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Abstract

Here, we report the synthesis of nanoporous carfld@s) derived from a low-cost and renewable bisnas
jute, by a chemical activation process using KQOle Js one of the least expensive and most aburwlaps,
with a staggering 2.8 million metric tons of juteoguced each year. In this study, we synthesize &8s
three different parts of jute fibers through a cleactivation technique using KOH. The NCs pregairom
the bottom portion of the fiber show a high surfacea (2682 fmg™) with the presence of both micropores and
mesopores. The ultra-high surface area of jute maken economically viable, environmentally frignd
precursor for NCs, with a wide variety of applicais from energy storage to environmental and bigraéd

applications.



Introduction

There has been relentless effort and a persistesiredto synthesize new porous materials with novel
characteristics and exciting applications. Theaadsr such interest and development is the paktdiobtain
high surface area, tunable pore size, functionalarailability, and guest-host interactions theat be used in a
wide variety of fields, such as the biomedical anergy sectors, and for promising applicationsefample,

as adsorbents and catalyd8. Among the many porous materials, nanoporous carb@Cs), with
interpenetrating and regular nanopore systems, resently inspired great research activity becanfstheir
fascinating chemical and physical properties, sastigh specific surface area, well-defined porectire,
high thermal and chemical stability, intrinsic higlectrical conductivity, low density and wide daaility.>!
Therefore, NCs have been implemented in hydrogeaget'® pollutant adsorptioH! energy storag€ energy
conversiofi! and electrochemical sensitlfj. Recently, many research efforts have been devimtezarbon
synthesis through the improvement of existing faddron methods, as well as the development of new
approaches. Nanoporous materials can be genetafigifted based on their pore diameter. Accordinfyise
pore diameters less than 2 nm are classified asoopaoes, those between 2 nm and 50 nm are classifie
mesopores, and pore sizes greater than 50 nmnfadéirumacropore$Y Conventional porous carbon materials,
such as activated carbon, are routinely preparegybglysis'® or hydrothermal treatméht followed by
chemicaf” or physicdf® activation of the organic precursors. However, rgization of ultra-high surface
areas beyond the 2500%g" threshold of NCs using waste biomass precursorgavite routes with the use of
only oxidizing agents and heat treatment is a majatlenge for researchét¥.

Recently, biomass-derived porous carbons havectdttdhe attention of researchers for use in a wide
range of applications. Biomass-derived porous carlsonot only environmentally friendly but also tos
effective, and the ease of availability makes ipramising precursor compared with its competitbrs’
Biomass refers to plant, plant-derived, animalidetj industrial-derived, or sewage- or municipalstga
derived materials that can be utilized to syntlesiarbon materials for a variety of applicatiff<Currently,

the most common precursors used to synthesizeuggorous carbon materials are cherry stéfemffee



husks'?? banana peefé® almond shell€* corn cobd® cotton stalks’™ dates stone” olive stone&® rice
bran®? rice husk$®® rice straw®Y rice hulls?? sugarcane bagasdd, sawdust® tea wasté® walnut
shells®® durian shell&™ herb residue§® waste apricot” orange peel$? oil palm fibers?**! coconut
husk&'?, etc. In addition, activated porous biocarbonsgsingle-step activation have been repolft&tf!

However, considering the limited research utilizjote biomass, the surface area is confined between
400-1000 ri g* for physically activated carb8f*® and 800-1200 fag* for chemically activated carb@A>°!
Therefore, chemical activation generally resulta imgher surface area than physical activatiorih\ttie ever-
increasing demand for ultra-high-surface-area NICafuplications such as energy storage, there ised ffor
cost-effective synthesis methods using renewaldeupsors that are scalable for commercial apptinati

