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Abstract: Iodine and methylene blue adsorption properties of the high surface area nanoporous
carbon materials derived from agro-waste and rice husk is reported. Rice husk was pre-carbonized at
300 °C in air followed by leaching out the silica nanoparticles by extraction with sodium hydroxide
solution. The silica-free rice husk char was mixed with chemical activating agents sodium hydroxide
(NaOH), zinc chloride (ZnCly), and potassium hydroxide (KOH) separately at a mixing ratio of
1:1 (wt%) and carbonized at 900 °C under a constant flow of nitrogen. The prepared carbon
materials were characterized by scanning electron microscopy (SEM), Fourier transformed-infrared
spectroscopy (FT-IR), powder X-ray diffraction (pXRD), and Raman scattering. Due to the presence
of bimodal micro- and mesopore structures, KOH activated samples showed high specific surface
area ca. 2342 m?/g and large pore volume ca. 2.94 cm3/g. Oxygenated surface functional groups
(hydroxyl, carbonyl, and carboxyl) were commonly observed in all of the samples and were essentially
non-crystalline porous particle size of different sizes (<200 pm). Adsorption study revealed that KOH
activated samples could be excellent material for the iodine and methylene blue adsorption from
aqueous phase. Iodine and methylene blue number were ca. 1726 mg/g and 608 mg/g, respectively.
The observed excellent iodine and methylene blue adsorption properties can be attributed to the
well-developed micro- and mesopore structure in the carbon material. This study demonstrates
that the agricultural waste, rice husk, and derived nanoporous carbon materials would be excellent
adsorbent materials in water purifications.

Keywords: rice husk; nanoporous carbon materials; chemical activation; iodine adsorption;
methylene blue adsorption

1. Introduction

Activated nanoporous carbons materials (NCMs) represent porous carbonaceous materials
that have been processed to increase porosity and specific surface area so that they can be widely
used as adsorbents to adsorb metal ions and organic molecules, catalysts, and catalyst supports
for the removal of pollutant species from gases or liquids and as electrode materials for batteries
and supercapacitors [1-6]. Depending on the synthetic method, conditions, and precursor type,
NCMs with tunable porosity, surface area, and surface functionality can be prepared [6-8]. Generally,
surface area and pore volume of porous carbon materials range from 250-2410 m?/g and 0.022-91.4
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cm?/g, respectively [9]. Direct carbonization and activation of the carbonaceous precursors are
the general methods for the fabrication of NCMs. Direct carbonization is performed by mild- or
high temperature heat-treatment in which pyrolytic decomposition of the precursor occurs with the
elimination of many non-carbon elemental species (H, N, O and S), resulting in the formation of
fixed carbonaceous char with porous structure. On the other hand, activation processes can be either
physical or chemical [10-12]. Physical activation includes two-step processes involving carbonization
of the precursor material, followed by gasification of the char at elevated temperatures between
800 to 1100 °C using oxidants such as steam, carbon dioxide, air, or the mixture of these gases [13].
On the other hand, chemical activation is a single step process, which is usually carried out by mixing
precursor material or pre-carbonized char with chemical activating agents (acids, alkali, or salts) and
carbonize at moderate temperature ranges between 400 to 800 °C under the inert gas atmosphere
of nitrogen or argon [14,15]. Nevertheless, sometimes chemical activation was performed in harsh
conditions at higher temperatures of up to 1000 °C [16]. Investigations have shown that the chemical
activation method is advantageous over physical activation, as it operates at a lower temperature and
the process is time saving. More to this, activating chemicals used during chemical activation act as the
dehydrating agent, which inhibits the formation of tar and thus reduce the production of other volatile
products. As a result, high yield carbon with very high surface area and well-developed porosity can
be obtained [17-20].

