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ABSTRACT

In this study, activated carbon (AC) was prepared from peanut shell by activation with potassium
hydroxide. The process parameters to prepare (AC) were optimized with respect to time,
temperature and impregnation ration. The prepared AC was characterized by N, adsorption—
desorption isotherms Brunauer-Emmett-Teller (BET), Fourier-transform infrared spectroscopy and
scanning electron microscopy. The maximum BET surface area achieved was found to be 716 m?/g.
The AC exhibited excellent adsorption performance to methylene blue (MB). The Langmuir iso-
therm model was fitted well to describe the equilibrium adsorption data and the maximum adsorp-
tion capacity was achieved to be 1,388 mg/g. The adsorption followed the pseudo-second-order
kinetic model. The thermodynamic study showed that the MB adsorption onto AC was exothermic
and spontaneous. Considering high adsorption capacity, AC derived from peanut shells can be used
as a promising adsorbent for efficient treatment of textile wastewaters.
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1. Introduction

Textile-dyeing industries consume huge number of
dyes, and a large portion of these dyes is disposed to the
environment in form of wastewater. These dyes have high
environmental impact; because they are chemically stable,
non-biodegradable and potentially carcinogenic [1]. In
addition, the highly colored dye-containing effluents dis-
carded in to natural water bodies reduce photosynthesis
of aquatic plants by preventing the penetration of sunlight
into the water affecting the balance of aquatic ecosystems
[2]. Methylene blue (MB) which is selected as a model dye
in the current investigation has wider applications, which
include colouring paper, temporary hair colorant, dyeing
cottons, wools, and coating for paper stock. Despite the fact
that methylene blue is not extremely toxic, it can have neg-
ative consequences. People who are exposed to methylene
blue for a short period of time may have symptoms such as
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accelerated heart rate, vomiting and shock, Heinz body for-
mation, cyanosis, jaundice, quadriplegia and tissue necrosis
[3,4]. In the last decades, the dyeing industries have been
flourishing in the developing countries, where economical
benefit and employment-issues have priority before strict
implementation of environmental laws [5-7]. Therefore,
a cost-efficient wastewater treatment system needs to be
developed and tailored for industrial application to prevent
environmental pollution arising from synthetic dyes.

Many researchers have taken spontaneous task to
develop cost-effective technology to treat the dye-containing
wastewater [8-13]. The conventional methods like coag-
ulation, flocculation, precipitation, chemical oxidation,
anaerobic degradation, filtration, nanofiltration, membrane
bioreactor and so on, are widely employed for the treat-
ment of dye containing wastewater [14-16]. These exist-
ing technologies are often inefficient to reduce pollutant
concentrations to anticipated level in a cost-effective and
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efficient manner. Each one has its own set of advantages
and disadvantages. Chemical treatment will eliminate
the coloration by destroying the chromophoric group of
the dyes, but this does not always result in full mineral-
ization [17]. Adsorption and chemical coagulation do not
cause dye degradation, but they do create a waste disposal
problem [18,19]. Biological treatment method, although in
most cases appears to be effective owing to the favorable
microorganism-growing climate, is not appealing due to the
necessity of large area required for the facilities in a dense-
ly-populated country like Bangladesh and the production
of large volume of sludge [20]. But even when one approach
seems good, its capital costs or operating costs often
make it impossible to use it in industries that need a lot of
water [21]. It has become very hard to treat wastewater in
a way that is both cheap and good for the environment.

Over the years, adsorption has been shown to be one
of the most reliable and proven wastewater treatment
methods in the textile industry because it is a cost-effec-
tive method for removing colors and decolorizing textile
effluents. The adsorption process refers to the transfer of
wastewater-soluble organic dyes to the adsorbent’s sur-
face, which is a solid and extremely porous substance. It
is imperative that the adsorbent should be changed with
fresh materials as soon as it becomes saturated with the
adsorbates. Additionally, an adsorbent must have the abil-
ity to be regenerated or burnt so that it may be reused.
This approach is able to extract both small and bulky
organic and inorganic compounds, as well as hazardous
and non-toxic substances from their solutions without pro-
ducing any by-products or disintegrating the compound.
Furthermore, a subsequent desorption step is able to
retrieve the expensive solute molecule without compromis-
ing its composition or disrupting its structure. It has been
proven that the adsorption method is superior for the treat-
ment of water pollution since it requires less investments
in terms of both the original cost and the acreage that it
occupies. The equipment used for the adsorption process
is simple to design and easy to operate. Therefore, adsorp-
tion might be considered a viable approach for treating
wastewater, particularly if the adsorbent is economical and
easily available. In the last two decades, researchers have
given great attention to remove different organic pollutants
from wastewaters with different adsorbents [8,14,21-26].
An efficient adsorbent must have a large specific surface
area with a consistent nanoscale pore distribution in order
to function properly. Activated carbon (AC) is commonly
employed to remove contaminants from water or wastewa-
ter through the process of adsorption; however, one of the
drawbacks of using AC is that it requires a very large ini-
tial investment. As a consequence, there is still a significant
demand for research into the development of inexpensive
novel AC with high adsorption capacity.

