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Abstract

Phosphoric acid-activated Terminalia-bellerica (Barro) seed stone powder was carbonized in a muffle furnace
at three different temperatures (300, 400, and 500°C). The activated carbons (BAC-300, BAC-400, and
BAC-500) were characterized by using Fourier transform infrared (FTIR) spectroscopy, scanning electron
microscopy (SEM), methylene blue number, and iodine number. The iodine number (357 mg/g) and specific
surface area (537 m%g) were a maximum for BAC-400. The BACs followed Langmuir adsorption isotherm
and the maximum methylene blue adsorption capacity was 212.77 mg/g. The silver ion removal efficiency was
a maximum at pH 6, 3 mg/L of adsorbent dose, and 20 mg/L of silver ion concentration. The BAC-400 could
adsorb 40 % of silver ion within 5 mins with the initial Ag(I) ion concentration of 20 mg/L and an adsorbent
dose of 1 mg/L.. The percentage of adsorption enhanced to 100% with the increment of adsorbent dose to
3 g/L.The adsorption kinetics of silver (I) ion on BAC-400 was well fitted to pseudo-second-order kinetics
suggesting the chemisorption of silver ions. All the results attributed that low-cost viable adsorbent can be

prepared from Barro seed stone for the efficient removal of silver ion from aqueous solution.
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Introduction

Silver nanoparticles are incorporated in different fields
such as photovoltaic cells, biological and chemical
sensors, etc. [1-4]. Recently there are hundreds
of products such as disinfectants, cosmetics, food
packaging materials, cleaning agents, etc. whichutilize
silver nanoparticles [5]. Besides, silver nanoparticles
induce structural and morphological changes into
bacterial cells, which lead to cell death [6,7]. Despite
several advantages of silver nanoparticles, they have
potential impacts on human health and ecosystems [8,
9]. The most common health effects associated with
continuous exposure to silver are skin discoloration,
eye irritation, liver and kidney damage, etc. [9,10].
It was reported that the widespread commercial
and biomedical applications of silver nanoparticles
enhanced the significant amounts of'the silver ions into
wastewater [11,12] hence to natural water systems.
World Health Organization (WHO) and the US
Environmental Protection Agency (EPA) classified
soluble silver ions as hazardous substances in water
systems and limited the level of silver in drinking
water to be 100 pg/L [13]. Therefore, it is necessary
to remove silver ions from water to eliminate the
toxicity of the water.
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Adsorption is one of the simplest, effective, and widely
used techniques for water treatment processes. The
adsorption efficiency of an adsorbent depends upon
various factors such as the nature of the adsorbent,
pH of the medium, etc. [14]. Activated carbon is
one of the versatile adsorbents because it has a large
surface area, a high microporosity, and a high degree
of surface reactivity, hence, high adsorption capacity
[15]. Currently, various studies have been conducted
to develop activated carbon using different precursors
such as banana peels [16], bamboo cane [17], corn
cob [18], rice husk [19,20], apple waste [21], coconut
shell [22], etc., for the treatment of water. However,
there is still a lack of low-cost and efficient activated
carbon for the removal of hazardous metals such as
silver ions. Therefore, the use of cheap lignocellulosic
materials with a high carbon content will be an
alternative to develop low-cost and efficient adsorbent.
However, the adsorption capacity of adsorbent is
highly influenced by functional groups present on the
surface of the activated carbon. The carbon matrix
containing carboxyl, carbonyl, phenols, lactones,
quinones, etc. functional groups are efficient for
adsorption because they have better ion exchange and
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adsorptive characteristics [23]. Terminalia-bellerica
is a large deciduous tree found throughout South
Asia including Nepal. The Spectroscopic analysis
suggested that the fruit nut of Terminalia bellerica
contains hydroxyl and carboxyl acid groups and 3,
4,5-trihydroxy benzoic acid (gallic acid) has been
isolated from it [24]. Hence, the seed stones which are
waste materials obtained from Terminalia-bellerica
(Barro) was used as a precursor for the preparation
of activated carbon to remove silver ions from an
aqueous solution.

