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A B S T R A C T   

High surface area porous carbon with fibrous microstructure offers a broader application potential than powder 
form. However, controlling the microstructure with high porosity is difficult, and if possible then through a 
complex and time-consuming synthesis method. Herein, the development of high surface area nanoporous 
activated carbon fiber by activating spider silk (natural biomaterials) using potassium hydroxide is being re
ported. The specific surface area (SSA) and total pore volume for the developed material were 2730 m2/g and 
1.56 cc/g, respectively, and its surface contain high oxygen content. Its high SSA and oxygen-rich surface provide 
an enhanced CO2 capture and energy carrier gases (H2 and CH4) storage capacity. The CO2 capture capacity at 
0 ◦C and 25 ◦C, 25 bar, were estimated to be 23.6 and 15.4 mmol/g, respectively, among the highest reported 
values for porous carbon fiber. Moreover, the developed sample has shown the CH4 storage capacity of 8.6 
mmol/g at 0 ◦C, 25 bar, and for H2, it was 4.1 wt% at − 196 ◦C, 25 bar. In addition, the developed carbon 
material demonstrated an easy regeneration and almost negligible loss in uptake capacity, confirmed by 
adsorption-desorption cycles. The observation of high porosity and promising gas storage and recyclability in 
spider silk-derived activated carbon fiber indicates that the employed method can effectively convert bio
materials into high surface area activated carbon fibers for advanced energy and environmental applications.   

1. Introduction 

Carbonaceous porous materials have gained significant interest, 
given their prevalent use for energy and environmental applications 
[1–3]. The popularity of porous carbonaceous materials has mainly been 
driven by their easier preparation and scalability, robustness, high sur
face area, and simpler modulation of physicochemical properties [3–5]. 
The gas storage and separation in porous materials are primarily 
affected by the porosity and chemical environment of the pores [6–9]. 
To increase the gas storage and separation performance of carbonaceous 
materials, the textural properties are tuned by physical or chemical 
activation method, and the chemical environment of the internal surface 
is modulated by the introduction of hetero-atoms in the pores by 
post-synthesis modification or using the heteroatoms containing pre
cursors [1–5,10]. The usage of heteroatom-containing precursors better 
tunes the pore chemistry as the distribution of the hetero atoms is uni
form compared to post-synthesis modification which leads to 

non-homogeneous distribution. In this direction, biomaterials’ utiliza
tion, as they contain the heteroatoms, has significant socio-economic 
advantages due to their renewability, cheapness, and vast availability 
[11],[12]. 

The utilization of biomaterials for the development of carbon ma
terials has been used for a long time. Various carbon nanostructures like 
- carbon nanosheet [13], carbon foam [14], carbon aerogel [15], 
nano-onion [16], activated carbon fibers (ACFs) [17] and carbon in 
powder form [18] have been developed. Among these, ACFs are easy to 
handle and possess a unique fibrous structure, high porosity, and fast 
adsorption kinetics. These features of ACFs translate into improved 
performance in gas uptake, water purification, and volatile organic 
contaminant removal [11]. ACFs are conventionally synthesized by a 
time-consuming methodology combining electrospinning, followed by 
stabilization, carbonization, and activation [11], [19], [20]. Thus pro
duced ACFs, due to long production time and low yield, can be applied 
for lab-scale studies only, and bulk synthesis for commercial application 
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is still the issue. Hence, to meet the increased demand for ACFs, due to 
their suitability in various industrial applications, there is a need for a 
facile ACF synthesis approach. 