In recent decades, a large amount of research effort
has been invested into the quest for ecologically benign
and widely available low-cost materials that may serve as
precursors in the fabrication of AC [23,25-27], leading to
cheap production cost. These ACs are expected to exhibit
adsorption capacity much higher than their precursor,
and could undergo regeneration process at high tempera-
ture. Recently, agricultural wastes have attracted attention

of many researchers to prepared AC in order to treat dye-
containing wastewater [28-33]. The mesoporous AC with
comparatively high surface area and pore volume was pre-
pared from coconut husk while potassium hydroxide (KOH)
was utilized as activating agent for activation [34]. The
adsorption capacity of the prepared AC was investigated by
the adsorption of methylene blue. The prepared AC exhib-
ited excellent adsorption performance for the adsorption of
MB with a monolayer adsorption capacity of 434.78 mg/g
at 30°C. It is reported that ZnCl, activation prepared meso-
porous AC that is utilized favorably for the removal of large
molecules compared to AC prepared by H,PO, impregna-
tion. Pereira et al. [35] prepared cocoa shells and siriguela
seeds derived AC by H,PO, and ZnCl, activation in nitro-
gen as well as CO, atmosphere. The AC prepared by H PO,
activation was favorable for the removal of the protein
a-lactalbumin. In another study, ZnCl, impregnated AC pre-
pared form Hura crepitans Linn seed shells showed higher
adsorption efficiency of MB than the AC prepared by H PO,
activation [36]. Furthermore, [37] walnut shells derived
ACs prepared by activation showed the adsorption capac-
ity of 315 mg/g for the MB adsorption. In addition, Nsami
and Mbadcam [38] produced AC with specific surface area
of 648 m*/g from cola nut shells by ZnCl, activation which
showed MB adsorption capacity of 87 mg/g. However,
the trend in the present work is to produce high-capacity
AC using the raw materials abundant in the locality.

Peanut shells are one of the valuable agricultural waste
resources which can be used as precursor to prepare AC.
Bangladesh is an agricultural country. A huge quantity of pea-
nuts is produced in Bangladesh each year. As a by-product
of peanut production, peanut shell is normally used as fuel
in rural area without any commercial value and technolo-
gy-added applications. Therefore, it is essential to utilize
these by-products to produce a useful and a value-added
product like AC. To this day, very little information has
been published regarding an effective and straightforward
method of producing AC from peanut shell and employing
it as a possible adsorbent for the treatment of textile effluents
that contain organic colors [39-41]. In addition, the effect of
process parameters on AC production yield has not been well
investigated.

The purpose of the present work was to prepare AC
from peanut shell by KOH activation and explore the feasi-
bility of using this AC as adsorbents to treat dye containing
wastewaters. The influences of different activation parame-
ters on the percentage yield of AC as well as its adsorption
performance have been studied. The as-prepared AC was
characterized by various techniques. The different adsorp-
tion parameters for the removal of a cationic dye MB were
studied in order to evaluate the adsorption capacity of the
as-prepared AC.

2. Material and methods
2.1. Materials

Peanut shells, disposable part of commercial prod-
uct “peanuts’, were collected from a local market in Sylhet,
Bangladesh, and used as raw materials for the production
of AC. All working solutions of methylene blue (MB) were
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prepared by diluting the stock solution of concentration
1,000 mg/L with adding distilled water to the prescribed
concentration. The solutions of desired pH were obtained by
adding 0.1 M HCl or 0.1 M NaOH solutions. All chemicals
utilized in this work were of analytical grade and used as
received without further purification.

2.2. Preparation of AC

The peanut shells collected from the local market were
washed with distilled water to remove dust and dirt, dried
at 110°C and then crushed to desired particle size. The
crushed peanut shells were then impregnated with acti-
vating agent KOH at different activating agent/precursor
ratio by mass under vigorous stirring for 24 h at room
temperature. It was then filtered and dried in an oven at
120°C for 24 h. Subsequently, the impregnated precursor
(of known weight) is transferred to a stainless-steel reac-
tor (18 cm length and 4.5 cm diameter) with narrow ports
at both ends prepared locally. An inert medium inside the
reactor was created by purging N, through the reactor. After
purging both ends of reactor was closed and the reactor was
placed inside a muffle furnace for carbonization at differ-
ent temperature and holding time. The activated samples
were then washed several times with distilled water until
the pH of the washing solution reached 7. Finally, the sam-
ples were dried in an oven at 105°C for 24 h and stored in
glass containers. Impregnation ratios varying from 0.5 to
1.5 and holding time of 1 h to 3 h and carbonization tem-
perature of 400°C-700°C were tried and the yield of the
resultant carbon was determined.

Peanut shells, disposable part of commercial product
‘peanuts’, were collected from a local market in Sylhet,
Bangladesh, and used as raw materials for the production
of AC. The cost of the collected raw peanut shells was thus
omitted from the analysis of the total costs. The cost of
consumables was calculated by budgeting quotes for these
consumables that were acquired from several vendors.
Industrial energy price from the local electricity source
(Bangladesh Power Development Board (BPDB), Sylhet)
was used to evaluate necessary utility services. The drying
oven and the electric furnace are the two pieces of equip-
ment that use the most electricity. The cost of producing
activated carbon from peanut shell in the laboratory was
determined to be USD 2.95/kg which was comparable to the
estimated cost of producing iron based metal organic frame-
work described elsewhere [42].

2.3. Characterization of the precursor and the AC

The following physical and chemical parameters of the
precursor and the AC have been determined:

® Chemical composition: This parameter was represented
by lignin-, hemi-cellulose-, cellulose-, and extractive com-
ponents-content of the peanut shells and was determined
by conventional analytical methods [43].