NCMs have been used in various technological fields including sensing, separation, environmental
safety, and energy storage. Investigations have shown that the performance of NCMs highly depends
on the surface area, pore volume, and surface functional groups. Generally, the higher the surface
area, the better the performance. Therefore, attention has been paid to the production of scalable
high surface area nanoporous carbon materials, particularly in a cost effective way from agricultural
by-products or wastes. Wide varieties of carbonaceous precursor materials including pitch [21],
pistachio shell [22], rice husks [23,24], coconut shell [25], eucalyptus wood [26], firewood [27,28],
oil-palm shell [29,30], babassu [31], corncob [32], bamboo [33,34], etc. have been used to prepare
activated carbons. It is anticipated that successful production of high surface area and large pore
volume NMCs from agro-wastes would contribute to address the current problems related to the
environment and energy storage. Various agricultural wastes have been explored as potential carbon
precursors [35,36]. The choice of precursor for the preparation of NCMs depends on the availability,
cost, and carbon content in the precursor. Among various agricultural wastes, rice husk, which is
undesirable agricultural mass residue and has posed disposal problems, could be an excellent low
cost precursor for the production of activated carbon materials [37]. It has been reported that rice
husks have a low calorific value of 3585 kcal kg~! and high ash content of ~ 22%. Dry rice husk
contains 70-85% organic matter (21.44% lignin, 32.24% cellulose, 21.34% hemicellulose) and inorganic
remainder (20-25%) consists of silica [38,39]. Not limited to the porous carbon material, rice husk
ash has also been used in synthesis of silica, silicon based materials, zeolite, catalysts, ingredients
for lithium ion batteries, graphene, energy storage/capacitor, etc. [40-50]. Using both physical and
chemical activation methods, activated carbons can be prepared from rice husks [51,52]. The silica
embedded in rice husk as nanoparticles [53] can be leached out using chemical activating agents and
thus the leaching out of the silica causes pore formation in the carbon material [54].

In this contribution, we report a novel yet simple method for the preparation of high surface
area nanoporous activated carbon materials from rice husk, and their iodine and methylene blue
adsorption properties. Despite the conventional method of direct carbonization or activation at a lower
temperature, our method includes pre-carbonization of a precursor (rice husk) at 300 °C, chemical
etching with NaOH for the removal of silica, and then chemical activation at a high temperature of
900 °C using NaOH, ZnCl, and KOH activating agents. NaOH-treated pre-carbonized rice husk char
was mixed with an activating agent at a mixing ratio of 1:1 by weight and the effect of activating
agents on surface area, surface morphology and iodine, and methylene blue adsorption properties
were investigated. The prepared nanoporous carbon materials were well characterized by Fourier
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transform-infrared (FT-IR) spectroscopy, Raman scattering, powder X-ray diffraction (XRD), and
scanning electron microscopy (SEM). Surface textural properties including surface area and pore
volume were determined by nitrogen adsorption/desorption measurements. The KOH activated
optimal sample (with surface area ca. 2342 m?/g and total pore volume ca. 2.94 cm3/g) showed
excellent iodine and methylene blue adsorption properties giving iodine and methylene blue numbers
ca. 1726 and 608 mg/g, respectively. These values are much higher than observed in commercial
activated carbon, demonstrating that nanoporous carbon materials derived from rice husk using this
method would have potential in water purification.

2. Materials and Methods

2.1. Materials

The analytical grade chemicals potassium hydroxide (KOH), sodium hydroxide (NaOH),
zinc chloride (ZnCl,), potassium iodide (KI), hydrochloric acid (HCl), and sodium thiosulfate
(Naz5,03-5H;,0) were purchased from Qualigen (Mumbai, India). Analytical grade methylene blue
was a product of Loba-Chemie, Mumbeai, India. All the chemicals were used as received. Millipore
filter water was used to prepare solutions.

