-
char samples were gold sputtered using a JFC 1600 auto 
fine coaster (JEOL, Japan make) before the SEM analysis. 

Fig. 1  Processing steps in 
the conversion of biomass to 
hydrochar
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For elemental analysis of samples using EDS, X-ray were 
emitted on the samples and response was measured. The 
spectrum obtained was mapped to the pattern of individual 
elements to determine the chemical composition of sam-
ple. The presence of the function group was measured by 
FTIR spectroscopy (Shimadzu IRSpirit, Japan) in the wave 
number range of 4000–400  cm−1 with resolution of 1  cm−1 
and average of 32 scans.  CO2 uptake was assessed using a 
Micromeritics 3Flex Physisorption instrument.

CO2 adsorption

CO2 adsorption measurement was performed using thermo-
gravimetry analysis (TGA). TGA measures the change in 
the sample’s mass as a function of temperature over time. 
TGA analysis was carried out using a 3FLeX 3500 analyzer 
(Micromeritics Instruments). For each test, approximately 
25–30 mg of hydrochar sample was heated slowly to elimi-
nate any pre-adsorbed  CO2 and water. After 60 min of con-
ditioning, the sample was cooled to 25 °C and subjected to 
a dry mixture of  CO2 and  N2 until sufficient equilibrium was 
obtained. The  CO2 adsorption was assessed by an increase 
in mass when the environment was switched from  N2 to  CO2 
at 25 °C. The pressure was increased from absolute vacuum 
to 760 mm Hg, and the  CO2 adsorption was measured at 
a prefixed equilibration time of 10 s. The amount of  CO2 
adsorbed was measured in terms of the change in the mass 
of the activated hydrochar.

Optimal conditions for production for hydrochar

Temperature

The reaction temperature has a strong influence on the 
end-product yield. It also affects properties like surface 
area and pH of char compared to other parameters. Break 
down and rearrangement of hydrocarbon molecules occur 
at high temperatures, which results in the release of liquid 
and gaseous products and a decrease in solid char yield. An 
increase in HTC reaction temperature will result in a reduc-
tion of solid hydrochar yield. Compared to other parameters 
like residence time and heating rate, reaction temperature 

significantly affects the characteristics and yield in the HTC 
process. HTC reaction temperatures were selected between 
180 and 220 °C for analysis as it is optimal for  CO2 adsorp-
tion and gives a good yield (Goel et al. 2021; Khan et al. 
2021).

Reaction time

The period for which the biomass decomposes in the reactor 
at a set temperature is known as residence time. A longer 
reaction time can positively affect the energy density and 
result in the formation of the secondary hydrochar, which 
shows a polyaromatic structure. At the same time, higher 
hydrochar content is obtained when the temperature is lower. 
A shorter residence time results in higher hydrochar yield in 
the HTC process. Work has been done for a residence time 
from 0.5 to 24 h (Dong et al. 2019). For  CO2 adsorption, the 
optimal residence time of 3 h has been selected.

Results and discussion

Yield and physicochemical properties

The ultimate and proximate analyses of the BP hydrochar 
sample are shown in Table 1; the table also compares the 
values with BP biomass. The results show that the carbon 
content of all samples decreased with increasing tempera-
ture while the oxygen content increased. The experiment 
was repeated three times, and since the values were close, 
average values were calculated and noted. The hydrochar 
yield decreased gradually from 45.3% (BP-180) to 42.6% 
(BP-200), as temperature increased from 180 to 200 °C, 
respectively. A further increase in temperature to 220 °C 
decreased the yield to 39.2%. The breakdown of hemicellu-
lose, cellulose, and part of the lignin resulted in a reduction 
in yield. Yield loss is mainly in the form of volatile material, 
and various other reactions, like hydrolysis and decomposi-
tion, that occur simultaneously. This process depends on 
temperature as an increase in temperature generally leads 
to more decomposition of hydrochar into volatile products 
(Sharma and Dubey 2020).

Table 1  Yield and 
physiochemical properties of 
BP hydrochar obtained in this 
work

Property C
(%)

O
(%)

N
(%)

H
(%)

Yield
(%)

O/C ratio HTC time
(h)

References

Raw BP 41.3 53.8 – 4.9 0 0.98 0 Yusuf et al. (2020)
BP-180 80.63 18.07 0 0 45.3 0.22 3
BP-200 76.93 19.61 0 0 42.6 0.25 3
BP-220 75.42 20.39 0 0 39.2 0.27 3
HCT-200 60.7 32.8 0.6 5.9 – 0.41 2 Yusuf et al. (2020)
HCT-250 67.8 25.5 0.9 5.8 – 0.28 2 Yusuf et al. (2020)
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Table 1 compares the composition of hydrochar obtained 
in this and previous studies. It is observed that the hydrother-
mal carbonization process of BP waste leads to an increase 
in carbon content from 41.3% (Yusuf et al. 2020) to 80.6% 
at a 180 °C reaction temperature. A reduction in the car-
bon composition by 4.5% and 5.2% was observed when the 
temperature increased to 200 and 220 °C, respectively. An 
earlier study under the same conditions showed 60.7% and 
67.8% of elemental carbon in hydrochar was obtained at 
200 °C and 250 °C, respectively (Yusuf et al. 2020). The 
difference is likely due to the shorter residence time, since 
complete decomposition and subsequent release of volatile 
matter of biomass took place.