® Specific surface area and pore-size distribution: These
parameters of the peanut shell powder and the prepared
AC were determined by N, adsorption—-desorption iso-
therms at 77 K (ASAP-2020 Plus, Micromeritics Instrument

Corporation, USA). Before each analysis, the samples
were degassed at 120°C in vacuum for a time interval
long enough to reach a constant pressure less than 10 pm
Hg. The specific surface areas (S,,;) were calculated using
the Brunauer-Emmett-Teller (BET) equation between
0.06 and 0.3 relative pressure (P/P ). Mesopore size distri-
butions were obtained from the Barrett-Joyner-Halenda
(BJH) method [44] applied to the adsorption course of
the nitrogen adsorption isotherm. The calculation was
performed by the Micromeritics software package which
used the recurrent method and applied the Harkins-Jura
equation for the multilayer thickness estimation [45].

e Surface texture of AC: The surface and the pore-structure
of the peanut shell powder and the prepared AC were
studied by scanning electron microscope (SEM).

e Functional groups: The functional groups on the AC sur-
face were determined from a Fourier-transform infrared
spectroscopy (FTIR) spectra (acquired by FTIR spectro-
scope, Shimadzu IR, Japan). The samples were diluted
with KBr and pressed to form a disk-shaped compact
mass prior to FTIR analysis. FTIR spectra were measured
in the frequency ranging from 450 to 4,000 cm™.

e pH at point of zero charge, pHpzc: This parameter of
the prepared AC was determined by pH drift method.
Typically, solutions of different initial pH (2-10) were
prepared in 50 mL plastic Erlenmeyer flasks. To the
solutions with adjusted pH, 0.2 g of AC was added and
the suspensions were shaken with a flash shaker and
allowed to equilibrate for 24 h at room temperature.
After 24 h, the suspensions were separated by filtra-
tion and the final pH values of the supernatant liquid
were measured. The pH__was determined from point
of intersection of the plot initial pH, vs. change in pH
values (ApH) at which ApH is 0.

e Determination of methylene blue number: The methy-
lene blue number is defined as the maximum amount
of dye adsorbed on 1.0 g of adsorbent. Therefore, it is
the concentration of dye in the solid phase. It is also
described in the literature as q,. In order to determine
the methylene blue number of the prepared AC 0.10 g
of AC were stirred with 200.0 mL methylene blue
solution of initial concentration 600 mg/L for 4 h. The
solution was then centrifuged and remaining concen-
tration of methylene blue was analyzed using a UV/
Vis spectrophotometer (Model UV-1601, Shimadzu
Corporation, Japan). The methylene blue number was
determined by the Eq. (1):

MB (G, -¢c)Vv M
W

where C, (mg/L) is initial concentration, C, (mg/L) is equilib-

rium concentration, V (L) is volume of solution and W (g) is

the amount of AC.

2.4. Batch adsorption study

2.4.1. Effect of pH

The effect of pH on the adsorption intensity of methy-
lene blue was studied over the pH range of 2-10. A series
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of 100 mg/L methylene blue solutions at various initial
pH (2-10) were prepared by the addition of either HCI
or NaOH. 200 mL of each of these methylene blue solu-
tions was taken in Erlenmeyer flask containing 0.1 g AC
and was shaken for 4 h using flash shaker at a constant
oscillation of 400 osc/min. The adsorbent was then sepa-
rated from the aqueous phase by centrifugation. The con-
centrations of MB were determined using a double beam
UV-Visible spectrophotometer (UV-1601 Shimadzu, Japan)
at 664 nm.

2.4.2. Effect of adsorbent dosages

The effect of AC dosages on the adsorption capacity of
AC MB was investigated by adding 0.1-0.5 g ACs into a
series of 250 mL Erlenmeyer flask each filled with 200 mL
of MB solution of 200 mg/L. Each sample was then shaken
for 4 h at a constant oscillation of 400 osc/min. The sam-
ples were then centrifuged and the concentrations of MB
remaining in the supernatant were then analyzed as before.

2.4.3. Adsorption isotherm study

Equilibrium studies were performed by adding 0.1 g
of AC to 200 mL of MB solution of concentrations 200,
300, 400, 500 and 600 mg/L in 250 mL Erlenmeyer flasks.
Adsorption equilibrium was attained by shaking the flask
for 4 h was sufficiently high for the attainment of adsorp-
tion equilibrium followed analysis the samples as before.
The adsorption capacity (defined as concentration of MB
in the solid phase, mass/mass) at equilibrium, g, (mg/g),
was calculated by:

(C,-C )V @
q.= W
where C, and C, (mg/L) are the liquid-phase concentrations
of the dye at initial and equilibrium conditions, respectively,
W is the amount of adsorbent in g and V is the volume of
the solution in mL. Similar equilibrium study was per-
formed at different temperatures in order to investigate the
effect of temperature on the adsorption of methylene blue
onto the prepared AC.

2.4.4. Kinetic study

Kinetic study was performed following the similar
procedure as isotherm study changing the concentration
in the range of 200-500 mg/L while keeping the solution
volume and adsorbent dosage constant. MB solutions at
preset time intervals was collected by disposable syringes
and the concentrations were then determined as before.
The adsorption capacity at time t, 4, (mg/g) was calculated
by the following equation:

_(G,-c)v

1= @)

where C; and C, (mg/L) are the liquid-phase concentrations
of dye at initial and at any time ¢, respectively.