2.2. Preparation of Nanoporous Carbon Material (NCM)

Rice husk was treated with 5% HCI, washed with distilled water several times, and dried in a
hot air oven (Toshniwal, Ajmer, India) at 100 °C for 6 h. Dried rice husk was pyrolyzed in a muffle
furnace (Vitco India, Sunvic in U.K.) at 300 °C for 3 h and the product was grinded into powder
form in a grinder (Signoracare, Haryana, India) and sieved through a sieve of 250 microns mesh
size. The obtained product is referred to as rice husk char (RHC). For leaching out the silica from the
pyrolyzed product, RHC (200 mg) was mixed with NaOH solution (200 mL: 1 M) and heated for 30
min at 70 °C and cooled down to room temperature naturally and filtered out. After several washings
with pure water, the residue was washed with HCl solution (0.1 M) and further with pure water until
the filtrate gave a neutral litmus test. The residue was collected and dried in a hot air oven for 12 h at
80 °C and thus was prepared and referred to as RHC_NaOH. Rice husk char prepared after leaching
out the silica (RHC_NaOH) was mixed with NaOH, ZnCl, and KOH separately in the mixing ratio of
1:1 by weight and stored for 24 h at 25 °C before carbonization. Carbonization was then performed at
900 °C in a tubular furnace (KOYO, Tokyo, Japan) under the continuous flow of nitrogen (120 cc/min)
for 4 h. The carbonized samples were washed with HCl solution (0.1 M) and water until a neutral pH
was achieved. The obtained products were then dried in a hot air oven at 80 °C for 24 h and referred to
as NCM_N (NaOH activated), NCM_Z (ZnCl, activated), and NCM_K (KOH activated).

2.3. Characterizations

The prepared RHC, RHC_NaOH, and NCMs (NCM_N, NCM_Z and NCM_K) were characterized
by powder X-ray diffraction (pXRD: Rigaku RINT2000 diffractometer, Rigaku, Tokyo, Japan with
Cu-Ko radiation A = 0.1541 nm), scanning electron microscopy (SEM) operated at 10 kV (SU-8000,
Hitachi, Tokyo Japan), Raman scattering spectroscopy (T64000, Jobin-Yvon Edison, Edison, NJ, USA:
at excitation wavelength of 514.5 nm), and Fourier transform infrared (FT-IR) spectroscopy (Nicolet
4700 instrument, Nicolet, Walthan, MA, USA). SEM samples were prepared by drop casting dilute
suspensions of NCMs in IPA on a clean silicon wafer and dried at 80 °C for 6 h before SEM observations.
SEM samples were coated with platinum (~ 2 nm) by sputtering using a Hitachi S-2030 ion coater
(Tokyo, Japan). Electron dispersive X-ray spectroscopy (EDX) analyses were carried out on uncoated
samples using a Horiba Model EMAX 7593-H (Kyoto, Japan) accessory interfaced with a Hitachi 5-4800
SEM instrument. Surface area (Brunauer-Emmett-Teller (BET)) and pore volume were determined by
recording Nj adsorption-desorption isotherms on an automatic adsorption instrument (Quantachrome
Instrument, Autosorb-1, Boynton Beach, FL, USA).
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2.4. Iodine and Methylene Blue Adsorption

Iodine and methylene blue adsorption properties of the prepared NCMs were studied and the
iodine numbers and methylene blue values were determined. The iodine numbers were determined
according to the ASTM D4607-94 method (2006) [55]. This method is based on three points isotherm.
NCMs (100 mg) was separately taken in a conical flask and HCI solution (5 mL: 5% v/v) was added
and heated until the solution boiled and cooled down. Iodine solution (10 mL: 0.05 M) was then
added. The mixtures were vigorously shaken for about 4 min and filtered out. The filtrate solution
(10 mL) was titrated against standard hypo solution (0.1 M) using starch as an indicator. The iodine
amount adsorbed per gram of carbon was calculated and was plotted against the iodine concentration
in the filtrate. A least square fitting regression was applied for the three points. The iodine number is
the value of iodine adsorbed per gram of activated carbon when residual concentration was 0.02 N.
The amount of iodine adsorbed per gram of NCM was calculated as follows.