ACFs are conventionally produced using polyacrylonitrile, phenolic 
resin and cellulosic biomass [20–22]. However, biomasses like cotton, 
jute, wood, coconut fiber, etc., due to the renewability factor, have 
gained much importance as a precursor for the synthesis of ACFs 
[23–26]. The hetero-atomic nature of biomass enables the development 
of ACFs having pores decorated with a heteroatom, and towards tuning 
the chemical nature of the pores, these also eliminate the need for 
post-synthesis modification. The conversion of biomass into ACFs in
volves activating these, which can be achieved by physical or chemical 
activation. However, the advantages, like better distribution of micro
pores and low activation temperature, make chemical activation more 
suitable for making ACFs. In chemical activation, KOH is one of the most 
explored activators as it mainly produces microporous ACFs and en
hances the oxygen content. Huand et al. converted the wood sawdust 
into ACFs using KOH and studied the energy storage behavior. [25] 
Similarly, Zhang et al. employed KOH activation to convert coconut fi
bers into ACFs, and studied the removal of dye from water.[26] This 
shows that KOH activation of biomass for ACFs production will better 
attain sustainability in materials development. 

Herein, we report the development of nanoporous-activated carbon 
fiber by chemical activation of spider silk using KOH. Spider silk is a 
natural polymer of Spidroins protein (which contains the hetero atoms) 
and possesses a fibrous structure [27]. Previously, Zhou et al. used 
spider silk to make carbon nanofiber using ZnCl2 as an activator for 
electro-catalytic oxygen reduction reaction [28]. The resulting carbon 
nanofiber possesses hetero-elements, but the maximum observed spe
cific surface area was only 721 m2/g. However, a high surface area and 
fast mass transfer rate are keys to efficient gas storage and separation 
applications. Towards this, we have activated spider silk by KOH, and 
through this, the specific surface area of the resulting spider silk-derived 
activated-carbon fiber increased by almost four times of the previously 
reported spider silk-based carbon fibers; hence demonstrated high CO2 
capture performance and CH4 and H2 storage capacity. 

2. Materials and method 

2.1. Preparation of spider silk-derived nanoporous activated carbon fiber 
(SS-NACF) 

Spider silks (SS) were collected from the local area, and after that 
washed by soaking in distilled water for 24 h at room temperature fol
lowed by stirring for 1 h, Fig. S1. The cleaned spider silks were dried at 
100 ◦C for 24 h in the air. Then, the dried spider silks were carbonized by 
heating at 800 ◦C for 1 h under N2 atmosphere. The ramping rate was 
5 ◦C/min, and the N2 flow rate was 0.15 L/min. Thus, spider silk-derived 
carbon fiber (SS-CF) was washed with distilled water to remove any 
foreign substances attached to the sample and dried at 100 ◦C for 24 h. 
Finally, the activation process was conducted, and for this, the SS-CF 
was mixed with potassium hydroxide (KOH) in a ratio of 1:4. Typi
cally, 0.3 g SS-CF was physically mixed with 1.2 g KOH using mortar 
pastel and activated by using a similar heating condition used for 
carbonization. After cooling it to room temperature, the obtained 
product was soaked in 10 wt% HCl and then repeatedly washed with 
distilled water until neutral pH was observed. Finally, the obtained 
carbon was vacuum dried at 100 ◦C for 8 h, and thus obtained carbon 
was labeled as SS-NACF. 

2.2. Physical characterization and gas sorption measurement 

The microstructure of the SS-CF and SS-NACF were analyzed using 
field emission scanning electron microscopy (FE-SEM; MIRA3, TES
CAN). Raman spectra were collected using Raman spectrometer 
(RAMANtouch, Nanophoton) equipped with a laser of 532 nm 

wavelength. XRD patterns of SS, SS-CF and SS-NACF were recorded 
using the Rigaku Ultima-IV X-Ray Diffractometer. The elemental 
composition was examined by X-ray photoelectron spectroscopy (K- 
Alpha+, Thermo Fisher Scientific). Specific surface area measurements 
were conducted using N2 sorption at 77 K with BELSORP-max (BEL, 
Japan). The pore size distribution was calculated through NLDFT cy
lindrical model (GCMC) using the adsorption branch of N2 isotherm. 
CO2, CH4, and H2 storage application studies were performed in auto
mated Sievert-type high-pressure gas sorption instrument (PCTPro-E&E, 
Setaram) having a microdoser. Before the gas sorption, about 100 mg 
sample was activated under a dynamic vacuum at 200 ◦C for 10 h. CO2 
and CH4 storage were analyzed at 0 and 25 ◦C, and 25 bar, while H2 
storage was estimated at − 196 ◦C and 25 bar. Excess and absolute H2 
uptakes have been estimated based on the method reported earlier [29]. 
The gas sorption selectivity was estimated using the IAST method. The 
adsorbent regeneration and recycling were performed using the 
PCTPro-E&E gas sorption instrument. 

