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Abstract: Bitter almond shells (BAS) were inspected as a cheap source for the creation of activated
carbon (AC) through the optimized ZnCl,-activation approach. The raw BAS were impregnated with ZnCl,
at multiple ratios (1:1 - 3:1 ZnCl,:BAS), followed by carbonization at various temperatures (400 - 800
°C) for different durations (30 - 120 minutes) in a tubular reactor. The typical AC sample was produced
with a yield of 23.46% using a 1:1 ZnCl,:BAS impregnation ratio at 500 °C for 60 minutes. The ideal AC
sample was identified by BET surface area (SAger), Boehm titration method, point of zero charges (pHezc),
FESEM, XRD, FTIR, and EDX. The identification consequences revealed that this sample is mesoporous
with SAger, iodine number, total pore volume, and average pore width of 1221.60 m?/g, 1444.23
mg/g,1.50 cm?/g, and 4.98 nm, respectively. The adsorptive removal (AR) of methyl orange (MO) dye
from its aqueous phase by this AC was accomplished at various solution pH (2-10), diverse mass of the
AC (0.05-0.4 g), multiple initial concentrations (50-400 mg/L), variable temperature (30-50 °C) and
diverse contact periods (0-420 min) in a batch- mode operation. The maximum monolayer adsorption
capacity of 224.71 mg/g was obtained at 323 K, pH= 2.0, 400 mg/L initial concentration of MO, 0.25 g
AC dose, and 420 minutes contact period. The kinetic outcomes best fitted to the pseudo-2™ -order
kinetics model, while the MO equilibrium capacity obeyed the Langmuir model rather than other models.
Thermodynamic studies of the MO adsorption by the BAS-derived AC disclosed that the adsorption was
spontaneous and endothermic. The adsorption mechanism of MO by the declared AC primarily involved
electrostatic attractions and hydrogen bonding interaction. This work demonstrates that BAS is an
excellent raw material for producing low-cost and effectual mesoporous AC carbon with substantive
surface area.
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1. INTRODUCTION environmental hazard to both the surface and

underground water sources (3). Also, because of

The production of colored and fashioned clothes is
based on utilizing organic dyes (ODs) (1). Multiple
industries, including dyeing, textile, food
processing, printing, papermaking, and
electroplating, are based on the utilization of ODs
(2). Nonetheless, ejecting the leftover dyes as per
textile discharges as a wastewater causes a huge

their slow biodegradability, the occurrence of ODs
in wastewater will affect human health (4). Several
effective and profitable procedures have been
followed to treat wastewater ejected by the textile
industry (5). Membrane separation (6), oxidation
(3), precipitation (7), ion-exchange (8),
coagulation (9), flocculation (10), and adsorption
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(11-13) are the most traditional routes utilized to
solve problems associated with ODs effluents.
Nevertheless, adsorption is the most efficient
approach for ODs removal because it is cheap,
eco-friendly, and possesses high elimination ability
(14).

Numerous effective adsorbents, including
biowastes (15), modified biowastes (16), zeolites
(17), fly ash (18), biochar (19), polymeric
materials (20), modified biochar (21), AC (22),
and AC composites (23) were utilized in the
adsorptive elimination of diverse ODs from their
aqueous medium. Amongst the most effective
adsorbents that have employed in the adsorptive
removal (AR) of ODs from polluted wasters is AC.
This adsorbent owns an elevated surface area, in
the range of 500 m?/g and 2000 m?/g, besides its
low-density, high adsorptive capacity, high
chemical stability, and high porosity. Also, one of
the most attractive features of the AC is its
surface, which contains numerous functional
groups, particularly oxygen groups (24, 25). The
primary feedstocks employed in AC production at
the commercial scale are wood, coal, and lignite.
These raw materials are relatively expensive,
which raises the production cost of AC, besides
making the utilization of AC in controlling water
pollution unwelcomed (25). The selection of low-
cost feedstocks for creating AC has become an
important issue. In this regard, agricultural wastes
have been proposed as a significant feedstock for
AC production due to their renewability and low
cost. Consequently, recent investigations focused
on AC production from such cheap organic-wastes
(26).