Materials and Methods

The Barro (Terminalia-bellerica) fruits were collected
from the Ghiring rural municipality of Tanahun district,
Nepal. The outer fleshy part of fruits was removed and
the hard woody part was washed with tap and distilled
water several times and sun-dried for one week, then
dried at 110°C in an air oven for 24 hours. The dried
seed stone was ground with an electric grinder and
mixed with the required amount of phosphoric acid
(50%) in the ratio of 1:1 by weight of phosphorus to
Barro seed stone powder with continuous stirring for
24 hours. The phosphoric acid impregnated, dried
Barro seed stone was kept in a porcelain basin and
carbonized at 300 (BAC-300), 400 (BAC-400), and
500 BAC-500) in a muffle furnace for 3 hours. After
cooling, the carbonized carbon was sieved through the
mesh of 212 um size and washed with 1% NaHCO,
solution to neutralize phosphoric acid. The activated
carbon was then washed with distilled water until the
pH of the solution becomes 7 and dried in an oven at
110°C for 24 hours.

The proximate analysis of Barro seed stone was
determined by the ASTM D2867-95 method. The
thermal behavior of Barro seed stone was observed
by using a TG analyzer (Pyris 1, Perkin Elmer, USA)
at Chonbuk National University, South Korea. The
sample was heated from 30 to 800°C at a rate of 5°C
min in N, environment. The surface morphology of
the activated carbon was studied by using scanning
electron microscopy (FE-SEM, Hitachi S-7400,
Japan). The surface functional groups of activated
carbon were determined by recording the FTIR spectra
on Thermo Electron Corporation, Nicolet 4700 at room
temperature. The percentage of transmission of the samples
was recorded between 400 and 4000 cm”. The iodine
number was determined by the ASTM D4607-
94 method. In this method, 0.1 g Barro seed stone
activated carbon (BAC) was added to 5 mL of 5%
HCI then boiled and subsequently cooled to room

90

M. P. Adhikari and S. S. Lamsal, 2021

temperature. 10 mL of 0.05 M iodine solution was
added to the mixture and shaken vigorously. The
resulting solution was filtrated and titrated with 0.005
M sodium thiosulphate solution to calculate the
iodine number (mg/g). The methylene blue number
(MB)) was determined according to the standard
method (JIS K 1470-1991). 0.05 g of activated
carbon was mixed with methylene blue solution of
concentration 25 mg/L in a conical flask and shaken
for 5 hours and left for 24 hours. After equilibrium,
the remaining concentration of methylene blue was
determined spectrophotometrically at A of 665 nm
and calculated the methylene blue number. Further,
specific surface area (m?/g)of activated carbon was
determined by the methylene blue number method
using multi-point adsorption isotherm based on the
Langmuir model. 50 mg of BAC was mixed with 50
mL methylene blue solution of concentration from25
to 300 mg/L. The solution was shaken continuously
for 24 hours and left to settle down. After equilibrium, the
remaining concentration of methylene blue was determined
spectrophotometrically at max of 665 nm [25].

Adsorption isotherms
The adsorption isotherms for methylene blue and
silver ions were analyzed using Langmuir and
Freundlich adsorption models. The linearized
Langmuir adsorption isotherm is defined as,

C, 1 1

I S Lo
Where, Ce=equilibrium concentration of a solution (mg/L),
Q.= amount of adsorbate adsorbed by 1 g of adsorbent at
equilibrium (mg/g), Q= maximum amount of adsorbate
adsorbed by 1 g of adsorbent (mg/g), b=Langmuir
adsorption constant (L/mg).
The plot of C/Q, against C, gives a straight line with
slope 1/Q and from intercept b can be calculated.
The equilibrium parameter, R,, was used to determine
the applicability of the Langmuir isotherm which was
calculated by using equation 2.

oo 1
T

(1)

(2)

Where C = the highest concentration of adsorbate (mg/L).
The linearized Freundlich adsorption isotherm is
defined as ]

logQ. = logKs + (n) 10gCe e iuevee v (3)
Where, Q, = amount of adsorbate adsorbed by 1 g of

adorbent at equilibrium (mg/g), and K and n are Freundlich
adsorption parameters, with n indicating adsorption
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intensity, and K (mg/g) the adsorption capacity of the
adsorbent.