The oxygen content of the BP and hydrochars obtained 
in this study were 53.8% and 20.4–18.1%, respectively. The 
dehydration and decarboxylation reactions are attributed 
to the decline in the elemental oxygen composition in the 
hydrochar. Compared to previous studies, the elemental oxy-
gen in BP hydrochar in this study was lower than the values 
(25.2–32.8%) reported elsewhere (Yusuf et al. 2020).

Hydrogen traces were not discovered in the elemental 
analysis, which suggests a loss of hydroxy functional groups 
during activation with KOH (Zubbri et al. 2021). The nitro-
gen content in BP is less than 2%. Therefore, it is understood 
that nitrogen is degraded under the HTC process, and traces 
are below the limit of detection.

FTIR analysis of functional group in hydrochar

The FTIR spectra of all the hydrochar samples for various 
HTC process temperatures are shown in Fig. 2. Differences 
can be observed between samples carbonized at different 
temperatures, confirming the occurrence of chemical trans-
formation during HTC. Peaks between wavenumbers 1720.5 
and 1683.9  cm−1 were associated with the C=O stretch in 
carbonyl compounds like ketone, aldehydes, esters, or car-
boxyl groups caused by the opening of the glycosidic rings 
of the cellulose and lignin. Energy-dispersive X-ray spec-
troscopy (EDX) analysis did not detect a trace of hydrogen 
in any of the hydrochar samples, which indicates the pres-
ence of the ketone and ester functional groups. Note also 
that the absorbance peak decreases significantly with tem-
perature rise, suggesting a loss of oxygen-containing func-
tional groups. Peaks between wavenumbers 1585.5–1521.8 
 cm−1 were ascribed to C=C stretching in aromatic groups 
and the peaks between wavenumbers 1234.4–1217.1  cm−1 
are concerned with the C–O stretching in alkyl-substituted 
ether, cyclic ethers or aromatic ethers, and the aryl-O 
group. The intensity of peaks decreases with increasing 
temperature, suggesting lignin decomposition. For the 
BP-180 and BP-200 samples, strong peaks related to C=C 
stretching between wavenumbers 1585.5–1521.8  cm−1 are 
found, whereas this peak has reduced intensity for BP-220. 

Therefore, for the optimal formation of aromatic groups, the 
temperature ranges from 80 to 200 °C (Yusuf et al. 2020). 
The absence of –OH signals is related to breaking hydrogens 
bonds, and the development of condensed aromatic struc-
ture can be ascertained due to extensive losses of carbonyl, 
hydroxyl, and C–H groups. C≡C is represented by a peak 
around wavenumber 2353.2  cm−1 and has the sharpest peak 
in the whole spectra, which means that the char obtains has 
high carbon content.

SEM analysis for surface characteristics

SEM analysis of BP waste and hydrochar samples reveals 
important information about the structural changes during 
hydrothermal carbonization. A rise in temperature during 
the HTC process leads to degradation, depolymerization 
reaction, and lignin loss of the biomass. This reaction leads 
to a small variation in the structural characteristics of the 
biomass, which can be seen in the magnified SEM images. 
On close examination of BP waste SEM images, the micro-
scopic surface structure is observed to be dense, impenetra-
ble, and rigid, as shown in Fig. 3. After HTC, the surface 
structures of all samples exhibit varying porosity, with the 
sample for BP-180 found to be the most porous. The EDX 
analysis shows that the hydrochar surface mainly contains 
carbon, oxygen, and trace amounts of inorganic elements 
such as Ca, Mg, Si, etc. At higher temperatures, the cellulose 
and lignin structure in BP may be destroyed, causing the 
elimination of various functional groups like the hydroxyl, 
ketone, and aldehyde present in the carbohydrate constituent 
of BP. This may contribute to the low yield and porosity of 
BP-200 and BP-220.

