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Abstract. Activated carbons (ACs) are being used as energy storage material especially for hydrogen storage
application. In the present work, AC materials were synthesized from jute ﬁbers, activated and treated using
KOH to increase the porosity of samples. These AC samples retained the ﬁbrous structure even after chemical
activation at high temperature of 700 °C. Channel like structures were formed which helps to increase the
hydrogen storage capacity. The surface area of these samples varied from 380 to 1220 m2/g due to carbonization
and activation treatment. The sample with high surface area of 1224 m2/g showed a high hydrogen uptake
capacity of 1.2 wt.% at 30 °C and 40 bar of H2 gas pressure. This sample also showed a high pore volume of
0.74 cm3/g. These results indicate that the raw material jute ﬁbers can be used as hydrogen storage medium after
thermal and chemical treatment which increases the surface area and micropore volume.

1 Introduction
Fossil fuels have been used for centuries as an energy source
for automobiles and other industrial purposes, without
considering the harmful effects caused to the nature and
mankind. There also exists a huge gap between the supply
of fossil fuels and the demand. The World Energy Outlook
(WEO) claims that energy produced mainly from fossil
fuel sources, the demand for the fossil fuel continues to
grow until 2040 because of the lack of alternatives to road
transport, aviation and petrochemicals, according to
WEO-2016. These issues have triggered a cause of concern
and there is an urgent need to ﬁnd a replacement for fossil
fuels [1–5]. A lot of research is being done to ﬁnd an
alternated renewable resource to fossil fuels. Energy
sources such as wind, solar, nuclear, etc., have been
studied as an alternative, but the main challenge lies in
their efﬁciency, storage, transportation, etc., for various
applications. Hydrogen has been found to be a possible
energy carrier due to its high energy per unit mass, which is
about three times higher than that generated from gasoline
and almost seven times higher than the energy obtained
from coal in an equal mass. The combustion of hydrogen
also does not release any greenhouse gases [6–8]. There are
various methods to store hydrogen in the form of gas, liquid
and solid. However, storing of hydrogen in of the set
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medium faces lots of challenges, in terms of its low
storage capacity, thermodynamics, cycle life, kinetics, high
cost, etc. [9–12]. Porous materials are active materials,
generally used for gas separation and puriﬁcation. Recently
these materials ﬁnd applications in hydrogen storage as
the van der Walls interaction between porous materials
and adsorbed hydrogen molecules are weak at very low
temperature and high pressure.
In recent years, the hydrogen storage on metal organic
framework’s (MOFs) [3,13–15], zeolite’s [16,17] and carbon
nanotubes [18–25], graphene [26–28] and activated carbons
(ACs) have been reported in the literature by several
groups. Among these ACs have proved to be one of the
most promising adsorbent material for storage of hydrogen
due to their availability, low cost and with tunable surface
area. Natural raw materials like corn cob [29,30], rice
husks [31,32], nut shells [33], oil seeds [34], coffee bean [35],
hemp stem [36], corn stalks [37], etc. have been studied for
hydrogen storage. AC can be prepared by physical or
chemical activation of raw materials. It has been observed
that the activation using chemical reagents gives rise to
microporous structures of large speciﬁc surface area and
pore volume. Activation by chemical methods is done by
mixing the carbon sample with chemical reagents like
KOH, NaOH, H3PO4, ZnCl2, etc.
It has been observed that alkali treatment using KOH
and NaOH at elevated temperature around 700 °C, leads to
high speciﬁc surface area and total pore volume [21,38,39].
Yang et al. [36] reported that the hydrogen uptake of
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3.28 wt.% was obtained for AC synthesized using hemp
stem, showing a Brunauer–Emmett–Teller (BET) surface
area of 3241 m2/g and total pore volume of 1.98 cm3/g at
196 °C and 1 bar. Akasaka et al. [35] reported that the
hydrogen storage capacity for coffee beans with a speciﬁc
surface area of 2070 m2/g was found to be 0.6 wt.% at
120 bar and 25 °C and the hydrogen absorption capacity
increases with increase in micropore volume.
In the present study, ACs from raw jute ﬁbers
(Corchorus capsularis) were synthesized by activated
chemically using KOH at various concentrations. The
samples were then tested for their surface area, pore volume
and hydrogen storage and the results are analyzed along
with surface area and pore volume and observed a linear
relationship between hydrogen storage capacity and
surface area.