3. Results and discussion
3.1. Characterization of the peanut shell

The proximate analysis and the determination of lig-
nocellulosic component in the peanut shell precursor
were studied in order to know its quality for the produc-
tion of AC as the porous structure of the prepared AC is
determined by the lignocellulosic components content in
precursor. The precursors with high contain of cellulose
and lignin percentages contribute high yield and porous
nature of the produced AC [46]. The proximate analy-
sis of peanut shell confirmed the fixed carbon content of
21.95 wt.%, volatile content 71.15 wt.% and ash content
4.80 wt.%. Component analysis revealed that the cellulose
content in the peanut shells with dry basis component
mass was as high as 41.02 wt.% and the lignin-content was
the second richest group with 32.87 wt.%. It was reported
that agricultural solid like peanut shells possessing high
percentage of cellulose and lignin could be utilized to
prepare AC of enhanced surface area [47,48].

3.2. Optimization of activation parameters

The important variable that should be considered to
produce AC from its precursor is its yield. It is defined as
the amount of AC formed per unit mass of peanut shell
and is expressed in percentage. It is essential to have high
yield for feasible cost-effective production of AC. The
important variables to have high yield of AC include acti-
vation time, temperature and impregnation ratio. Results
for percentage yield of AC prepared at various activation
conditions are shown in Table 2. The yield of AC increased
from 40.10% to 78.34% when the impregnation ratio was
increased from 0.5:1 to 1.5:1. Inhibition of tar formation
and fast pyrolytic decomposition are considered as reasons
for higher yield of carbon with increasing impregnation
ratio [49]. The chemical activating agent, KOH, also may
act as a barrier to protect the internal carbon structure and
prevents the production of volatile products from exces-
sive burn-off [50].

The yield of AC was also affected by activation tem-
perature. Table 1 shows that the yield of the AC decreased
monotonously from 71.39% to 56.29% with increasing tem-
perature from 400°C to 700°C. This low yield of AC was
due to the release of more volatile components as a result
of enhanced rate of reaction between carbon and KOH at
a higher temperature with simultaneous development of
pores in AC [51,52]. Similar trend was reported by previous
authors [53,54].

The development of porous structure and the yield of
AC were also affected by activation time. Table 1 demon-
strates that the AC yield decreased from 83.29% to 64.30%
when the activation time was increased from 1 to 4 h. This
was due to higher carbon burn-off at longer retention time
[55]. In the present study, the activation process parameters
were optimized by MB number which is an indication of
the performance of AC as adsorbent.

The effects of various carbonization parameters on the
MB number are shown in Fig. SIA-C and Table 1. As seen
in Table 1, the methylene blue number increased from 353 to
511 mg/g with increasing the impregnation ratio from 0.5:1
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to 1:1 keeping other parameters such as carbonization tem-
perature and time constant at 500°C and 4 h, respectively;
but decreased after further increase in impregnation ratio
from 1:1 to 2:1. In this range, the methylene blue number
reduced from 511 to 396 mg/g. Thus, the maximum MB
number was achieved at impregnation of 1:1. In the course
of activation, potassium hydroxide was responsible for the
degradation of organic materials releasing volatile matter
and simultaneously developing void and porous structure
resulting higher MB number. In addition, KOH reacts with
C under nitrogen atmosphere leading to the formation of
K,O, Kand K,CO;, in the course of the activation. Diffusion of
these compounds through the structure of hydrochar create
new pores and make the existing pore larger [56]. Similar
effects were reported by other authors as well [57,58].

At the optimum impregnation ratio of 1:1, the car-
bonization was accomplished at various temperatures
(400°C-700°C) for 3 h. The obtained AC demonstrated high-
est MB number of 572 mg/g at 500°C (Table 2). This highest
value of MB number clearly indicated that 500°C was the
optimum temperature for the activation of peanut shell for
AC formation.

The impregnated peanut shell was carbonized for dif-
ferent time interval (1-4 h) at optimum impregnation ration
and activation temperature. The MB number increased
up to activation time 3 h which decreased further on the
increase in activation time. Thus, the highest MB number
was found to be 572 mg/g for the AC carbonized for 3 h.
The MB number reduced owing to the formation of mes-
opores resulting from widening of micropores [59]. From
these results, it is concluded that the carbonization of pea-
nut shell with impregnation ratio of 1:1 at 500°C for 3 h

The nitrogen adsorption isotherm clearly showed that the
prepared AC was a composite of micro-mesoporous in
nature. The micro-mesoporous nature of the prepared AC
was further confirmed by pore-size distribution (Fig. S2B).
The textural properties of the prepared AC are repre-
sented in Table 2. The BET specific area was observed to be
716 m*/g and surface area of pores were estimated as 253
and 287 m?/g, respectively. The surface area of the peanut
shell powder before activation was found to be 0.83 m?%g.
The total pore volume was 0.63 cm?®/g at relative pressure
(P/P,) of 0.985 while the average pore diameter was found
to be 6.5 nm. The average adsorption pore diameter of pea-
nut shell powder before treatment with KOH was 7.98 nm.
The adsorbate can easily be adsorbed if the diameter of
the adsorbate is 1.7 times smaller than that of adsorbent
pore diameter. As the diameter of MB is about 0.8 nm,
the prepared AC could easily adsorb MB molecules [61].