Iodine adsorbed per gram of NCM = C * Conversion factor (f) 1)

The conversion factor (f) is defined as:

Conversion factor (f) — Molecular weight * Normality of Iodine * 10

Weight of carbon * Blak reading @

C = (Blank reading — volume of hypo consumed after adsorption of carbon material)

Methylene blue numbers of NCMs were determined with a multi-point isotherm adsorption
using Langmuir model. NCMs (0.1 g) were mixed with methylene blue solution (100 mL) of different
concentrations 25, 50, 100, 150, 200, 500, and 1000 mg/L in dry and clean conical flasks. Using a
mechanical shaker, the mixture was shaken for 24 h, the suspensions were filtered out, and the
remaining concentration was measured spectrophotometrically at Amax of 660 nm using UV /VIS
spectrophotometer (LT-2802 Labtronic, Haryana, India). The amount of methylene blue adsorbed was
determined and methylene blue adsorbed per gram of NCM was calculated by using Equation (3) [56].

felmg/gm) = (0= CV ©

where, g (mg/gm) = amount of methylene blue adsorbed; C, (mg/L) = the initial concentration of
methylene blue; C, (mg/L) = the equilibrium concentration of methylene blue; V (L) = the volume of
methylene blue and M (gm) = the mass of NCM taken.

To determine the methylene blue number linearized form Langmuir isotherm (Weber Equation (4))
was used in which qe/ce was plotted against c. and by least square fitting regression the maximum
amount of methylene blue adsorbed by 1 gram of NCM, qmax, the methylene blue number

was calculated. ,
Ce Ce
il + 4
e b Gmax Gmax ( )

3. Results and Discussion

Using FT-IR spectroscopy, surface functional groups in the prepared materials (RHC, RHC_NaOH,
NCM_N, NCM_Z, and NCM_K) were studied. As anticipated, various surface functional groups
are present in RHC and RHC_NaOH samples (Figure 1a). However, most of the functional groups
disappeared in NCMs due to high temperature carbonization (Figure 1b).
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Figure 1. (a) FT-IR spectra of RHC and RHC_NaOH, and (b) FT-IR spectra of NCM_N, NCM_Z, and
NCM_K recorded at 25 °C.

FT-IR spectra indicates that the surface functional groups of the NCMs derived from rice husk
using different activating agents do not exhibit significant differences. All the NCMs exhibit hydroxyl
and carbonyl functional groups (Figure 1b). In the FT-IR spectra, broad band in the range of 3200
to 3600 cm ™! (approximately centered at 3430 cm~!) can be assigned to stretching vibration of O-H
bonds corresponding to alcohol, phenol, or adsorbed moisture [56]. Peak around 1700 cm ™! refers
to the stretching vibrations of C=0 bond of carboxylic group and the peak around 1600 cm~! can be
attributed to C=C stretching vibration in the aromatic ring. Peak at 1100 cm ™! to 1200 cm ! refers to
the stretching of C-O bonds and the peak around 800 cm ™! is due to the stretching vibration of Si-O
bond [57,58]. RHC as obtained by heating in air at 300 °C exhibits Si-O bond, which after washing
with NaOH solution, disappeared in RHC_NaOH sample, indicating the removal of silica embedded
in the RHC. Removal of silica is further confirmed by SEM/EDX. Figure 2 shows SEM/EDX elemental
mapping results for RHC and RHC_NaOH. Absence of Si in the elemental mapping of the RHC_NaOH
(Figure 2h) confirms the removal of silica.

Figure 2. Results obtained from SEM/EDX. (a) SEM image of RHC, and elemental mapping (b) carbon,
(c) oxygen and (d) silicon, and (e) SEM image of RHC_NaOH, and elemental mapping (f) carbon,
(g) oxygen, and (h) silicon.