The rate and mechanism of adsorption of silver ions
were analyzed by pseudo-first-order and pseudo-
second-order models. The pseudo-first-order equation
is given as [26].

In(Q, — Q.) = Q. — kgt oo, (4)

Where, O and Q are the amount of silver ions adsorbed
(mg/g) at equilibrium and at time ¢, respectively and
k, is the rate constant for adsorption. The values of
rate constants were evaluated from the plots of log
(O, - Q) versus t. The pseudo-second-order equation
is given as [27].

izﬁ%%)t ............... 5)

The plot #/Q versustgives a linear curve if adsorption
follows pseudo-second-order kinetics. Further, the
adsorption process of activated carbon was studied
by using the Intra-particle diffusion model. The
linearized form of the Intra-particle diffusion model
is given as [29].

Q, = kgt /2 oo (6)

Results and Discussion

The proximate analysis of Barro seed stone suggested
that it contains 2.75 % ash, 2.67 % moisture, 18.58
% fixed carbon, and 76 % of volatile matters. The
Barro seed stone, containing high volatile matter
and fixed carbon but low ash and moisture, was
considered as a good precursor to enhance the surface
area and adsorptive capacity of the activated carbon
[16]. Thermal behavior of Barro seed stone (Fig.1)
shows that below 100°C the weight decreased slightly
(about 15%) then steeply in between 300 and 400 °C
(70%) and very slowly between 400 and 800 °C. In
the derivative thermogravimetric analysis (DTGA)
curve, the broad peak below 100 °C indicated the
evaporation of moisture and the peak between 300 and
350°C indicated the decomposition of hemicellulose
and degradation of lignin (Fig.1). A sharp and high
peak between 350 and 40°C revealed that the major
weight loss occurred due to the degradation of
cellulose at this temperature range. The lack of peak
after 400°C attributed to that pyrolysis of Barro seed
stone completed below 400°C.

The adsorptive capacity of activated carbon depends
upon the pore filling and capillary condensation
mechanism [23,30]. The iodine and methylene blue
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Figure 1: TG and DTG analysis of Barro seed stone

numbers represent micropores and mesopores of the
activated carbon, respectively. The iodine number
observed for the phosphoric acid activated carbon
carbonized at 300 (BAC-300), 400 (BAC-400), and
500 °C (BAC-500) was shown in Fig.2a. The iodine
number ranged from 317 to 357 mg/g. It was a
maximum (357 mg/g) for BAC-400. A previous study
reported the iodine numbers 0of 367,354, and 123 mg/g
for rice husk [19], corn cob [18], and apple waste [21],
respectively. Mopoung et al. [31] observed the iodine
number of 150 to 300 mg/g for the activated carbon
prepared from tamarind seed using a muffle furnace.
As shown in Fig. 2a, methylene blue number (MB)
ranged from 156 to 161 mg/g for BACs and it was a
maximum for the BAC-400. The iodine number and
MB, obtained in this study were comparatively higher
than those obtained for apple waste [21] and tamarind
seeds [31] and comparable to those for corn cob [18]
and rice husk [19] activated carbons carbonized either
ina microwave or in a furnace. The specific surface
area of BACs varied between 403 and 537 m%g (Fig.
2). A maximum surface area was obtained for BAC-
400 similar to the iodine and methylene blue number.
The effect of adsorbate dose on the adsorptive capacity
of BACs was studied by varying the methylene blue
concentration from 50 to 300 mg/L. Fig. 2b shows
that the methylene blue (MB) absorption capacity of
absorbent was almost 100 % till the concentration of
150 mg/L and decreased slightly till 250 mg/L then
decreased drastically on further increased in initial
concentration. Initially, the adsorbent sites were
vacant which adsorbed MB continuously, however,
after covering the adsorbent sites the percentage of
adsorption decreased drastically with further increase
in MB concentration. These results attributed that
phosphoric acid developed maximum micropores and
mesopores and enhanced negatively charged surface
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area responsible for the adsorption of molecules on
the surface of BAC-400 [31]. Hence, 400°C was
considered as the best carbonization temperature for
the development of pores on the surface of Barro seed
stone.
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Figure 2: (a) The methylene blue number (MB,, mg/g),