3.3.2. Scanning electron micrograph analysis of AC

Scanning electron microscopy (SEM) was employed
to investigate the surface morphology of the prepared AC
and peanut shell powder before activation with KOH. Very
few big pores were present in the peanut shell powder
before it was treated with KOH, as indicated by the SEM
image presented in Fig. S3. SEM micrographs as displayed
in Fig. 1 clearly demonstrate that after activation pores with

Table 2
Textural properties of peanut shells derived AC

were the optimum conditions for the production of AC. BET surface area (S,;,) 716 m*/g
Langmuir surface area (S, 1,077 m?/g
3.3. Characterization of AC Micropore surface area (S_, ) 402 m?/g
3.3.1. Surface area and pore-size distribution External surface area (5,,) 314 m/g
Total pore volume (V) 0.276 cm®/g
Information about the adsorption mechanism and Micropore volume (V) 0.213 cm¥/g
the porous structure of .AC are primarily obtained fr.om Mesopore volume (V) 0.063 cm’/g
the shaPe of adsorption isotherm [60]. The N, adsorption/ Y 77.17%
desorption isotherms of ACs prepared from peanut shell mie * T .
is given in Fig. S2A to explain general features of AC. Average pore diameter (D,) 6.5nm
Table 1
Optimization of activation parameters for the preparation of AC from peanut shell with KOH activation
Sample No. Carbonizing Activation Impregnation Yield (%) Methylene blue
temperature (°C) time (h) ratio number (mg/g)
KOH# 01 500 4 0.5:1 40.10 353
KOH# 02 500 4 1:1 64.30 511
KOH# 03 500 4 1.5:1 78.34 447
KOH# 04 500 4 2:1 68.65 396
KOH# 05 500 1 1:1 83.29 393
KOH# 06 500 2 1:1 74.29 491
KOHH# 07 500 3 1:1 67.46 572
KOHH# 08 400 3 1:1 71.39 451
KOH# 09 600 3 1:1 63.43 532
KOH# 10 700 3 1:1 56.29 511
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Fig. 1 Scanning electron micrograph of AC from peanut shell prepared under optimum conditions (activation temperature =773 K,

activation time = 3 h and impregnation ratio = 1:1)

different sizes were developed. The asymmetrical pores in
the outer surface of AC confirmed the presence of inter-
nal meso-micropores of AC. Formation of the pores was
due to the intercalation of K formed during activation [62].

3.3.3. FTIR analysis

The functional groups of the as-prepared AC were inves-
tigated using FTIR technique. The FTIR spectra of peanut
shell derived AC prepared at optimum process parame-
ters is shown in supplementary information (Fig. S4). Four
noticeable peaks were observed in the FTIR spectra of AC.
A broad band ranging from 3,200 to 3,500 cm™ was ascribed
to the O-H stretching vibration of hydroxyl groups. The
peak at 2,355 cm™ corresponded to the N-H or the C=O
stretching vibrations. An absorption at 1,570 cm™ indicated
the presence of aromatic ring or C=C stretching vibra-
tion [63]. The C=O and C-O of carboxylic groups [64] or
in-plane vibration of O-H of carboxylic group [65] were
confirmed by the absorption peak at frequency 1,400 cm™.

3.3.4. Determination of pH, of the AC

At the point of zero charge (pH__. the amount of
L . . pze)
acidic and basic functional groups on the adsorbent sur-

face is equal. Fig. 3 shows the plot of the difference of pH

(ApH = pH, — pH,) vs. initial solution pH. From Fig. 2A it
was apparent that the graph intersected the abscissa at
pH 6.4 + 0.2, and thus at pH 6.4 + 0.2 the surface charge
of the prepared AC became neutral. Hence the pPH,,. of
the AC adsorbent was estimated to be 6.4 + 0.2.

3.4. Adsorption study
3.4.1. Effect of pH on adsorption

The removal of dye by adsorption is strongly affected
by the nature of adsorbent active sites and the chemistry
of adsorbate in aqueous media which in turn is largely
depended on solution pH. The adsorbent surface charge and
the extent of ionization of adsorbate molecules is affected
by solution pH [66]. As the H* and OH- ions are relatively
strongly adsorbed, the change in solution pH, therefore,
affects the adsorption of other ions.

The effect of pH on the adsorption performance of AC
for MB adsorption is shown in Fig. 2B. The removal of MB
increased from 22% to 97% and the equilibrium adsorp-
tion capacity increased from 43 to 193 mg/g with increas-
ing initial solution pH from 2.0 to 10.0. The MB adsorption
on AC was nearly constant at pH higher than 9.0. Removal
of dye suddenly increased after pH range 6.4. This could
be explained by the electrostatic interaction of between
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positively charged dye and negatively charged active sites
on AC. The number of negatively charged sites on AC
increased with increasing pH which enhanced the attraction
force between dyes and negatively charged active sites on
AC resulting higher adsorption capacity. The excess H" ions
were strongly adsorbed on AC at lower pH compared to
the dye molecules leading to the lower adsorption capacity
of AC. In addition, the surface of AC got positive charge at
low pH due to the adsorption of H* ions which prevented
the adsorption of MB by electrostatic repulsion force. The
enhanced adsorption capacity higher pH could also be
explained with respect to pH_, . The pH  of AC was found
to be 6.4 + 0.2 (Fig. 2A). At pi{ <pH, . 'AC surface became
positively charged due to the adsorptlon of H'. This created
a strong force of repulsion between the cationic dye MB
and the positive charged AC surface which resulted in low
adsorption. The reverse situation happened when the pH of
the solution was higher than pH . At pH>pH_, the sur-
face of the AC became negative negatlvely Charged by the
adsorption of OH™ leading to increased removal of methy-
lene blue (cationic dye) through electrostatic forces of attrac-
tion. Similar results were observed for the adsorption of
methylene on mango leaf powder [67], jackfruit leaf powder
[68], tea waste [3], coconut coir dust [69], and on pine core
biomass [70].