Here, we report the synthesis of NC derived frota,ja low-cost and renewable biomass, by a chemical
activation process using KOH. Jute is one of tlastlexpensive and most abundant crops, with a estiagg?.8
million metric tons of jute produced each yEdmHowever, due to technology advancements, syntfiegcs
started to dominate the fiber market due to theghhproduction output, greater tensile strength and
environmentally non-degradable properties. Thes¢hsyic fibers possess a significant risk to theiremment
because they are not decomposed like natural finerstime. On the other hand, natural fibers [agfute are
environmentally friendly not only because they depose over time but also because have a great iropac
the greenhouse effect. It has been estimated tieahectare of jute plants can absorb approximdtglgnetric
tons of CQ and release 11 metric tons of i@ just 120 days of the jute growing perfddA jute plantation of
hundreds or thousands of hectares would greatlyceedhe level of greenhouse gas in the atmosphete a
increase the level of pure oxygen in the atmosphBr@nsforming this inexpensive and abundant crdp i
useful and valuable NC materials could restorelitrdihood of millions of people across Asia andridé.
Research into practical applications that use Bigtiace-area NC is the way ahead to solving manthef
world’s current problems. Very few reports havehtighted the conversion of jute fiber into valuabkivated

carbon using easy, inexpensive and scalable systheshnique&'’>% At the same time reports on the



implementation of jute-derived high-surface-area d&Ing chemical activation are scarce. Additionathe
maximum surface area generated using jute- aneglaged precursors is less than 1260gh!”

In this study, we synthesized NCs from three déiferparts of jute fibers through a chemical actorat
method using KOH. Nitrogen adsorption-desorptiathisrms, X-ray diffraction (XRD), X-ray photoeleatr
spectroscopy (XPS), Raman spectroscopy, Fouriesfoan infrared (FTIR) spectroscopy, UV spectrosGop
and scanning/transmission electron microscopy (SHEW) were performed to characterize the morphology
and porous structure of the obtained NCs. The Ngpared from the bottom portion of the fiber showdugh
surface area (2682°nmj") with the presence of both micropores and mesaspdiiee ultra-high surface area of
jute-derived carbon makes jute an economicallyleiagnvironmentally friendly precursor for NCs, lvé wide

variety of applications from energy storage to emwinental and biomedical applications.



Experimental

Preparation of nanoporous activated carbon. According to a previous repdrt] jute biomass contains a high
guantity of carbon in the form of pentosan (20-286)y cellulose (45-48 wt%), and lignin (12-15 wt%).
Furthermore, the jute biomass used in this workehasry low ash level (1-2 wt%) compared to ricak(L7-

18 wt%), bagasse (3-4 wt%), and wheat straw (18#P4) raw biomass. The jute fibers (~190 cm) were cu
and divided into three parts: bottom (70 cm), méd@d@0 cm), and top (rest 50 cm) parts. Each pasttiven cut
into smaller pieces (~5 cm) and washed with warstiliid water(~50 °C) several times (15 times) &ndlly
dried at 100 °C for 4 MAs shown in Scheme 1, the dried jute fibers were then pre-carbonize80& °C for 12

h under air atmosphere and finally allowed to dootoom temperature by areal cooling. The pre-caidsa
samples were then crushed into powder. The povatepke was mixed with KOH (1:1 wt ratio) and ground
an agate mortar until well mixed and a paste-lisenf was achieved. The mixture was stored at room
temperature for 12 h before carbonization. The @adation was carried out in a tubular furnace (K®Y
Japan) at 900 °C for 3 h under a constant flowimbgen (120 cc mit)) at a heating ramp of 5 °C miinAfter
carbonization, the samples were washed with dild@l (0.1 M) and water to remove any leftover
potassium/inorganic residues and finally vacuurediat 80 °C for 12 h. The carbon samples obtaired the
bottom, middle and top parts are referred to as JJH@ and J-T, respectively.

Characterization. Wide-angle XRD patterns were acquired using a RIQAKNT 2500X diffractometer using
monochromated Cu & radiation (40 kV, 40 mA) at a scanning rate ofn3fY’. The morphology and
microstructure were investigated via SEM and TEMH#Aachi S-4800 SEM was used to obtain the SEM
images at an accelerating voltage of 5 kV. A JEM@UEM was utilized to perform the TEM observatiats
200 kV. Raman spectra were measured using a RamadRBO0 spectrometer. FTIR spectroscopy was
performed using a Shimadzu FTIR Prestige-21. Tektharacterization was carried out by collectiitgogen
adsorption-desorption isotherms using a Quantachdutosorb Automated Gas sorption system at 77W. U

3600 and UV-VIS-NIR spectrophotometers were usezl/&duate the adsorption of methylene blue (MB).