Methyl orange (MO) is a carcinogenic dye that
belongs to the azo class of dyes. It is an anionic
dye and a chemically water-stable dye. Thus, its
removal from wastewater via conventional routes
of purification is hard. Its presence in water affects
the aquatic plants' response to photosynthesis, as
it lessens the ability of light to penetrate water
(27). Adsorption was widely implemented in the
adsorptive elimination of MO from wastewater.
Multiple bio-wastes were employed in AC
preparation to eliminate MO dye from its aqueous
medium. As reported by Abdullah et al., the corn
con-derived AC was utilized in the adsorptive
elimination of MO dye (27). Pomelo peel wastes
derived biochar was activated with H;PO, and then
applied to eliminate MO from wastewater (28). The
AR of MO dye from wastewater was conducted
using the Mahagoni Bark-derived AC established by
Chakraborty et al. (29). Sea mango-derived AC
was prepared via the Hs;PO, activation method and
activated wusing microwave radiation to be
implemented in MO removal from its aqueous
solution (30). However, to the authors' knowledge,
the creation of AC using bitter almond shells (BAS)
as a precursor by the ZnCl.-activation method,
with exploring the impact of the preparation
conditions on the yield and iodine number (IN) of
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the created AC has not been established yet.
Moreover, employing the typical AC sample in the
AR of MO dye from its aqueous phase has not been
reported yet, which encouraged us to conduct this
work.

This study focuses on using BAS as a raw material
to create AC using the ZnCl, activation approach
through optimizing the impact of the impregnation
ratio (IR) of ZnCl, besides the activation
temperature and duration, on the AC yield and IN.
The typical sample of the AC was further identified
by numerous techniques to assess its structure
and adsorptive capacity. Factors affecting the
adsorption of MO by the as-prepared AC were
optimized as well. The AC's adsorption kinetics,
isotherms, and thermodynamics of MO elimination
were also inspected.

2. EXPERIMENTAL

2.1 Chemicals and Feedstock

Fresh bitter almond fruit was purchased from
markets situated in Dohuk Governorate, north of
Irag. Preparation and analysis of the prepared AC
needed multiple chemicals, such as iodine solution
(0.05 mol/L (0.1 N)), ZnCl; (98.0 - 100.5 %), HCI
(36.5 - 38.0 %), Na-S,03.5H,0 (99.0 - 100.5 %),
and NaOH, pellets (98.50 %) were acquired from
Scharlab (Scharlab, Barcelona, Spain). They were
employed as received. The MO dye, which
possesses an MW of 327.33 g/mol and a chemical
formula of Ci4sH14NsNaOsS, was provided by Merck.
Figure 1 shows the chemical structure of
Eriochrome Black T (Erio-T) dye.

HO

Figure 1: Chemical structure of Erio-T dye.

2.2 Analysis of BAS

Shells were stripped from the bitter almond fruit
and used as a feed in AC synthesis. The BAS was
rinsed with tap water, followed by DW to remove
dust and foreign impurities. After heating to
dryness in an oven at 110 °C for a day so as to
guarantee the entire removal of washing water. To
pulverize the dry BAS, an industrial electrical
grinder was employed. The obtained powder was
sieved to produce 60 mesh-sized particles. The
ultimate analysis of the dried BAS was
accomplished to recognize its C, H, N, S, and O
content. The ASTM 3174 and ASTM 3175 were
followed to specify the proximate analysis of the
BAS, namely fixed carbon humidity, volatiles, and
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ash. Finally, the BAS component analysis was
accomplished per the method established by
Mansor et al. (31) to recognize their contents of
cellulose, hemicellulose, and lignin.

2.3 Preparation of AC from BAS

The ZnCl, activation method was employed in
creating the AC from the dried BAS. The dried BAS
was immersed in solutions containing multiple
mass ratios of ZnCl;: BAS (1:1,1-2, and 3:1) and
magnetically stirred for 12 h. The attained
mixtures were then dried at 80 °C until dryness.
Later, the dried mixtures were heated at numerous
temperatures (400 °C to 700 °C) for different
durations (0.5 h- 2.0 h) in a tubular furnace at a
10 °C/min heating rate. After activation, the
activated samples were treated with a solution of
0.50 N HCI with stirring to eliminate the excess of
ZnCl,. The samples were then carefully washed
with DW until a neutral pH was reached. After
being oven-dried at 105 °C for 10 h, the activated
samples were then maintained in a tight container
(32). Calculating the yield of the AC was done as
follows:

Weight of AC
Weight of BASused

AC Yield (%)= %100

(Eq. 1)

2.4 Identification of the AC

The typical AC sample was characterized by
multiple techniques, including Field Emission-
Scanning Electron Microscope (FESEM) on an
instrument (A TESCAN MIRA FESEM, Czech
Republic) attached to an energy-dispersive
analysis X-ray (EDX) to determine the AC surface
morphology and elemental analysis, respectively.
The BET surface area (SAeser) of the AC, besides its
pore volume, was measured on a BELSORP MINI
II, Japan, surface area and porosimetry analyzer.
A Malvern Panalytical X-ray diffractometer, UK,
was used to inspect the amorphous and crystal
structure of the created AC. Surface functional
groups containing oxygen on the AC surface were
determined through the titration method (33). A
Fourier transform infrared (FTIR) (JASCO V-630,
USA) was utilized in identifying the surface
functional groups and chemical bonds. The ASTM
D4607-14 was followed in determining the iodine
number (IN) of the so-created AC samples.

2.5 Adsorption Equilibrium Studies

The MO adsorption experiments by the so-
synthesized AC were accomplished via a batch
process. Firstly, a 500 mg/L stock solution of MO
was prepared. Next, solutions of various
concentrations of MO were prepared from the stock
solution  through dilution to prepare the
standardization curve. A known weight of the AC
was mixed with a given volume of MO solution at
the optimized pH value, and the mixtures were
shaken at room temperature (30 °C) for a
specified period. After attaining the equilibrium,
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the mixture was separated by centrifugation at
6000 rpm for 5 minutes. The concentration of the
residual dye in the solution was
spectrophotometrically determined using a UV-Vis
spectrophotometer at the maximum wavelength
(Amax=464 nm). The amount of adsorbed dye, Q.

(mg/g), was calculated as per the following

equations: ’

(CO_Ce)
MO|%|=——-X100  (Eq. 2)
0
C,—C,|v

= Eq.
q. W (Eq
3)

where, Co and C. are the MO initial and equilibrium
concentrations (mg/L), respectively, while V (L)
and W (g) are the volume of MO solution employed
and the AC mass utilized in the AR process.

2.6 Equilibrium Models of Adsorption
Isotherms

The adsorption isotherm describes the equilibrium
between the adsorbent and the adsorbate in the
solution. It can be employed to express the
adsorbent capacity at equilibrium by describing the
distribution of the adsorbate molecules between
the solution phase and the solid phase equilibrium.
It is also imperative to explain the solute's
interactions with adsorbents and optimize its usage
(33). Three famous isotherms of adsorption,
namely the Langmuir, Freundlich, and Temkin,
were compared to clarify the adsorption
mechanism that will describe the adsorption data
at equilibrium. The Langmuir model adopts
monolayer adsorption onto the adsorbent surface,

and its linearized form can be expressed as
follows:
C 1 C
—= +— (Eq. 4)
qe quL qm

where, gm (mg/g) and K. (L/mg) express the
maximum quantity of the contaminant adsorbed
per unit mass of adsorbent and the Langmuir
constant, respectively. K, relates to the affinity of
the binding sites, and its higher value means that
the adsorption of the solute by the adsorbent is
easier. The Freundlich isotherm, which refers to
the multilayer adsorption of solute onto the
adsorbent surface, is an empirical equation. The
linearized form is this isotherm can be given as
follows:

lnqe=1nKF+llnCe (Eq. 5)
n

where, Kr (mg/g) and n express respectively the
Freundlich adsorption capacity and intensity.
According to the Temkin isotherm, whose linear
equation is shown in equation (6), a decrease in
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adsorption heat function of

temperature (33).

occurs as a

RT RT
qe:?anT+?lnCe (Eqg. 6)
where, R is the universal gas constant (8.314
J/(mol), Kr is the equilibrium binding constant
(L/g) and B (J/mol) represents the heat of
adsorption heat.

2.7 Adsorption models of kinetics

The pseudo-1%-order and pseudo-2"'-order kinetic
models, whose equations are respectively provided
in Egs. (7) and (8), were used to examine the
adsorption kinetics.

ln(qe—qt):ln(qe —k.t (Eq. 7)
t 1 t
L=—4t (Eq. 8)
a. que de

where, g: (mg/g) and g. (mg/g) are the quantity of
the solute adsorbed at time t (minute) at
equilibrium, while k (min~*) and k. (g/(mg min) are
respectively the pseudo-first-order and pseudo-
second-order rate constants.