3.4.2. Effect of contact time and initial concentration

The effect of contact time on adsorption capacity of
AC for MB was investigated at its different initial con-
centrations. The results are presented in Fig. 3A. It is evi-
dent from Fig. 3A that the MB adsorption capacity was
increased with increase in contact time at all initial con-
centrations. Fig. 3A demonstrates that the adsorption was
very fast in the initial stage (up to 70 min) and the equi-
librium adsorption was attained in about 200 min. About
75% + 5% of the total adsorption was took place in the
first rapid phase (70 min) and the subsequent adsorption

210
= 180 - (B)
)
2. 150 -
>
Z 120 A
Q
o
Eh
§ 60 -
he)
< 30 ]
0 T T T T
2 4 1 12
6 o 8 0

L of AC produced from peanut shell and (B) effect of pH on the removal of methylene blue onto AC (C; = 100 mg/L;

rate was found to be decreased. The enhanced adsorption
rate at the initial period was due to increased concen-
tration gradient between adsorbate in solution and that
on the adsorbent surface because most of the active sites
on the adsorbent remain vacant at the initial stage [67].
As the time proceeded, the MB occupied the vacant sites
resulting reduction of concentration gradient and thus the
adsorption rate was decreases in succeeding stages from
70 to 300 min. These kinetic experiments confirmed that
the adsorption of MB dye on the prepared AC was more
or less two-step process: firstly, a very rapid adsorption of
dye from the bulk to the external surface of the adsorbent;
secondly, slow intraparticle diffusion in the interior of the
adsorbent pores. Fig. 3A also displays that the adsorption
capacity of AC for MB increased with initial concentration
of MB. The adsorption capacity for MB increased from 246
to 504 mg/g as the MB concentrations increased from 200 to
500 mg/L which resulted from increased concentration gra-
dient at higher initial dye concentration [71]. The increase in
initial concentration also enhanced the interaction between
adsorbent and dye [72]. On the other hand, at lower con-
centration, the active sites on the adsorbent surface
remained unoccupied resulting lower adsorption capacity.

3.4.3. Effect of dosages on adsorption capacity

The effect of AC dosages on the amount of dye adsorbed
was investigated by performing adsorption experiments
in 200 mL MB solution of concentration 200 mg/L contain-
ing different dosages of AC keeping other parameters con-
stant (Fig. 3B). Fig. 3B exhibits that the adsorption capacity
changed with AC dosage and was decreased with the increase
in AC dosages. The adsorption capacity reduced from 195
to 68 mg/g when the AC dosages was increased from 0.1 to
0.5 g. This might be explained with the availability of the dye
molecules. The number of adsorption active sites on AC in
a fixed amount of solution depends on the dosages of AC.
Usually higher the dosage higher is the adsorption sites.
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Fig. 3. (A) Effect of contact time and initial concentrations on the adsorption of methylene blue onto AC (C, = 200, 300, 400, and
500 mg/L; W= 0.1 g; V=200 mL; pH = 6.8; T = 28°C + 2°C) and (B) effect of AC mass on adsorption capacity (C, = 200 mg/L;

pH=6.8; V=200 mL; T=301 + 2 K).

Consequently, all the adsorption active sites on AC were not
occupied at high adsorbent dosages due to lack of MB dyes
resulting in lower adsorption capacity. At higher dosage of
AC, the surface area was also reduced due the aggregation
of AC which also resulted in lower adsorption capacity [73].

3.4.4. Adsorption isotherms

Adsorption isotherms are generally utilized to report
the adsorption data and describe the interaction of sol-
utes with adsorbents. Isotherms portray the amount of a
molecule adsorbed at different concentrations but at con-
stant temperature. The maximum adsorption capacity of
adsorbent for a given adsorbate is determined by equi-
librium isotherm experiment [74]. Experimental data of
equilibrium adsorption isotherms can be explained with sev-
eral models reported in literature [75]. In the present study,
Langmuir and Freundlich isotherm models have been used
to describe isotherm experimental data.

The Langmuir isotherm assumes that once a adsorption
site is occupied by a molecule of dye, no further molecule
can be adsorbed at that site [76] indicating the maximum
adsorption of dyes onto AC surface is achieved when
the surface becomes saturated. The Langmuir isotherm
model is expressed as [77]:

qe — qUKLCC (4)
1+K,C,

Taking reciprocal, the above equation can be written as

1 1

1
9, 9 49K,

1
= 5
- )
where C, g, are equilibrium concentration (mg/L), adsorption
capacity of adsorbent (mg/g) at equilibrium, respectively;
g, and K, are Langmuir constants. Intersect and the slope

of the plot 1/g, vs. 1/C, are used to determine the Langmuir
constant g, and K, respectively.

On the other hand, the Freundlich isotherm assumes
heterogeneous adsorption surface [78] and is given as:

9. =K.C" ©)

Taking logarithm gives the linear form of Eq. (5) as:
1
Ing, =InK, +=InC, 7)
n

where n and K, are the Freundlich constants indicating
adsorption intensity and adsorption capacity, respectively.
The value of K, and n can be estimated from the plot Ing,
vs. InC,.