Using scanning electron microscopy, surface morphology, and structure of the prepared RHC,
NaOH treated RHC and the derived NCMs were studied. Fine granules with a size <200 microns
and containing many macropores on the surface can be seen in all the samples. Figure 3 shows the
typical SEM images at different magnifications showing macro and mesopores. RHC obtained after
pyrolysis of rice husk does not contain micro/mesopores (Figure 3a—c). This is because of the silica
embedded in the carbon. However, when RCH was treated with NaOH, silica dissolves forming
soluble sodium silicate, which was washed out with water and pores were generated. Honey-comb
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like macroporous structures can be seen in the RHC_NaOH sample (Figure 3d,e). However, merely
NaOH treatment did not lead to the formation of micro- or mesopores (Figure 3f). We have also studied
the effect of NaOH treatment reaction time on the surface porous structure, extending reaction time up
to 1 h. However, we did not observe substantial differences on the porosity. Uniform macroporous
structure may be expected at extended reaction times (say 6 h or 12 h), but its contribution to the
surface textural properties (surface area and pore volume) will be minimal because of a lack of micro-
and mesoporous structure. Development of mesoporous structure can be seen after NaOH, ZnCl,,
and KOH chemical activation at 900 °C (Figure 3g-0). Porosity seems smaller in the NaOH activated
sample, NCM_N (Figure 3i) compared to the ZnCl, (NCM_Z) and KOH (NCM_K) activated samples
(Figure 31,0) demonstrating that ZnCl, and KOH are the better activating agents for the development
of micro/mesopore structure in the carbon.

Figure 3. SEM images of the prepared materials as typical example. (a—c) RHC, (d—f) RHC_NaOH,
(g-i) NCM_N, (j-1) NCM_Z, and (m-0) NCM_K.

Powder X-ray diffraction patterns showed amorphous carbon structure. Two broad pXRD peaks
(Figure 4a) observed for the NCM_Z and NCM_K samples at diffraction angles, 20 ~25 and 43 degree
represent typical features of amorphous carbons. These peaks corresponded to the (002) and (101)
planes of micrographitic clusters formed during activation process at elevated temperatures [59-61].
Due to low processing temperature, in RHC and RHC_NaOH samples, ordered graphitic layers were
not fully developed, and as a result pXRD peaks corresponding to (101) plane are absent. On the
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other hand, a sharp diffraction peak appeared at 260 ~26 degrees for the NCM_N sample indicated
the formation of highly graphitic carbon clusters, which is in agreement with the previous report that
NaOH activation at high temperature leads to perfection in the crystalline graphitic structure [62].

Using the Raman scattering technique, the graphitization degree, defects, and bonding states of
the prepared nanoporous carbon material were studied [63]. As seen in Figure 4b, Raman scattering
spectra of all the samples exhibit two broad bands at 1345 (D) and 1590 cm ™! (G), corresponding to the
typical amorphous carbons [64]. The defect induced D band in the Raman spectrum represents the
disordered carbon structure and corresponds to sp® carbon, while the graphitic G band is coming from
the Ex; mode and arises from C-C bond stretching in graphitic carbon materials [60,65]. The G band
is commonly observed in all sp? carbon systems such as carbon nanotubes, graphene, and fullerenes.
The relative intensity of the G and D bands (Ig/Ip), which measures the degree of graphitization,
is exceptionally high in NCM_N (Ig/Ip ca. 1.23), which indicates the fact that NaOH activation
caused higher degree of graphitization. The rest of the samples have essentially the same degree of
graphitization Ig/Ip ca. in the range of 1.01 to 1.16, which is similar to that observed in commercial
active carbons.

@) U

11,7101 NCMLK
111 =1.00
NCM Z o NCM Z

H F

z 3

E NCMLN 1123 NCM.N
Il,= 146 RHC
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020 30 4 5 1200 1500 1800
20 (degree ) Raman shift (cm”)

Figure 4. (a) pXRD patterns, and (b) Raman scattering spectra of RHC, RHC_NaOH, NCM_N, NCM_Z,
and NCM_K recorded at 25 °C.