2.8 Intraparticle Diffusion Model

This model of diffusion is usually used to recognize
the mechanism of the contaminant adsorption for
design purposes. This model suggests that in most
adsorption processes, the adsorption changes
almost proportionally with t” more than with the
contact time (34). This model of diffusion is
represented in the following equation:

05
q =Kt +C (Eq. 9)
where, g: is the quantity of contaminant adsorbed
at time t, while t°° is the square root of the time, C
is the intercept, and Ki¢ (mg g™' min %) is the
intraparticle diffusion rate constant.

2.9 Reusability Studies

The reusability tests of the MO by the prepared AC
were investigated similarly to the batch adsorption
studies. The typical mass of the AC was mixed with
100 mL of MO solution. The mixture was shaken
for a specified period. After filtration, the MO
concentration remained after the adsorption
process was measured employing a UV-Vis
spectrophotometer, while the AC was treated with
a solution of 0.1 M HCI for 5h. After washing until
neutral water was obtained, the AC was dried at
110 °C to ensure the complete dryness of the
sample and then implemented in the AR of MO for
5 cycles (34).

3. RESULTS AND DISCUSSION

3.1 Analysis of the Raw BAS

RESEARCH ARTICLE

The ultimate analysis results of the raw BAS
exhibited that its content of C, H, S, N, and O is
49.97%, 4.88%, 0.61%, 0.10%, and 44.44 %,
respectively. The high C % for the BAS suggests
its suitability as an AC precursor. The proximate
analysis outcomes of the authentic BAS were
moisture = 2.23%, volatile matters = 74.02 %,
ash = 1.21 %, and fixed carbon = 22.54 %. The
high fixed carbon % of BAS recommends its
utilization in the synthesis of AC. Also, a minimum
ash % precursor could create low-ash content AC
(35). The component analysis of the BAS showed
that it contains 4.0 % extractives, lignin = 22.12
%, hemicellulose =25.55 %, and Cellulose = 48.22
%. The lignin, cellulose, and hemicellulose
contents, of AC have an impact on its porosity.
Lignin may withstand the damaging reactions of
the activation process due to its high stability and
low reactivity. Since lignin is primarily responsible
for developing the AC carbon skeletons and giving
it its porous structure, the fixed carbon percentage
in the implemented precursor is related to its lignin
content (36). The contents of hemicellulose and
cellulose in the source material are vital for
releasing volatile matters besides their
responsibility to create a meso and macro porous
AC (37). The obtained ultimate, proximate, and
component analysis outcomes of the BAS utilized
in this work were comparable to those established
by Li et al. (38).

3.2 Optimization of AC Synthesis

The impact of the IR of ZnCl. besides the activation
temperature and duration, on the AC yield and IN
were investigated. Selecting the proper IR of the
activating agent has a practical impact on the AC
features, as it affects its porous structure and
enlarges the forming pores (39). The AC vyield
dropped with rising the activator IR from 1:1 to
3:1, as presented in Table 1. This outcome
suggests that the activator makes the impregnated
samples in evolving more volatile materials from
its lingo-cellulosic structure as aldehydes, H0, tar,
CH4, CO, and CO.. This removal of volatiles
accounts for the carbon content of the pristine
feedstock. Increasing the activator IR: feedstock
will promote the evolution of more volatiles from
the feed skeleton, thereby decreasing the AC yield
(40). Preparation of AC samples from soybean
straw (41), Fox nutshell (42), wild mustard stems
(43) via ZnCl, activation displayed the same
conclusions. The IN of the AC samples declined as
the amount of ZnCl; increased. The best IN was
obtained at 1:1 ZnCl,: feed IR indicating that this
ratio created an AC with a microporous structure.
Above the best ratio of impregnation, the IN
dropped because of the widening of micropores
into mesopores besides further burn-off of the
carbon (40). Hussein and Fadhil (40) and Fadhil
and Kareem (44) declared similar findings upon
creating AC from mixed biowastes and mixed date
pits and olive stones, respectively.
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The activation temperature dramatically influences
the textural structures as well as the physical and
chemical properties of AC. The AC yield diminished
progressively as the temperature of activation
raised from 400 °C to 800 °C, as displayed in
Table 1, because of the extra devolatilization and
dehydration of the impregnated samples (43).
Demiral et al. (45) also announced comparable
consequences upon transforming pumpkin seed
shells into AC via the ZnCl, activation. Table 1
shows a rise in the IN from 1244.5 mg/g to
1442.33 mg/g as the temperature of activation
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increased from 400 °C to 500 °C. This finding is
originated because of further elimination of the
volatiles besides extra dehydration of the
impregnated samples, leading to create an AC with
a more micro-porous structure (43). Beyond 500
°C, the IN due to the possibility of the degradation
of the walls of micro-pores walls in addition to the
creation of meso and macro-pores at the expanse
of micro-pores. ZnCl; activation of mixed date pits
and olive stones (44) and pumpkin seed shell (45)
for AC preparation have been observed previously.