Fig. 4A and B show the Langmuir and Freundlich curves
for MB adsorption onto AC, respectively. The isotherm
parameters are presented in Table 3. Table 3 demonstrates
that the Langmuir isotherm was fitted better of experimen-
tal data than Freundlich isotherm which was evidenced by
the correlation coefficients as correlation regression coef-
ficient of Langmuir isotherm was higher (0.99) than that of
Freundlich isotherm (0.971). These results strongly suggested
that there was monolayer coverage of MB dye molecule on
the AC surface. The maximum adsorption capacity of AC
for MB adsorption was obtained to be 1,388 mg/g which
was higher than that of AC prepared from various low-cost
cellulosic materials for MB adsorption stated elsewhere
as listed in Table 4. It is obvious from Table 4 that the pea-
nut shell derived AC in this study exhibited enhanced
adsorption capacity (1,388 mg/g) for the adsorption of
MB as compared to others cited in the literature.

3.4.5. Adsorption kinetics

The adsorption kinetic is important for designing and
modeling of industrial adsorption columns. The mechanism of
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Langmuir and Freundlich constants for the adsorption of methylene blue onto prepared AC

Langmuir isotherm

Freundlich isotherm

K, (L/mg) q, (mg/g) R? K (mg/g)(mg/L)"" n R?
0.213 1,388 0.990 6.755 1.468 0.974
0.005 6.5
(A) (B) 6
0.004 A
®
6 _
0.003 - o
$ s
0.002 A
5.5 1 .
0.001 A
0.000 x x x x | |
0.000 0.003 0.006 0.009 0012 0015 35 45 55 6.5
1/C, InC,

Fig. 4. (A) Langmuir isotherm and (B) Freundlich isotherm for methylene blue adsorption onto AC. (C, = 200-600 mg/L; pH = 6.8;

V=200mL; W=0.1g; T=301+2K).

Table 4
Adsorption capacity of AC prepared from different lignocellu-
losic materials for methylene blue adsorption

Adsorbents Adsorption References
capacity g,
(mg/g)
Rattan hydrochar-based AC 359 [79]
Elaeagnus stone-based AC 288 [80]
Tea waste-based AC 402 [81]
Hazelnut husk-based AC 476 [82]
Tea seed-based AC 325 [83]
Pecan nutshell-based AC 400 [84]
Cotton stalk-based AC 192 [85]
Periwinkle shells-based AC 500 [86]
Rattan sawdust-based AC 294 [87]
Oil palm-based AC 909 [88]
Co-doped Fe-BDC MOF 2.95 [89]
Fe-BDC MOF 8.65 [90]
Peanut shell-based AC 1,388 Present study

solute sorption onto a sorbent can be described with differ-
ent models. To study the adsorption kinetic is essential for
a fast and effective design of model for the adsorption col-
umn. The pseudo-first-order [91] and pseudo-second-order

[92] kinetic models were used to examine the dynamics in
this study due to their good applicability in most cases in
comparison with the other models.

The pseudo-first-order kinetic model assumes that
adsorption rate of solutes is proportional to the quantity of
unoccupied sites. The differential form of the pseudo-first-
order model is usually written as:

d_,

dt ®)

(9. -9)

After integration by applying conditions, g=0at t =0 and
g=gqatt=t, Eq. (8) can be written as:

In(g, —q)=—kt+Ing, ©)
where g, and g are the adsorption capacity (mg/g) of AC for
MB adsorption at equilibrium and at time ¢ (min), respec-
tively, and k, is adsorption rate constant (min™). A plot of
In(q, - q) vs. t is a linear with the slope k, and intercept Ing..
The pseudo-second-order kinetic model predicts the
behavior for the adsorption process for all dye concentra-
tions. This model is also used to predict chemisorption
processes. The second-order kinetic equation is expressed as:

dq _

it Ut (10)
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After integration, Eq. (10) can be written as:

:1+lt

13
q kg q,

(11)

where k, (g/mg-min) is pseudo-second-order rate constant.
The plot of t/q vs. t of Eq. (11) is linear, the slope and inter-
cept of which is used to determine g, and k,, respectively.

Linearized plot of Egs. (9) and (11) are represented in
Fig. 5A and B, respectively. The pseudo-first-order and
second-order kinetic parameters are presented in Table 5.
Table 5 shows that the pseudo-second-order kinetic model
was fitted well compared to first order model as the cor-
relation coefficients for pseudo-second-order model (0.99)
was higher than that of pseudo-first-order model (<0.96)
and the calculated adsorption capacity g, , were close to
the experimental g, values. Thus, the pseudo-second-
order kinetic model well described the kinetic for the
adsorption of MB onto AC.

3.4.6. Thermodynamic study

The feasibility of the adsorption of methylene blue onto
the as-prepared AC was investigated by performing a ther-
modynamic study. The spontaneity of process is determined

(A)

In(q. - q)

0 100 300

¢ (min)
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by the change in Gibbs free energy (AG), the negative values
imply a spontaneous process [72]. The exothermic/endo-
thermic nature of the process and the magnitude of changes
in the adsorbent surface are predicted by the enthalpy
change (AH) and entropy change (AS), respectively [93].
The change in AG is determined using the following
equation:
AG=-RTInK, (12)

The values of AH and AS are determined using the Van't
Hoff equation [Eq. (13)]:

anDz—ﬁ 1 +A—S
R \T R

where R is the universal gas constant, T is the temperature
in Kelvin, and K, is equilibrium constant. The values of AS
and AH can be obtained from the plot InK ) vs. 1/T.