3. Results and discussion 

KOH activation method was applied to develop high surface area SS- 
NACF. The activation was performed under an inert atmosphere at 
800 ◦C. The activation temperature was based on the TGA analysis of SS- 
CF, Fig. S2. In TGA graph, the first mass loss of 5 wt% about 100 ◦C was 
due to loss of moisture, and after that, weight loss appeared near 800 ◦C, 
and this temperature was chosen for activation of SS-CF. The micro
structure of SS-CF and SS-NACF is shown in Fig. 1(a & b). As spider silk 
has a fibrous microstructure which was well preserved in both SS-CF and 
SS-NACF, even after carbonization and activation. The fiber surface of 
SS-CF is relatively smooth, whereas in SS-NACF, a significant roughness 
after activation can be seen. Such roughness can be ascribed to surface 
etching during the activation, and it helps in developing porosity. 

The SS-CF and SS-NACF have further been analyzed by Raman 
spectroscopy. The Raman spectra exhibited in Fig. 2(a) shows the D and 
G bands. The presence of D band at 1340 cm− 1 is ascribed to crystal 
defect and disordering in the carbon framework [30,31]. The G band, 
observed at 1580 cm− 1, corresponds to the phonon mode of graphitic 
sp2 bonded E2g symmetric carbons [30–32]. The Raman spectra are 
generally used to access the degree of disordering or graphitization 
through the ratio of the intensity of D band and G band (ID/IG). In this 
regard, the ID/IG ratio for SS-CF and SS-NACF was estimated to be 1.05 
and 1.04, respectively, which confirms that both the materials lack 
long-range ordering and are rather amorphous in nature. It also proves 
that the degree of graphitization was not altered during the activation 
process. Further, the XRD patterns of SS-CF and SS-NACF were measured 
and compared with the pristine SS, Fig. 2(b). SS-CF and SS-NACF 
exhibited a broad peak at 2θ scale of 22–24◦ due to amorphous car
bon. A sharp peak at 27◦ for SS and SS-CF was observed due to crys
talline SiO2, a commonly found inorganic material in bio-waste[33]. 
However, the activated sample demonstrated many sharp peaks of 
varying intensity due to the presence of SiC and Si, and these are formed 
through the reduction of SiO2 by KOH. 

The elemental composition and chemical nature of SS-NACF were 
analyzed by XPS. The survey scan, given in Fig. 3(a), confirmed that SS- 
NACF consists of C, N, O, and Si. The atomic composition of these four 
elements was 82% (C), 13.2% (O), 4.2% (Si) and 0.6% (N). The lower 
atomic percentage of N is caused by its removal from carbonaceous 
materials due to high-temperature activation. To further understand the 
chemical nature of elements, the high-resolution C1s, O1s and Si2p XPS 
spectra were deconvoluted. The C1s spectrum shows four signals and 
those could be ascribed to C-Si at 284.3 eV, C-C/C––C at 284.8 eV, C-O/ 
C-N at 285.4 eV, and C––O/C––N at 286.5 eV, Fig. 3(b). Similarly, the 
O1s has three signals at 532.4, 533.4 and 534.6 eV and these could be 
due to Si-O, O-C and O––C, respectively, Fig. 3(c). The N1s XPS scan, due 
to its low atomic percentage, is not very smooth; however broad spec
trum seen in the binding energy range of 398–404 eV could be due to the 
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presence of pyridinic and pyrrolic nitrogen, Fig. 3(d). The Si2p XPS scan 
shows the three peaks at 103.3, 104.3 and 105.7 eV, and these could be 
ascribed to elemental Si, Si-C and Si-O linkage, respectively, Fig. 3(e). 