the iodine number (mg/g), and specific surface area

(m?/g) of activated carbons (BACs) (b) Effect of initial
concentrations on adsorption capacity of BACs

Fig.3ashows SEM images consisting of irregular sized
and shaped particles. Fig. 3b shows that the surface
of BAC-400 was fibrous and it contains cracks and
crevices and also pores of diameter less than 1 pm.
This was the indication of the development of different
sized and shaped pores on the surface of amorphous
carbon which enhanced the surface area. In addition to
porosity, the surface functional groups also influence
the adsorption capacity of the activated carbon. The
carbon atoms bonded with oxygen at the edge of
carbon layers form the surface functional groups such
as carboxyl, lactone, phenol, etc. [23]. These surface
functional groups are responsible for the adsorption
of molecules on the surface of activated carbon.
The surface functional groups present on the surface
of raw Barro seed stone and activated carbon were
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analyzed by using FTIR spectra (Fig. 4). The FTIR
spectra of AC are quite similar to that of precursor
although the intensity of some peaks was different.
The peaks observed in the range of 3300-3800 cm
Ican be attributed to the stretching vibrations of the
O-H group either aliphatic alcohol or phenol. The
weak peaks around 1600-1800 cmon the activated
carbon correspond to stretching vibration C=0 in the
carboxyl, ketone, aldehyde, and lactone group [32].
A broadband 1400-1600 cm'can be attributed to an
aromatic ring or C=C bonding. The peaks in the range
of 600-800cm™' correspond to aromatic C-H bending
[17]. These spectra indicated that carbonyl-containing
groups were developed and lignocellulosic materials
were aromatized during activation.

NS e

Figure 3: SEM images of BAC-400 at different
magnification

The MB adsorption was evaluated using Langmuir
and Freundlich isotherms. It was found that Langmuir
isotherm gives an excellent fitting to the adsorption
isotherms for MB adsorption on BACs (Table 1).
The coefficient of determinant, R? was 0.9992,
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Figure 4: FTIR spectra of raw Barro seed stone and
activated carbon
0.9991 and 0.9980 for BAC-300, BAC-400, and BAC-500,
respectively, which suggested that chemisorption might be
involved in the adsorption of MB on BACs [34].

Table 1: Langmuir and Freundlich adsorption parameters
for methylene blue on activated carbons

Parameters BAC-300 BAC-400 BAC-500
0, . (mg/g) 192.31 212.77 185.19

R, (L/mg) 0.0017 0.0038 0.0016

R’ 0.9992 0.9991 0.9980

B 4.73 2.14 4.9

K, 97.16 106.38 81.70

N 4.31 4.69 3.95

R’ 0.7436 0.5775 0.7141

The Q_,  was highest (212.77 mg/g) for BAC-
400. The feasibility of the isotherm was tested by
calculating the R value. The R, value greater than
zero and less than 1 indicated that Langmuir isotherm
was favorable for the MB adsorption on BACs. All
the observed and calculated parameters indicated that
BAC-400 was the best adsorbent among the BACs,
hence, it was utilized to study the removal efficiency
of silver(I) ion from the aqueous solution.