Plot of InK, vs. 1/T for the estimation of the thermo-
dynamic parameters for MB adsorption using prepared
AC is shown in supporting information (Fig. S5). The
thermodynamic parameters AG, AH and AS are presented
in Table 6. According to Table 6, the values of AG at 293
and 303 in adsorption of MB are negative in all cases

(13)

1.40
(B)
1.20 A b
1.00 A
S 0.80 ~

0.60 -
© 200 ppm

0.40 +300 ppm

0.20 = 400 ppm
4 500 ppm

0.00 - w x x

0 100 - 200 300 400
¢ (min)

Fig. 5. (A) Pseudo-first-order kinetics and (B) pseudo-second-order kinetics for the adsorption of methylene blue on AC (C, =200, 300,

400, and 500 mg/L; W=0.1 g; V=200 mL; pH=6.8; T =28°C).

Table 5

Pseudo-first-order and pseudo-second-order kinetic parameters for the adsorption of MB on AC

Pseudo-first-order model

Pseudo-second-order model

C, (mg/L) G, exp (ME/8) k; (min™) ) R k, (g/mg-min) 9, (M8/8) R}

200 246 0.028 205 0.956 2.89 x 10 244 0.998
300 360 0.041 560 0.950 8.9 %107 366 0.992
400 447 0.021 627 0.943 5.7 x107° 450 0.997
500 504 0.026 642 0.955 4.4 x10° 508 0.996
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Table 6

Thermodynamic parameters for the adsorption of methylene blue on AC

C, (mg/L) T (K) AG (KJ/mol) AH (kJ/mol) AS (KJ/mol-K) R?
293 -3.688
200 303 —-2.538 -56.02 -0.177 0.984
323 1.551
293 -3.332
300 303 -2.177 -54.01 -0.172 0.986
323 1.757
293 2.524
400 303 -2.188 -52.69 -0.169 0.924
323 2.355
293 -1.975
500 303 -1.759 —-46.82 -0.151 0.913
323 2.370
600.00 experimental conditions. The as-prepared AC was found
100 ppm to be effective for adsorption of MB as proved by experi-
500.00 | mental results. The AC prepared was micro-mesoporous
' with specific surface area of 716 m?/g. The adsorption
capacities of AC for MB were changed with contact time,
400.00 1 solution pH and dye concentrations. The adsorption
=@ capacity of AC for MB was higher at basic media in com-
Tn 300.00 parison to acid media. The adsorption capacity (mg/g)
£ was increased with contact time and increasing initial
S 50000 4 solution concentration. Equilibrium data fitted very
well in the Langmuir isotherm equation, confirming the
monolayer adsorption of MB with a monolayer adsorp-
100.00 - . . . . .
tion capacity of 1,388 mg/g. This adsorption capacity of
0.00 prepared AC for the adsorption of MB was higher that

290 295 300 305 310 315 320 325
T (k)

Fig. 6. Effect of temperature on adsorption capacity of methylene
blue on AC (C,=100-500 mg/L; pH = 6.8; V=200 mL; W=0.1g).

confirming that the process was spontaneous. Whereas
at 323 K, the value of AG is positive which confirmed that
adsorption was favorable at low temperature. The neg-
ative value of AH ranging from -56.02 to —46.82 kJ/mol
(Table 6) indicated exothermic nature of adsorption whereby
no energy input from outside of the system is required. As
the process was exothermic, one would expect the reduction
of adsorption capacity with increasing temperature. This was
confirmed by investigating the adsorption of MB onto AC at
various temperatures (Fig. 6). From Fig. 6, it was obvious
that the adsorption capacity decreased with increasing tem-
perature which agreed well with the conclusion obtained
from the values of AH. The decrease in the randomness
at the solid/liquid interface in course of MB adsorption
onto AC was evidenced by the negative AS value [94].

4. Conclusion

A batch adsorption experiment was carried out in
order to investigate the potentiality of peanut shell
derived for the adsorption of MB under different

of AC cited in the literature. The pseudo-second-order
kinetic model fitted well to describe the kinetic data of the
adsorption process. The thermodynamic study depicted
the exothermic and spontaneous nature of adsorption
of MB onto prepared AC. The results suggested that the
prepared AC could be applied as promising adsorbent
to treat cationic dye containing wastewaters.
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Supporting information

The N, adsorption/desorption isotherms demonstrated
in Fig. 52 exhibited both type I and IV isotherms with H4
hysteresis loop. According to IUPAC classification, type
I isotherm and IV isotherm with H4 hysteresis loop are
characteristic of microporous structure and micro-meso-
porous material, respectively [1]. Accordingly, if substantial
adsorption is occurred at low relative pressure, the initial
part of the isotherm is type I corresponding to a micropo-
rous structure. The adsorption isotherm shape of type IV
with an H4 type of hysteresis loop at intermediate and high
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relative pressure also indicates the existence of mesopores
and slit-shaped pores.

The pore-size distribution is a characteristic of the inter-
nal structures of microporous and mesoporous carbons.
The t-plot was used to estimate the volume of micro pores
and specific surface area. Fig. S2B demonstrated that the
prepared activated carbon (AC) was micro-mesoporous
in nature. The presence of meso-microporous structure in
the prepared AC contributes to the enhanced adsorption of
large molecules.
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Fig. S1. Effect of (A) impregnation ratio, (B) holding time and (C) temperature on the methylene blue number of prepared

activated carbon.



Fig. 52. (A) N, adsorption—desorption isotherm plots and (B) pore-size distribution of prepared activated carbon.
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Fig. S3. SEM images of peanut shell powder before activation with KOH.
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Fig. 55. Plot of InK, vs. 1/T for the estimation of the thermody-
namic parameters for methylene blue adsorption using prepared
activated carbon.

Fig. 54. FTIR spectra of activated carbon prepared from peanut
shell.
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