Further, SS-CF and SS-NACF were subjected to N2 sorption analysis 
to access the porosity. The N2 isotherm of SS-NACF is shown in Fig. 4(a) 
while of SS-CF is shown in the inset of Fig. 4(a). The N2 isotherm of SS- 
NACF is the combination of type-I and type-IV isotherms, indicating that 
it has mainly two types of pores. The sharp rise at low pressure confirms 
the presence of micropores, while an extended knee region in the rela
tive pressure region of 0.1–0.4 and small hysteresis in the higher relative 
pressure region confirm the presence of mesopores. This was further 
supported by the pore size distribution calculation performed by GCMC 
method, Fig. 4(b). The dominant pores in the sample are micropores, but 
mesopores are also in good proportion. The micropores were of the size 
of 0.6 and 1.1 nm, while mesopores were found to be centered in the 
range of 2.2–3.8 nm. The specific surface area was estimated by BET 
(SSABET) method in the relative pressure range of 0.12–0.21, Fig. S3 
(determined using Rouquerol plot [3]) and it was found to be 2730 m2/g 
for SS-NACF in comparison to 44 m2/g for SS-CF. This ultra-significant 
rise in the SSABET is due to surface scratching during the activation 

process. A similar rise in pore volume, calculated by Gurvich’s rule at 
P/P0 of 0.99, was also observed. The pore volume for SS-NACF was 
found to be 1.56 cc/g, while for SS-CF was 0.03 cc/g. 

The specific surface area and total pore volume are considered the 
main textural parameters that influence the gas uptake [34], and the 
pore hierarchy with a pore size less than 4 nm also plays its role in gas 
sorption [34]. Thus, the gas molecules get adsorb because of a micropore 
enhancing van der Waals interaction. In contrast, the mobility increases 
due to the mesopore (absence of transport limitation), and hence mass 
transfer rate is high. In addition, the presence of electron-rich elements 
like N and O enhance the Lewis basic nature of the adsorbent’s surface. 
Due to this, the attraction of Lewis acidic gas “CO2” with the adsorbent 
surface can get further enhanced. 

As aforementioned, physicochemical features (like high specific 
surface area, high total pore volume, pore hierarchy, and heteroatoms 
functionalized surface) of SS-NACF are well-suited for adsorption of 
Lewis acidic molecule thus it was explored for the CO2 sorption appli
cation. The gas sorption isotherms for CO2 measured at 0 and 25 ◦C up to 
25 bar are shown in Fig. 5(a). SS-NACF has demonstrated the CO2 
capture capacity of 23.6 and 15.4 mmol/g at 0 and 25 ◦C, respectively. 

Fig. 1. FE-SEM images of (a) SS-CF and (b) SS-NACF.  

Fig. 2. (a) Raman spectra of SS-CF and SS-NACF, and (b) XRD patterns of SS, SS-CF and SS-NACF.  
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The CO2 isotherms, up to 25 bar, have not fully attained saturation yet as 
the uptake continuously increases with pressure. This could be due to 
the mesoporosity in the sample as the complete filling of these requires 
high pressure compared to micropore. Moreover, the high CO2 uptake 
was also influenced by surface atomic heterogeneity, high surface area 
and pore volume. Obtained CO2 uptake of the SS-NACF is comparable to 
the previously reported carbonaceous adsorbents. For instance, the up
take at 25 ◦C was higher than CFC54 [35], CFS60 [35], CFCMS [36], 
AKFs6 [37], CP-AC [38], KOH:CWG-22_850 = 1 [39], K2CO3: 
CWG-22_850 = 4 [39], AC-50 [40] and comparable or less than K-AC 
[38], A-PC [41], B-PC [42] and PAB-3 [43]. The detailed comparison for 
uptake capacity can be seen in Table 1. In addition, the isosteric heat of 
adsorption (Qst) for CO2 was calculated by Clausius–Clapeyron equa
tion. The Qst for the CO2 adsorption increases with an increase in surface 

coverage and the maximum value was found to be 20.5 kJ/mol, Fig. S4. 
Since the CO2 isotherms are fully reversible, the regeneration of 
SS-NACF can be carried out with a minimum energy penalty, hence it 
can serve as a suitable adsorbent for the pressure swing adsorption 
method. 