Fig. 2  FTIR analysis of functional group in activated BP hydrochar 
samples
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Under HTC conditions, the cellulose and hemicellulose 
break down, making the hydrochar surface porous. SEM 
images at a several magnifications of samples subject to 
HTC are presented and compared in Figs. 4, 5 and 6. The 
SEM images in this study exhibit an increase in porosity 
and formation of micropores due to the HTC process and 
KOH activation. SBET measurement of the sample treated 
at 180 °C is 243.4  m2/g; as the temperature increases to 
200 °C, the surface area is measured as 154.6  m2/g, and 
on raising the HTC process temperature to 220 °C, the 
surface area reaches 71.72  m2/g.

CO2 sorption analysis

The  CO2 uptake for all hydrochar samples is measured 
between 0–1 bar pressure and 25 °C. Table 2 summarises the 
maximum uptakes for all the samples at 1 bar and compares 
these data with the literature.  CO2 adsorption isotherms for 
all the samples are shown in Fig. 7. It is observed that the 
rate of increase in  CO2 adsorption capacity is greater within 
the low-pressure range (0–0.5 bar) compared to the high-
pressure range (0.5–1 bar). The  CO2 uptakes at 25 °C for 
BP-180 are the highest at 1 bar due to higher surface area 
and pore volume (243.4  m2/g and 0.093  cm3/g, respectively). 
The  CO2 uptake at 0.15 bar, which is the  CO2 partial pres-
sure in the flue gas, can be as high as 1.4 mmol/g.

Fig. 3  SEM images of BP pow-
der: a Scale − 50 µm, b Scale 
− 100 µm

Fig. 4  SEM images for acti-
vated BP hydrochar (Mag: 35k 
X): a BP-180, b BP-200, and c 
BP-220
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The adsorption of  CO2 on the surface is mainly due to 
the physisorption mechanism. It is seen that, even with the 
variation in temperature, adsorption does not necessarily 
need any activation energy.  CO2 does not have a dipole but a 
strong quadrupole moment. Due to its linear shape and polar 
bonds on either end,  CO2 can easily interact with active 
sites on the char surface (Goel et al. 2021). The addition of 

nitrogenous functional groups can increase the physisorption 
of  CO2 on char surfaces because of the strong interaction 
between the acidic  CO2 and basic nitrogenous surface func-
tional groups (Creamer and Gao, 2016). Huang et al. stud-
ied the  CO2 adsorption performance on hydrochar obtained 
from garlic peel (Huang et al. 2019). That study clearly indi-
cated a decrease in the  CO2 adsorption with the increase in 

Fig. 5  SEM images for acti-
vated BP hydrochar (Mag: 20k 
X): a BP-180, b BP-200, and c 
BP-220

Fig. 6  SEM images for acti-
vated BP hydrochar (Mag: 5k 
X): a BP-180, b BP-200, and c 
BP-220
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Table 2  Pore structure 
parameters calculated from 
SBET analysis and  CO2 uptakes 
at 1 bar for KOH-activated 
BP hydrochar samples and 
comparison with other work

Sample HTC tem-
perature
(°C)

SBET
(m2/g)

Vt
(cm3/g)

CO2 uptake at 
25 °C
(mmol/g)

References

BP-180 180 243.4 0.0931 3.8
BP-200 200 154.6 0.0798 3.71
BP-220 220 71.72 0.0223 3.18
Feedstock – 1.1 – – Yusuf et al. 2020
HCT-200 200 1.601 – – Yusuf et al. 2020
HCT-300 300 9.194 – – Yusuf et al. 2020
Africa palm 1250 0.61 4.4 (Ello et al. 2013)
Argan shell 1889 0.87 5.63 (Boujibar et al. 2018)
Camphor leaves 1146 0.546 3.74 (Xu et al. 2018)
Carrot peels 1379 0.58 4.18 (Serafin et al. 2017)
Chicken manure waste 22.22 0.047 1.95 (Yildiz et al. 2019)
Coconut shell 1535 0.6 4.8 (Chen et al. 2016)

1383 0.56 4 (Yue et al. 2018)
Empty fruit brunch 2510 1.05 3.712 (Parshetti et al. 2015)
Enteromorpha 60.2 0.16 0.52 (Ding and Liu, 2020)
Fern leaves 1593 0.74 4.12 (Serafin et al. 2017)
Garlic peel 947 0.51 4.22 (Huang et al. 2019)
Grass cuttings 1118 0.47 3.97 (Pang et al. 2021)
Hazelnut shell 1696 0.7 4.23 (Pang et al. 2021)

1354 0.59 4.16 (Pang et al. 2021)
Jujun grass 1512 0.74 4.9 (Coromina et al. 2016)
Pine cone shell 3135 0.71 4.73 (Li et al. 2016)
Pine nutshells 1486 0.64 5 (Deng et al. 2014)
Pomegranate 585 0.28 4.11 (Serafin et al. 2017)
Rice husk 1041 0.53 4.16 (Li et al. 2015)