Table 1: Effect of preparation conditions on the AC yield and IN.

ZnCl;: feedstock Yield (wt.%) IN (mg/g)
1.0 29.57 £ 1.50 1350.55 £2.0
2.0 2531 +£1.0 1235.28+1.50
3.0 23.11 £ 1.0 1127.50 £1.50

Temperature = 600 °C; Time of activation= 90 minutes; Size of
particle = 0.40 mm

Temperature (°C) Yield (wt.%) IN (mg/g)
400 28.88 £ 1.50 1244.55 +£1.50
500 23.46 £ 1.50 1443.23 +£1.25
600 21.01+ 2.0 1350.12 +1.50
700 20.55+ 1.0 1155.34 £1.50

ZnCl,:feedstock =1:1; Time of activation = 90 minutes; Size of
particle = 0.40 mm

Time (minutes)

Yield (wt.%)

IN (mg/g)

30 30.55 £ 1.25 1122.35 £ 1.50
60 23.46 £ 1.50 1443.23 £ 1.25
90 21.23+ 1.50 1375.77 £ 1.25
120 20.55 = 2.0 1188.65 + 2.00

ZnCl,:feedstock=1:1; Temperature= 500 °C; Size of particle = 0.40

mm

It can be seen in Table 1, which offers the
activation period influence on the yield and IN of
the created samples. The AC yield was diminished
when the activation period expanded from 30
minutes to 120 minutes due to the further
dehydration of the impregnated samples, leading
to a decline in the AC yield. At the same time, an
enhancement in the IN was seen with extending
the period of activation from 30 minutes to 60
minutes. This consequence could be ascribed to
the creation of more micropores of new
microporous structure. Duration above 60 minutes
diminished the IN due to the distortion or
expansion of the micro-pores into mesopores (43).
Mohammed-Taib and Fadhil (43) and Fadhil and
Kareem (44) declared the same consequences
upon the ZnCl, activation of wild mustard stems
and mixed date pits and olive stones for AC
synthesis, respectively.

3.3 Characterization of the AC from BAS

The FESEM image of the AC synthesized from BAS
via ZnCl, activation, depicted in Figure 2, exhibited
that its surface contains a porous structure. The
FE-SEM image demonstarted that the AC surface is
rough with the occurrence of multiple pores of
various sizes on it. These pores are expected to
play a vital role in trapping the MO molecules as
well as help in diffusing them into the porous
structure of the AC. The occurrence of pores of
various sizes on the AC surface will also help in the
deep diffusion of the MO molecules. Besides, the
FE-SEM image affirmed that BAS activation by
ZnCl, at 500 °C creates many micropores,
significantly enhancing the AC surface area. The
formation of micropores attributes the activating
agent's activity to the evolution of most organic
volatiles from the original BAS structure, leaving
behind a well-developed micro-porous surface.
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Figure 2: FE-SEM images of the typical AC sample.

The outcomes deduced from the EDS (Figure 3)
disclosed an increase in the C content and a
decrease in the O content after the activation
process. This consequence ascribes to the pyrolytic
action of the activator (ZnCl;), which causes the
devolatilization of the organic ingredients in the

form of gaseous products and liquid tar, leaving a
material with a high content of C and a low content
of O (46). Additionally, Zn was observed after the
activation carbonization, which is expected due to
using ZnCl; in the activation process (47).
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Figure 3: The EDS analysis results of the typical AC sample.