2 Experimental
Raw jute ﬁbers were obtained from local market. The
chemical composition of raw jute ﬁbers is given in
Table 1 [40,41]. Fibers were washed by using isopropyl
alcohol (IPA) at 50 °C and dried in an oven at 100 °C for
24 h and then carbonized at 700 °C for 1 h. AC materials
were prepared from jute ﬁbers by treatment with KOH.
The carbon to KOH weight ratio prepared was 1:1, 1:3 and
1:5, followed by heat treatment at 700 °C for 1 h under
Argon ﬂow (100 mL/min) and was then cooled to room
temperature. The carbonized sample was then washed in
hot water and dried at 100 °C for 24 h and labeled as JUTE700-1:1, JUTE-700-1:3 and JUTE-700-1:5 respectively.

3 Characterization
Powder XRD analysis was performed using a RigakuSmartlab powder diffractometer with Cu Ka radiation
(40 kV, 30 mA), at a scan rate of 10°/min. The microstructure of the samples was evaluated by scanning electron
microscope (SEM). The pore characteristics, speciﬁc
surface area, pore size distribution and pore volume were
determined by analyzing of the N2 adsorption isotherm
proﬁles of carbon materials at 196 °C. The isotherm
proﬁles were obtained using Micromeritics ASAP2020.
Before the N2 adsorption measurement, absorbed gases
were degassed at 250 °C for 15 h under vacuum. BET model
was used to calculate the speciﬁc surface area. The pore size
distribution was obtained by the density function theory
(DFT) method [42–44]. FTIR spectra of the ACs were
obtained in the 500–4000 cm1 range using a Perkin Elmer
Spectrum1 FT-IR instrument by the KBr pellet technique
with resolution of 1 cm1.
3.1 Hydrogen storage experiments
Hydrogen absorption was performed for the samples in the
pressure ranges 0–40 bar and 30 °C using a high-pressure
Automated Sievert’s apparatus from Advanced Material
Corporation, USA. The leak test of the instrument was
carried out using high pure hydrogen (99.999%) at high

Table 1. Chemical composition of raw jute ﬁbers
from [40,41].
Content

Composition (%)

Cellulose
Hemi-cellulose
Lignin + pectin
Ash content
Carbon
Oxygen
Nitrogen

58–63
20–22
12–15
0.62
44.10
45.70
0.10

pressure before start of the experiment under both
vacuum and at high pressure at 200 °C for 24 h. Initially
all the samples were evacuated to 103 mbar for 6 h at
150 °C. A hydrogen uptake study, without the sample,
was also carried out at 80 bar and at RT. The study
showed no hydrogen absorption within the limits of the
lowest count of the instrument. The sample tube and the
connecting tubes were evacuated and left under the
vacuum for 8 h. There was no change in the pressure.
Finally the tube was ﬁlled with hydrogen gas at 60 bar and
left for 4 h. After ascertaining zero leakage, the sample
tube was ﬁlled with known amount of carbon and was
evacuated and heated to 200 °C for 24 h. When no change
in the pressure was observed, the hydrogen adsorption
study was carried out by measuring the pressure (P1) after
introducing hydrogen to the sample tube, containing
known weight of carbon material. The system was left for
24 h to attain the equilibrium and the pressure was
measured (P2). The amount of hydrogen adsorbed by
carbon material was calculated from the pressure
difference (P1P2) at a constant volume. As the volume
of the system and weight of carbon were known, the
amount of hydrogen in wt.% was calculated. After cooling
to room temperature hydrogen adsorption measurements
were performed at 30 °C with the pressure range of 0–
40 bar. At particular pressure (P), temperature (T) and
volume (V) the amount of stored hydrogen is calculated
by using modiﬁed Benedict–Webb–Rubin equation of
state given in equation (1)


C0 2
P ¼ rRT þ B0 RT  A0  2 r þ ðbRT  aÞr3
T
3
cr
þ aar6 þ 2 ð1 þ gr2 Þexpðgr2 Þ;
ð1Þ
T
where r is molar density, g is heat capacity ratio, A0,
B0, C0, a, b were viral coefﬁcients. The pressure composition isotherms were obtained by change in volume of the
sample at a particular pressure. Bulk density of material
was used for hydrogen adsorption/desorption calculation [13,34]. The tap density was measured by taking the
sample in a known volume container and tapped around
150 times in a smooth surface, till it attains the said
volume [45]. The experiments were repeated many times to
check the reproducibility of the samples.
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Fig. 1. SEM images of activated carbon from jute ﬁbers. (a) JUTE-700-1 h, (b) JUTE-700-1:1, (c) JUTE-700-1:3 and (d) JUTE-7001:3.