Silver(I) ion removal efficiency of activated carbon
(BAC)

The metal ion removal efficiency of the BAC-400
was determined by adsorbing silver (Ag) ions from
an aqueous solution. The effect of pH on adsorption
efficiency was observed in the pH ranged between
2 and 8 at 1.0 g/L of adsorbent dose and 20 mg/L
of silver ion concentration (Fig 6a). Initially, the
percentage adsorption of silver ion was increased
with an increase in pH and becomes a maximum at
pH 6 which was nearly 86%. The adsorption was
decreased drastically on further increased in pH.
The surface of activated carbon can be positively
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Figure 5: (a) Langmuir adsorption isotherms and (b)
Freundlich adsorption isotherms of methylene blue on
activated carbon
or negatively charge depending upon the pH of the
solution [34]. At low pH, the concentration of H*
ion in the solution is high, hence, the surface of the
activated carbon becomes positively charged due to
electrostatic attraction between surface-active sites
of activated carbon and H™ ion of the solution. This
hinders the interaction between functional groups
and metal ions, which significantly decreased the
adsorption of a metal ion at low pH. However, at high
pH the concentration of H' ion in the solution is low,
hence a more negatively charged surface is obtained
which favors the uptake of metal ions [27]. The
decreased in adsorption percentage after pH 6 was
may-be due to the masking of Ag(I) ions in the form
of soluble hydroxide anion [35]. Therefore, further
study of Ag(I) adsorption was conducted at pH 6. The
adsorption capacity of the adsorbent was determined
by varying the amount of adsorbent dose from 0.4 to
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Figure 6: Effect of (a) pH, (b) adsorbent dose, (c) initial concentration, and (d) contact time on the Ag(I) ion adsorption
capacity of adsorbent (BAC-400)

3.2 g/L (Fig 6b). The adsorption was about 64% at
0.4 g/L and it enhanced slowly and reached 100% at
2.8 g/L of adsorbent dose. On increasing adsorbent
dose, adsorption site enhanced hence, adsorption
percentage of Ag(I) ion. The percentage of adsorption
at 1.0 g/L of the adsorbent dose was about 68% and
it adsorbed about 14 mg/g of silver ion. The effect
of the adsorbate dose was determined by varying the
initial concentration of Ag(I) ion from 10 to 60 mg/L
(Fig 6¢c). The Ag(l) ion adsorption efficiency was
about 90% at a concentration of 10 mg/L and about
87.52% at 20 mg/L and decreased continuously with
an increase in dose. More than 70% was removed

Table 2: Langmuir and Freundlich adsorption parameters
of BAC-400 for the adsorption of Ag(l)ion

Parameters BAC-400
Langmuir model
Opax(mg/g) 61.72
R; (L/mg) 0.19
R’ 0.9948
B 0.1541
AG (kJ/mole) -25.2
Freundlich model
N 1.7
R’ 0.9858
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even at a high concentration (60 mg/L) of Ag(I). Song
et al., [13] observed 100% adsorption of Ag(I) ion at
2 ppm and 74% adsorption at 202 ppm. Fig. 6dshows
the percentage of Ag(l) ion adsorption reached 37.5%
within 5 min then increased slowly to 50% at 90 min.
The adsorption of Ag(I) ion at equilibrium was only
68.65%, it may be because of insufficient adsorption
site to adsorb all 20 mg/L of Ag(I) ion i.e., low amount
Table 3: The pseudo-first and pseudo-second-order

kinetics and intra-particles diffusion model parameters
for the absorption of Ag(I) on BAC-400

Parameters PAC-400
Pseudo-first-order
0 (mg/g) 5.733
k,(min™) 0.008
R’ 0.9029
Pseudo-second-order
Qe(mg/ g) 10.1
k,(g./mg. min) 0.0229
R’ 0.9978
Intra-particle diffusion
k., (mg/g min”) 0.2315
R’ 0.9430
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Figure 7: (a) Langmuir adsorption isotherms and (b)
Freundlich adsorption isotherms for Ag(l) ion on BAC-400

of adsorbent dose (1.0 g/L) as shown in Fig 6b. Fast
adsorption of Ag(I) ion attributed that a large number
of adsorption sites (nanopores)were present on the
surface of activated carbon [13].