Results and discussion

Figure 1 shows the SEM images of natural jute and jutevedriNCs using different parts of the jute fiber.
Figure la shows the strand-like framework of the naturak jlibers. After pre-carbonization followed by
chemical activation prior to impregnationa KOH, activated NCs were obtaine&igure 1b-d). After
treatment, the original fibrous structure was peremtly changed to a globular shape.

Figure 2a shows the wide-angle XRD patterns of the jute-a&tiWCs obtained from three different
parts of the jute fiber (bottom, middle, and toptpa One broad peak aff 2 20-25°, which corresponds to the
(002) plane of the graphitic structure, was obs#R?€® All the carbon samples, regardless of the pathef
jute fiber used, exhibited broad peaks, suggestimg formation of poorly graphitized carbon. Raman
spectroscopy further confirms the presence of gtiaptarbon. As shown ifrigure 2b, two broad peaks are
observed at 1353 chrand 1597 c, which correspond to the previously reported D anda@dd>**® The D
band relates to the disordered carbon phase, whéreaG band relates to thg’-hybridized graphite phase.
The relative intensity ratios of the D band to @&dand [p/lg) are 1.25, 0.83, and 1.05 for J-B, J-M, and J-T,
respectively. In our previous research, we direcHgbonized jute and investigated the Raman spaéttlin
this case, with an increase in applied temperathedp/l ratio gradually increases, indicating the generati
of a larger number of defects. Thelgratios are 0.96 (for 700 °C), 1.16 (for 800 °C)ddn26 (for 900 °C).
These values are much lower than that of comméycelailable activated carbon (2.06). Although het
present study we subjected the jute-derived catban activation process, the ldw/lg ratio remained. The
carbon sample prepared from the middle part of (@#!) shows the lowest value, indicating a highephitic
degree. The padsorption-desorption isotherms of the differemyias are presented figur e 3a.

The instantaneous increase in adsorption at vewy Helative pressure indicates the presence of
micropores. The subsequent gradual increase institherm with increasing relative pressure suggtsts
presence of mesopores of various pore sizes. Tinoealized density functional theory (NLDFT) methaas
utilized to obtain the pore size distribution shownFigure 3b, which highlights the presence of both

micropores and mesopores in all three samples.JIBashows the highest portion of micropores conmgato



those of J-T and J-M. The surface areas of thesthaenples were calculated by the Brunauer-EmmdltsTe
(BET) method and were found to be 2682 gjt (for J-B), 1909 i g* (for J-M), and 2494 fg* (for J-T).
These values are higher than those of commerdiabéed carbon (1000-2000%g?) and significantly greater
than other carbon materials prepared using plm&®® The graphitic degree is in the order of J-M > 3-J-

B, while the surface area is in the order of J-B-¥ > J-M. The presence of many micropores greatly
contributes to the increase in surface area. As sethe low relative pressure regionRigur e 3a, the amount
of micropores decreases when the graphitizatiomegeig high. This can be expected because the fiamaf
micropores necessitates abundapitbonded carbons, which are mostly replacedspiybonds during the
graphitization process” Generally, the porosity and contents of hemicediajdignin, and cellulose of jute
fibers differ by location®” It has been reported that middle portion of juts tess hemicellulose and lignin
than top and bottom portioﬁag'.ﬁ” The hemicellulose and lignin have a less therrtaikty than crystalline
cellulose® which can cause the collapse of pores in high &atpre carbonization process. This fact likely
causes the differences in surface area and grapleigiree in the final products.

Figure 4a shows the XPS survey spectrum of the J-B samptécating the presence of O and C
elements in the sample. The deconvoluted C 1ssmedFigure 4b) has three distinct peaks at 288.3, 286.0,
and 284.2 eV, corresponding to the oxygenated caspecies C=0, C—OH, and C=C/C-C, respectively. The
highly intense C=C/C-C bonds indicate the good cetidg nature of jute carbon through delocalized
electrons. In addition, the peaks indicated thegmee of oxygen-containing groups due to the deositipn
of jute cellulose, which contains oxygen; this Haeen observed previously in biomass-derived carbon
materialgd®?!