4 Results and discussion
The SEM images of the carbon samples prepared by
chemical activation of KOH are shown in Figure 1a–d. The
surface morphology shows that the carbonization of jute
ﬁbers shows well developed pores on the surface and also
showed a ﬁbrous structure after carbonization as shown in
Figure 1a. However, further activation using KOH with
different ratio showed channel like structure with bigger
pores. However, the ﬁber length decreases with increase in
KOH activation as can be seen from the SEM images [40].
XRD pattern of carbonized and activated jute ﬁbers is
shown in Figure 2, which exhibit two major peaks: (002)
planes at 23° and (101) a less intense peak around 43°.
These patterns are known to be characteristic of disordered
graphite like structure of amorphous carbon [46]. The
graphitic nature of the carbon material is decrease with the
increase in chemical agent ratio due to increase in porosity
of the material.
Figure 3 shows the adsorption isotherms of the AC
materials from jute ﬁbers which exhibit an isotherms of
Type I isotherm with H4 hysteresis [35,38,47–49]. This is
characteristic of materials of microporous nature due to
strong interaction potential between the carbon surface
and N2. The H4 hysteresis observed on activated samples
above p/p0 = 0.4 may be due to the narrow slit-like pores.
An increase in chemical agent ratio often leads to a larger
speciﬁc surface area, and thus, contributes to a larger
nitrogen adsorption capacity. From Figure 3, one can see
the relationship between the speciﬁc surface areas, SBET,

calculated using the BET model, and the weight ratio of
KOH/carbon. It has been observed that the speciﬁc surface
area increases from 382 to 1224 m2/g as a function of the
KOH concentration [47]. The textural properties of AC
from jute ﬁbers treated at 700 °C and at different KOH
ratios are given in Table 2. It clearly shows that the speciﬁc
surface area and total pore volume increases with the
chemical activating agent increases from 1 to 3.
The chemical reaction between the chemical agents
such as KOH and the carbon materials may be attributed
to the formation of carbonates as shown in the following
equations [48,49]
6 KOH þ C ↔ 2 K þ 3 H2 þ 2 K2 CO3 :

ð2Þ

Further decomposition of potassium carbonates is also
expected at temperatures higher than 700 °C, with respect
to the following equations [21],
K2 CO3 þ C ↔ K2 O þ 2 CO;

ð3Þ

K2 CO3 ↔ K2 O þ CO;

ð4Þ

2 K þ CO2 ↔ K2 O þ CO:

ð5Þ

The microporous structure formation in carbon materials may be due to the formation and decomposition of
K2CO3 around 700 °C, thereby enhancing the speciﬁc
surface area and total pore volume. The BET speciﬁc
surface area reduces after certain KOH concentration may
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Fig. 2. X-ray diffraction (XRD) pattern of samples.
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Fig. 3. Nitrogen adsorption isotherms of activated carbon at
196 °C. Activated carbon weight = 200 mg.

be due to the effect of pore widening and destruction of
pore walls between neighboring pores. The pore size
distribution of AC materials indicated that the diameters
of pores range from approximately 0.5 to 1.5 nm for all
the materials, which are shown in Figure 4.
The FT-IR spectrum of all the samples is shown in
Figure 5, which provides information on the chemical
structure of the materials. It can be observed from the
ﬁgure that all the samples showed a similar pattern
revealing the O–H, C–H and C–C bond stretching. The
band at around 3400–3450 cm1 represents the O–H
stretching vibration mode of hydroxyl functional groups,
while the band at around 2921 cm1 can be assigned to the
C–H symmetric and asymmetric vibration mode. The band
at around 1630–1640 cm1 may be due to C═C stretching
vibration mode of oleﬁnic C═C bonds, which is also
reported in the literature by Yang et al. [53].
Tap density for all these carbon materials were
evaluated and are shown in Table 2. It has been observed
that the density decreases with increase in chemical agent
ratio to 3. It has also been reported that the tap density of
the material decreased with increase in speciﬁc surface
and has been reported by Yang and Lua [33]. They have
reported that the ACs from pistachio-nut shells activated
by KOH treatment.
The hydrogen adsorption/desorption studies were
investigated on all these jute based carbon materials at
various temperatures and pressures, and are shown in
Figure 6. It has been observed that all the samples showed a
fully reversible hydrogen storage capacity at 303 K. After
the activation, a notable increase of the amount of
hydrogen uptake is obtained from 0.53 wt.% for JUTE700 to 0.82 for JUTE-700-1:1, 1.2 for JUTE-700-1:3 and
0.97 wt.% JUTE-700-1:5.
Figure 7 shows the relationship between hydrogen
uptake and the speciﬁc surface area. The hydrogen uptake
was 0.53–1.2 wt.% with surface area ranges from 382 to
1224 m2/g at 303 K and 40 bar. Maximum hydrogen uptake
was obtained for higher surface area sample. Figure 8 shows
the relationship between amount of hydrogen storage
and the micropore surface, when the microporous surface
area increased the hydrogen storage also increased. Many
literature reports have shown that the surface area has a
signiﬁcant contribution to the hydrogen uptake [54,55].
Figure 9 shows the relationship between the micropore
volume and hydrogen uptake. Chemical activation
increases the micropore volume from 0.16 to 0.43 cm3/g