SS-NACF was further studied for CH4 and H2 storage applications and 
isotherms are given in Fig. 5(b) and 5(c), respectively. The maximum 
CH4 uptakes at 0 and 25 ◦C were estimated to be 8.6 and 6.4 mmol/g, 
respectively at 25 bar. Similar to the CO2 uptake, the CH4 isotherms 
were fully reversible although the uptake was not very high, and full 
saturation was not observed up to 25 bar. Thus, significant CH4 uptake 
at 25 ◦C could be realized above 25 bar (Table. 2). Despite all, the CH4 
uptake performance at 25 ◦C was higher than CBF-1273-CO2-1 h [44], 
KOH0.5TP50 [45], assai MHTC [46], RGC30 [47], RHAC900-SR [48], 

Fig. 3. XPS analysis of SS-NACF; (a) XPS survey scan, (b) C1s XPS scan, (c) O1s XPS Scan, (d) N1s XPS scan and (e) Si2p XPS scan.  

Fig. 4. N2 sorption study of SS-NACF; (a) Sorption isotherm and (b) pore size distribution. The N2 sorption isotherm for SS-CF has been provided in the inset of 
figure (a). 
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Cu–N-MC-0.5 [49] and comparable to ADPC05 [50] and lower than 
monolith NCM [51]. The maximum Qst for CH4 adsorption was calcu
lated to 19.6 kJ/mol, Fig. S4. Excess hydrogen uptake of SS-NACF up to 
25 bar was measured at − 196 ◦C, and shown in Fig. 5(c). The excess 
and absolute hydrogen storage capacity were estimated to be 3.7 wt% 
and 4.1 wt%, respectively at 25 bar, − 196 ◦C with fully reversible 
sorption. The rapid initial (low-pressure region) increase of uptake in
dicates preferential H2 adsorption on SS-NACF due to the existence of a 
micropore and heteroatoms (oxygen-rich) functionalized surface [51]. 
In the higher-pressure region, the multi-layer adsorption in the pore 
(mesopore filling) are only observed [52]. The excess H2 uptake com
parison with the reported superior adsorbents like C1000 [53], FF-4600 
[54], PPY2 [55] and PPY4800 [56] is provided in Table 3. 

Due to its sustainability compared to other methods, the adsorbent- 
based gas separation (e.g. PSA, pressure swing adsorption) is getting 
preference [57]. The selective uptake and adsorption recycling perfor
mance define the suitability of the adsorbent materials towards partic
ular applications [42,58]. Towards this, CO2 vs. N2 (SCO2/N2), CO2 vs. 

CH4 (SCO2/CH4) and CH4 vs. N2 (SCH4/N2) selectivities have been calcu
lated by applying Ideal Adsorb Solution Theory (IAST) method from 
single gas component, Fig. 6(a-c). In the flue gas, the composition of CO2 
and N2 is about 15:85 and with this composition [59], the maximum 
SCO2/N2 selectivity of 13 was achieved at 0 ◦C and 25 bar. SCO2/N2 
decreased to 8 at 25 ◦C, which could be ascribed to a decrease in uptake 
caused by the adsorption thermodynamic at the higher temperature. 
SCO2/CH4 was calculated using the CO2 and CH4 composition of 10:90, at 
0 ◦C, it was found to be 3.8, and at 25 ◦C it was 3.4. The SCO2/CH4 keeps 
increasing with pressure loading, which could be due to the increase in 
the Qst for CO2 adsorption with the increase in the surface coverage, as 
seen above. The SCH4/N2 values with CH4 and N2 composition of 80:20 
were calculated to be 3.9 and 2.4 at 0 and 25 ◦C, respectively. Further, 
the regeneration and cycling performance were tested for CO2 and CH4 
at 25 ◦C and 25 bar, Fig. 6(d & e). The uptake performance remains 
almost the same, with just a negligible decrease in uptake for both CO2 
and CH4 after 10 adsorption-desorption cycles. This confirms the easy 
regeneration and recyclability of the SS-NACF and makes it a suitable 
adsorbent for the pressure swing adsorption method. 