To investigate the implementation of ultra-highfaoe-area NC for practical applications, such aewa
purification and toxin removal from agueous medig investigated the adsorption of MB by NC with
dimensions of 1.43 nm x 0.61 nm x 0.4 nRig(re 5). The adsorption capacity of commercially avaikabl
carbon was also investigated. The maximum adsorptEpacity of MB was determined by mixing MB

solutions (50 ml) of different concentrations withrbon samples (10 mg) in the dark at 25 °C for il



equilibrium was established. The suspension was temtrifuged to separate the carbon samples frem t
solution. The supernatant solution was extract@wgus syringe, and the concentration of MB waswated by
measuring the absorbance at 664 nm (maximum absmeldar MB). Finally, the amount of MB adsorbed by
the carbon samples was calculated by deductiniylBi€oncentration in the final solution from thetial MB
concentration.

Qe = (Co-Co)-V-mi*

whereC, is the initial MB concentration in the liquid pteagmg: %), C. is the MB concentration in the final
solution (mg-[Y), Vis the volume of solution used (L), ants the mass of adsorbent used (g).

Jute-derived activated carbon exhibits a much higbsorption capacity (> 200 m@9)ghan expensive
commercial activated carbon (176 m'f;).b?l] The carbon sample prepared from the top part ofutesfiber
shows the highest adsorption capacity of 239 fgTde high porosity and open pore network of thévca
matrix can facilitate fast molecular diffusion apmote accessibility to the entire pore surfangerkestingly,
the MB adsorption capacity was normalized by thdase area obtained from the, l[ddsorption-desorption
isotherm. The values are 0.078 mg-ffor J-B), 0.115 mg-ih (for J-M), and 0.096 mg-(for J-T). As
mentioned above, the graphitic degree is in therood J-M > J-T > J-B. Thus, the MB dye more effesy
interacted with the carbon surface duerto interactions between the MB molecule and grapliidon §p*

bonded carborl§#



Conclusion

Biomass-derived activated NCs were synthesized fyjate fibers through pre-carbonization and chemical
activation processes using KOH. Three differentgaf the jute fiber were subjected to the chemacdivation
technique using KOH, and their porous propertieeeveempared. The prepared NCs showed high surfaes a
of 2682 ni-g* (for J-B), 1909 rfr g* (for J-M), and 2494 fg* (for J-T). The highly increased surface area is
attributed to the formation of both micropores anelsopores. In the MB adsorption test, J-T exhibéddgh
adsorption capacity of 239 mg.gWe believe that economically viable and environtaly friendly jute
biomass is a promising material for the synthegisasbon with ultra-high surface area for use imios

applications, such as environmental and electroatastorage applications.
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Scheme 1. Schematic illustration of the preparation of adiebjute-derived nanoporous carbons.

Figure 1. SEM images of (a) the jute fiber starting matesiadl the activated nanoporous carbons (b) J-B;(c) J

M, and (d) J-T prepared from three different paftthe jute fiber.
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Figure 2. (a) Wide-angle X-ray diffraction patterns and @adman spectra of nanoporous carbons prepared

from different parts of the jute fiber.
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Figure 3. (a) N» adsorption-desorption isotherms and (b) pore gdiggibution curves of nanoporous carbons

prepared from different parts of the jute fibereTDFT method was used to obtain the pore sizallision.
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Figure4. (a) X-ray photoelectron spectroscopy survey spectind the (b) C 1s spectrum of the J-B sample.
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Figure5. Adsorption of methylene blue by the nanoporousaastprepared from different parts of the jute

fiber.
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Highlights

» Low cost and renewable biomass, Jute is useslyftthesis of nanoporous carbons by
chemical activation process with KOH.

* Three different parts of Jute are carbonized amdpawed for porous properties.

« The NCs prepared from bottom portion of the fileow high surface area (2683-gjt")
with the presence of both micropores and mesopores.