Figure 5 shows nitrogen adsorption-desorption isotherms, and the pore size distributions
obtained by Barrett-Joyner-Halenda (BJH) and density functional theory (DFT). As it can be seen,
nitrogen sorption isotherm is very much different depending on the sample indicating that the
activating agent plays an important role on the surface area and pore volume of the prepared NCMs.
Nitrogen adsorption capacity of RHC and RHC_NaOH before chemical activation is very low, which
indicates the low porosity development in these sample as revealed by SEM observation. However,
after chemical activation, nitrogen adsorption of the rice husk derived NCMs is enhanced drastically
and the materials displayed mixed Type-I/Type-IV adsorption isotherms [64,66]. Significant increase
of nitrogen adsorption at lower relative pressure with a hysteresis loop at higher relative pressures
(Figure 5a: NCM_K)) is a typical sorption isotherm of porous materials containing both micro- and
mesopore structures. High nitrogen adsorption at lower relative pressure is well-known phenomena
of micropore filling, whereas capillary condensation occurring in the mesopores is responsible for the
hysteresis loop. The pore size distribution curves shown in Figure 5b (BJH method) and Figure 5¢ (DFT
method) further confirm the presence of meso- and microporous structure of the NCMs. From the
adsorption isotherms Brunauer-Emmett-Teller (BET), surface areas were ca. 885 m?/ g (NCM_N),
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1264 m?/ g (NCM_Z), and 2342 m?/ g (NCM_K). The BET surface areas of pre-carbonized samples
before activation were very poor and were ca. 156 m?/g (RHC) and 214 m? /g (RHC_NaOH). Similarly,
total pore volumes of the prepared NCMs were ca. 1.18 cm3/g (NCM_N), 1.99 cm?/g (NCM_Z)
and 2.94 cm3/g (NCM_K), while that of non-activated samples were ca. 0.26 cm?®/g (RHC) and
0.46 cm3/g (RHC_NaOH). The average pore size of chemically activated NCMs were ca. 5.37 nm
(NCM_N), 3.26 nm (NCM_Z) and 5.0 nm (NCM_K). It is interesting to note that KOH activated sample
displayed excellent surface textural properties BET surface area (2342 m?/g), which is much higher
than most of the commercially available activated carbons, whose surface area were found in the range
of 10001200 m? /g [64,67].

(@) Nk (LTI A———
NCM Z o
+mM:N % 06}
1500 e 1 = 04
o -
8 3 02f
& 00
% 1000 - E
(©)
g — 010
= (=2
S 500 F 1 <
8 o
3
0 1 1 1 0.(1] r
0.0 0.2 04 0.6 0.8 1.0 0 510 15 20 25 30
PP, Half pore width (nm)

Figure 5. (a) Nitrogen adsorption-desorption isotherms of RHC, RHC_NaOH, NCM_N, NCM_Z,
and NCM_K, (b) Corresponding pore size distribution curves as obtained from BJH method,
and (c) Corresponding pore size distribution curves as obtained from DFT method.

Table 1 compares the surface textural properties (surface area and pore volume) of our NCMs
with similar nanoporous carbon materials derived from other agricultural wastes [35].

Table 1. Comparison of surface area and pore volume of our NCMs (derived from rice husk) with
similar nanoporous carbon materials derived from other agro wastes by chemical activation method
with different activating agents.

Precursors Activating Agents ~ Temperature (°C) BET Surface Area (m?/g)  Pore Volume (cc/g)
Sugarcane baggage ZnCl, 400 736 0.34
Corn cob ZnCl, 400 1370 0.62
Corn cob H3PO4 400 1288 1.64
Bamboo ZnCl, 400 1435 0.63
Bamboo H3POy4 400 1431 1.10
Bamboo H3PO4 500 1340 2.01
Bamboo H3PO4 600 2129 2.69
Lapsi seed ZnCl, 400 1233 0.55
Lapsi seed NaOH 400 1002 0.26
Rice husk (this work) NaOH 900 885 1.18
Rice husk (this work) ZnCl, 900 1264 1.99
Rice husk (this work) KOH 900 2342 2.94