Table 2. Textural properties of jute ﬁber based activated carbon.
Sample

Speciﬁc
surface area
(m2/g)

Micropore
surface area
(m2/g)

External
surface area
(m2/g)

Total pore
volume
(cm3/g)

Micropore
volume
(cm3/g)

Tap density
(g/cm3)

JUTE-700-1 h
JUTE-700-1 h (1:1)
JUTE-700-1 h (1:3)
JUTE-700-1 h (1:5)

382
894
1224
1141

340
724
888
873

42
170
336
268

0.19
0.51
0.74
0.67

0.16
0.35
0.43
0.42

0.60
0.42
0.30
0.34
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Fig. 4. Pore size distribution of activated carbon calculated
using DFT method.
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Fig. 6. Hydrogen uptake in activated carbon as a function of
equilibrium pressure at 30 °C. Activated carbon weight = 100 mg.
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Fig. 7. Relationship between stored maximum H2 content (wt.
%) and BET speciﬁc surface area (m2/g) in activated carbon at
30 °C and 40 bar.
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Fig. 5. FTIR spectra of activated carbon from jute ﬁbers. (a)
JUTE-700-1 h, (b) JUTE-700-1:1, (c) JUTE-700-1:3 and (d)
JUTE-700-1:3.

with increasing weight ratios of KOH. As a result of
increased micropore volume, the hydrogen uptake at 303 K
and 40 bar also increases which suggests that the plausible
inﬂuence of micropore volume on the hydrogen uptake of

AC. Akasaka et al. [35] also reported similar result wherein
porous carbon materials from coffee bean wastes and
suggested that the dimensional change in hydrogen storage
conﬁguration occurs from two to three dimension due to
increase in micropore volume size. Hence it is very clear
that the hydrogen storage depends on both surface area
and total pore volume. It was also reported in the
literature [34] that low density AC materials were good
adsorbent for hydrogen storage. Increase in porosity on
carbon materials leads to lower the tap density and increase
the hydrogen uptake [34,45]. These results indicate that the
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turn increased the hydrogen uptake capacities. It was also
found that one of the key factor contributing for hydrogen
storage is the surface texture of jute ﬁber. All experimental
results have shown signiﬁcant improvement in the
hydrogen uptake capacities for all the samples prepared.
Among the samples, JUTE-700-3 showed a higher
absorption capacity of 1.2 wt.% H2 under a pressure of
40 bar at 303 K. The hydrogen uptake capacities of the AC
materials have linear relationship with both surface area
and micropores. These results indicate that the AC
materials prepared from jute ﬁbers with high surface area
and micropore volume with low tap density will be ideal
materials for hydrogen storage.
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Fig. 8. Relationship between stored maximum H2 content (wt.
%) and micro-pore surface area (m2/g) in activated carbons at
30 °C and 40 bar.
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Fig. 9. Relation between stored maximum hydrogen content
(wt.%) and total-pore volume (cm3/g) of activated carbon at
30 °C and 40 bar.

AC materials prepared using jute ﬁbers with high surface
area and micropore volume with low tap density are ideal
materials for hydrogen storage.

5 Conclusion
ACs prepared with different KOH ratios at 700 °C were
investigated for surface analysis and hydrogen storage
studies. The KOH activation has increased the surface area
with enhancement in porosity of the jute ﬁbers and has in
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