4. Conclusions 

In summary, the KOH activation of spider silk (natural biomaterial) 
led to the development of naturally (heteroatoms) doped activated 
carbon fibers with high surface area. Due to its high porosity and pore 
hierarchy and cooperative binding assistance extended by the surface 
heteroatoms, the activated carbon fibers showed a high gas storage ca
pacity and easy regeneration, and cycling performance. As the natural 
biomaterials consist of the heteroatoms functionalized building blocks, 
the adopted approach to develop the SS-NACF can be extended to other 
natural biomaterials having fibrous microstructure to convert into the 
heteroatom functionalized activated fibrous carbon needed for 
advanced energy and environmental application. Moreover, this 
approach, compared to the conventional way, is less time-consuming 
and more sustainable for developing the high surface area activated 
carbon fibers. 

Fig. 5. Gas sorption study of SS-NACF; (a) CO2 and (b) CH4 isotherms measured at 0 and 25 ◦C and 25 bar, (c) H2 excess and absolute isotherms measured at 
− 196 ◦C and 25 bar. 

Table 1 
CO2 uptake comparison of SS-NACF with reported adsorbents.  

Adsorbents Uptake (mmol/ 
g) 

Pressure/ 
temperature 

Reference 

SS-NACF 15.4 25 bar/25 ◦C This work 
CFC54 14.4 40 bar/25 ◦C [35] 
CFS60 15.3 40 bar/25 ◦C [35] 
CFCMS ~11.1 58 bar/25 ◦C [36] 
AKFs6 9.0 15 bar/25 ◦C [37] 
CP-AC 14.3 35 bar/25 ◦C [38] 
K-AC 18.4 35 bar/25 ◦C [38] 
KOH:CWG-22_850 = 1 14.9 35 bar/25 ◦C [39] 
K2CO3:CWG- 

22_850 = 4 
11.2 35 bar/25 ◦C [39] 

AC-50 9.0 30 bar/25 ◦C [40] 
A-PC 21.1 30 bar/23 ◦C [41] 
B-PC 26.0 30 bar/25 ◦C [42] 
PAB-3 19.3 30 bar/25 ◦C [43]  

Table 2 
CH4 uptake comparison of SS-NACF with reported adsorbents.  

Adsorbents Uptake (mmol/g) Pressure/temperature Reference 

SS-NACF 6.4 25 bar / 25 ◦C This work 
CBF-1273-CO2-1 h 3.5 10 bar / 25 ◦C [44] 
KOH0.5TP50 5.1 40 bar / 25 ◦C [45] 
MHTC 5.0 40 bar / 25 ◦C [46] 
RGC30 6.1 35 bar / 25 ◦C [47] 
RHAC900-SR 4.3 35 bar / 25 ◦C [48] 
Cu–N-MC-0.5 5.0 50 bar/25 ◦C [49] 
ADPC05 6.4 35 bar / 25 ◦C [50] 
monolith NCM 13.3 100 bar / 25 ◦C [51]  

Table 3 
Excess H2 uptake comparison of SS-NACF with reported adsorbents.  

Adsorbents Uptake (wt%) Pressure/temperature Reference 

SS-NACF 3.7 25 bar / − 196 ◦C This work 
C1000 3.3 17.9 bar / − 196 ◦C [53] 
FF-4600 4.6 20 bar / − 196 ◦C [54] 
PPY2 3.3 20 bar / − 196 ◦C [55] 
PPY4800 4.9 20 bar / − 196 ◦C [56]  
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