Inspired by the excellent surface area and pore volume of the rice husk derived nanoporous
carbon material, we have investigated their iodine and methylene blue adsorption properties and
iodine and methylene blue numbers were determined. The obtained results are also compared
with commercial activated carbon and also RHC and RHC_NaOH before activation. Extensive
investigations have been carried out on the adsorptive capacity of methylene blue on different
adsorbents. Methylene blue number is an indication of adsorption capacity for large molecules
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comparable to methylene blue. Raposo et al. [68] used a simple but very effective technique to evaluate
the adsorption capacity of activated carbons and found that the adsorption process depends on several
parameters, including pH, adsorbent concentration of adsorbate, contact time, and temperature.
However, determination methylene blue number following the ASTM D 4507-97 method [55] is rather
quick and gives quantitative information related to the adsorption capacity of activated carbon without
going through rigorous study of kinetics of adsorption and fitting the experimental data into various
models of adsorption isotherms. In the present investigation batch, adsorption tests were carried out
at the original pH of the solution without any pH adjustment at 25 °C and varying the concentration of
methylene blue from 25 to 1000 mg/L. The contact time of 24 hours was used to measure the isotherm
of all samples. To determine the methylene blue number, a linearized form Langmuir isotherm
(Equation (4)) was used in which qe/ce was plotted against ce and by least square fitting regression the
maximum amount of methylene blue adsorbed by 1 gram of NCM, qmax, (methylene blue number)
was evaluated. The value of determination coefficients, R?, was higher than 0.95.

Iodine number is a simple and quick method to evaluate the internal surface area of the carbon [69].
We have found that the iodine number of the materials ranges from 228 to 1726 mg/g, with the highest
number for the RHC_K sample (1726 mg/g), which is more than double the commercial activated
carbon (787 mg/g) (Figure 6a). Whereas the iodine number of 1 NCM_N (711 mg/g) and NCM_Z
(863 mg/g) is comparable to that of the commercial activated carbon. As expected, due to a lack
of well-developed porosity, an iodine number of RHC (228 mg/g) and RHC_NaOH (254 mg/g) is
very low. It should be noted that the performance of NCMs is generally expressed through an iodine
number. The higher the iodine number, the better the activation. Furthermore, the iodine number
also measures the micro porosity of the NCMs. The observed the highest iodine number of the KOH
activated NCM_K, therefore, indicates the well-developed micro porosity in the carbon material (as
supported by the BET data) and this material would have potential in iodine adsorption or separation
of iodine from aqueous phase.

Figure 6b shows the methylene blue (MB) numbers of the RHC, RHC_NaOH, NCM_N, NCM_Z,
and NCM_K. The MB number ranges from 80 to 608 mg/g, again giving the maximum value for
RHC_K sample (608 mg/g), which is exactly double the MB value obtained for commercial activated
carbon (304 mg/g). The MB values for RHC_NaOH, NCM_N, and NCM_Z are comparable while
that of RHC is extremely low (80 mg/g). The excellent methylene blue adsorption performance of
our material demonstrate that rice husk derived high surface area nanoporous carbons would have
potential in water purification for the removal of water soluble organic dyes form waste water or
industrial effluents [67,70].
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Figure 6. Results obtained from iodine and methylene blue adsorption: (a) Iodine numbers of RHC,
RHC_NaOH, NCM_N, NCM_Z, and NCM_K, and (b) Corresponding methylene blue (MB) values.
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4. Conclusions

Using agricultural waste and rice husk, we have fabricated high surface area nanoporous carbon
material (2342 m?/g) by modified physical/chemical activation method, which perform excellently for
iodine and methylene blue adsorption giving iodine and methylene blue number of 1726 mg/g and
608 mg/g, respectively. The adsorption properties of our material is far better than the commercial
activated carbon, demonstrating that the rice husk derived nanoporous carbon material would have
potential as a high efficiency adsorbent in water purification. Since the starting material is low-cost
agro-waste, scalable production of high surface area nanoporous carbon material would be an asset to
sustainable technology.
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