1162 0.685 1.8 (Liu et al. 2019b)
Sargassum 291.8 0.24 1.05 (Ding and Liu, 2020)
Sugarcane bagasse 1113 0.574 4.8 (Han et al. 2019)
Vine shoots 1671 0.67 5.4 (Manyà et al. 2018)
Water chest nutshell 1517 1.08 2.95 (Li et al. 2020)

Fig. 7  a Linear plot and b Semilogarithmic plot of  CO2 uptake isotherm of BP hydrochar samples
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temperature suggesting physisorption mechanism. The find-
ings are also supported by Zubbri et al. who examined  CO2 
capture on KOH-activated hydrochar obtained from rambu-
tan peel (Zubbri et al. 2021). Very weak values of activation 
energy were determined using the Avrami kinetic model, 
demonstrating that the mechanism is mainly of the phys-
isorption type. The increase in the  CO2 adsorption is heavily 
dependent on large surface area and high micropore volume 
of hydrochar samples (Li et al. 2020). The data of Table 2 
were further subjected to analysis of variance (ANOVA) 
to determine the statistical significance of SBET and Vt on 
 CO2 uptake at 25 °C. The statistical model had a coeffi-
cient of determination of 0.91. The highest contribution was 
obtained from  SBET (71%) with a p-value of 0.0001 at 95% 
level of confidence. The result indicated that the surface area 
has a very high influence on the  CO2 adsorption capacity of 
the char. This is confirmed by the results obtained with BP 
hydrochar since BP-180, with the highest  CO2 uptake, pos-
sesses the maximum surface area and pore volume.

Meanwhile, uptakes, surface areas and pore volumes for 
BP-200 and BP-220 are much lower. This indicates that 
 CO2 uptake depends on microporosity. It can be observed 
from Fig. 7a that the  CO2 uptake at 1 bar decreases with an 
increase in the process temperature. Previous studies have 
indicated that  CO2 uptake first increases and then decreases 
with process temperature, suggesting that an appropriate 
temperature is needed to create the desired pore for  CO2 
capture under a specific condition. It can be determined from 
this study that, for optimal  CO2 adsorption at 1 bar on the 
BP hydrochar, the process temperature should be lower than 
200 °C. For adsorption at lower pressure < 0.8 bar, BP-200 
seems to perform better than BP-180 for  CO2 uptake. This 
might be because, at low pressure, adsorption takes place 
via narrow micropores in monolayer, and BP-200 has a 
better narrow pore structure which helps in adsorption at 
low pressure. At a higher pressure, adsorption occurs via a 
multilayer, sometimes in mesopore, which might be better 
developed in BP-180 (Li et al. 2015; Shi et al. 2019). It is 
revealed that  CO2 uptake performance can be potentially 
enhanced by the adsorbent’s microporous characteristics 
and not micropore volume. The low correlation between 
total pore volume and surface area was also observed by 
(Ma et al. 2020). The electrostatic interaction on the surface 
with  CO2 increases due to the presence of oxygen functional 
groups. We believe that the same phenomena lead to higher 
 CO2 uptake in BP-180 with a relatively low surface area 
compared to other hydrochars in the literature. The presence 
of high oxygen is also confirmed by the elemental composi-
tion in Table 1 and by peaks obtained in the FTIR analysis.

It should be noted that  CO2 uptake on N-doped hydro-
char derived from longan shells and water chestnut biomass 
is higher because of the introduction of nitrogen atoms 
(Huang et al. 2019). But the BP-180 was obtained due to 

the low-cost HTC process along with KOH activation and 
without nitrogen doping. This makes KOH-activated BP 
waste hydrochar a suitable low-cost adsorbent for  CO2 under 
ambient conditions.

Conclusions

Banana peel was converted to hydrochar products via HTC 
at temperatures between 180 °C and 220 °C. The HTC sam-
ples were activated with KOH at 700 °C under nitrogen flow. 
The experimental results showed good porosity and high 
surface area of the activated hydrochar. KOH activation pro-
moted an increase in porosity. The results showed that the 
HTC process temperature plays a significant role in yield and 
other physicochemical properties. Carbon yield is directly 
related to process temperature. Compared to other studies 
on BP derived hydrochar at the same temperature of 200 °C, 
the carbon content in the hydrochar has increased due to an 
increase in residence time. Carbon and oxygen were mainly 
found by SEM–EDX analysis. This was confirmed by FTIR 
analysis, where the presence of the C=O and C-O bonds 
along with C≡C and C=C bonds was observed. The highest 
 CO2 uptake of 3.8 mmol/g was noted for BP-180 at 1 bar 
and a temperature of 25 °C due to high microporosity and a 
surface area of 243.4  m2/g.
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