The adsorption isotherm expresses the specific
relation between the concentration of adsorbate and
its degree of accumulation onto the adsorbent surface
at a constant temperature. The silver ion removal
efficiency of activated carbon was analyzed using
Langmuir and Freundlich isotherm. The linearized
Langmuir and Freundlich curves were shown in
Fig. 7a and 7b, respectively. The corresponding
Langmuir and Freundlich parameters were tabulated
in Table 2. The coefficient of determinant, R?, of
Langmuir and Freundlich isotherms were 0.9948
and 0.9858, respectively. These values indicated that
the adsorption of metal from aqueous solution was
better fitted to Langmuir than Freundlich isotherm.
The negative value of free energy (AG= -25.2 kJ/
mole) revealed the spontaneity and feasibility of the
Ag(I) adsorption. The R, value less than 1 and greater
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Figure 8: (a) Pseudo-first-order and (b) Pseudo-second-
order adsorption kinetics and (c) Intra-particle diffusion
model plots for Ag(l) ions adsorption on BAC-400

than 40% of Ag(I) can be enhanced by increasing the
adsorbent dose. The well fitted Langmuir adsorption
isotherm attributed that adsorption of Ag(I) followed
monolayer chemisorption. The adsorption kinetic
was well fitted to the pseudo-second-order kinetics
and adsorption was mainly influenced by the intra-
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than zero indicated that the Langmuir isotherm was
favorable for adsorption of Ag on BAC-400 [36].

The kinetics of silver ion adsorption on BAC-400
was determined by using pseudo-first-order and
pseudo-second-order adsorption models. The kinetics
were studied using Ag(l) ion concentration of 20
mg/L, pH 6, and an adsorbent dose of 1.0 g/L. The
straight-line plot was obtained for both pseudo-first
and secondary order kinetics (Fig 8). The coefficient
of the determinant for pseudo-second-order kinetics
(0.9978) was higher than that of pseudo-first-order
kinetics (0.8717) (Table 3). The Q/(10.1 mg/g)
calculated from pseudo-second-order kinetic was
higher than that from pseudo-first-order kinetic (3.22
mg/g) and it was nearly equal to the experimental
value of Q, (13.11 mg/g). Therefore, it was considered
that the removal of Ag(I) ion from aqueous solution
was limited by chemisorption promoted by nanopores
developed on the surface of activated carbon. The
adsorption kinetic data were further analyzed by an
intra-particle diffusion model to find out the diffusion
mechanism. According to this model, the Q, versus
t"?was plotted (Fig 8c). The figure shows the straight-
line fitting curve with a high R? value (Table 3).
The good linear relationship between the Q, and t"?
revealed that the adsorption process was controlled
by intra-particle diffusion. However, the line was not
passing through the origin which indicated that in
addition to intra-particle diffusion other mechanisms
were also involved in the Ag(I) ion adsorption [29,34].

Conclusions

Activated carbon (AC) was prepared from indigenous
lignocellulosic material Barro (Terminalia-bellerica)
seed stone with phosphoric acid activation. The
chemically activated carbon was carbonized at three
different temperatures such as 300, 400, and 500 °C
for three hours in a muffle furnace. The iodine number,
methylene blue number, and specific surface area of
activated carbon carbonized at 400°C (BAC-400)
were 354 mg/g, 173 mg/g, and 537 m?/g, respectively.
The methylene blue adsorption on the surface of
all activated carbons (BACs) followed Langmuir
adsorption isotherm with maximum methylene blue
adsorption capacity of 212.77 mg/g for BAC-400.
Similarly, the removal efficiency of silver (Ag) ion
was more than 80% at pH 6, and the adsorbent dosage
of 3 g/L and the Ag(I) ion concentration less than 10
mg/ L. Silver ion adsorption was very fast initially,
nearly40% of silver ion was adsorbed within 5 mins at
an adsorbent dosage of 1 g/L.. The fast removal of more
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particle diffusion mechanism. The results revealed
that the activated carbon prepared from Barro seed
stone could be an efficient and low-cost adsorbent for
the removal of methylene blue and silver ions from an
aqueous solution.
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