The N, adsorption/desorption isotherm (Figure 4)
of the so-prepared AC indicates that the AC from
BAS disclosed the characterization of type I
adsorption isotherms. At the same time, its

hysteresis belongs to IV types as per the IUPAC
classification. This isotherm mainly indicated
considerable development of mesoporous AC.
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Figure 4: The N, adsorption/desorption isotherm and pore volume of the AC at 77 K.

At P/P, 0.1, the adsorption showed a fast /g. A the same time, this sample showed its
developing trend, then slowed but continued to mesoporosity due to its average pore size, which
grow clearly, confirming the possibility of the was 2.10 nm.
molecular monolayer adsorption phenomenon or
microporous adsorption of multilayer. After P/Po >
0.4, a hysteresis loop was discovered, indicating
that capillary condensation and inhomogeneous
adsorption had occurred, demonstrating the
presence of mesoporous particles (47). The so- the texture, amounts of the total acid and basic
synthesized AC possessed a SAger of 1221.60 m?  sites, and pHpzc of this AC.

Table 2: Surface area, pore volume, surface functional groups amounts, and pHezc of the AC derived from

The AC prepared via the ZnCl, activation of BAS
exhibited a SAger greater than that established for
the AC prepared through ZnCl, activation of date
pits, which was 1061.3457 m?/g(48). Table 2 lists

BAS.
Property AC
BET surface area (m?/g) 1221.60
Langmuir surface area (m?%/g) 942.82
t-Plot micropore area (m?/g) 1246.70
Viotal (CM> g-1) 1.5091
Mean Pore Diameter width (nm) 4.98
Iodine adsorption number (mg/g) 1443.23 £1.0
Total acid sites (mmol/g) 0.5225 £0.001
Total basic sites (mmol/g) 0.2422 +£0.001
pHpzc 4.40

Diverse functional groups could occur on the AC
surface depending on the precursor implanted in
its preparation and the preparation route. These

groups are significant to the AC as they specify its
quality as well as surface features (46).

345


üstteki paragrafa çok yakın olmuş..uygun boşluk girilmeli..

tablo stili dergiye uygun mu tablo çizgileri mavi renkte görünüyor..


Al-Hyali RH, Algazzaz WA, Altamer DH. JOTCSA. 2023; 10(2): 339-358.

100 ~
80 - 38642
60 H

2926.55

40

Transmittance (%)

20

3435.62

RESEARCH ARTICLE

1655.1

14y1.3

1105.95

1565.90

I 1
4000 3500 3000

I
2500

1500

I I
2000 1000 500

Wavenumbers (1/cm)

Figure 5: The FTIR spectrum of the BAS-derived AC.

The FTIR spectrum of the AC, which s
demonstrated in Figure 5, disclosed the occurrence
of multiple functional groups. The Boehm titrations
results showed that the chemical activation of the
BAS by ZnCl, provided the surface of the attained
AC with oxygenated acidic groups rather than basic
groups. The value of pHpzc, which was 4.40, also
confirmed this conclusion. These findings were
consistent with those found in the literature
(40,46). The strong, broad peak around 3435 cm™
belongs to the O-H stretching group of phenol,
alcohol, or carboxylic acid. The bands around 2926
cm™ and 2858 cm™ are respectively related to
asymmetric and symmetric C-H stretching
vibrations (49). The absorption band observed at
1655 cm™ represents the stretching carboxylate

bonds. The bands from 1565 to 1471 cm™ are
attributed to the aromatic ring modes. The O-H
bending bonds are represented by the band seen
at 1384 cm™ (50). Bands between 877 cm™ and
750 cm™ relate to the C-H aromatic out-of-plane
(50). Lastly, the Zn-O stretch for the AC could be
identified at 625 cm™ (51).

The XRD pattern of the prepared AC is shown in
Figure 6. This pattern revealed two broad phases
at 20 ranging from 20° to 30°. This pattern
belongs to (002) phase, while the (100) is
repserented by the broad peak in the range 40°
and 50°. The occurance of these two phases in the
XRD pattern assured that previously mentioned AC
owns an amorphous structure (43).
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Figure 6: The XRD pattern of the BAS- derived AC.
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3.4 Optimization of MO Adsorption

The influence of many variables on the adsorptive
elimination (AE) of MO using BAS derived AC was
investigated, as follows:

3.4.1 Influence of the initial pH

The initial pH of the working solution greatly
influences the adsorption process of any pollutant.
This factor affects both the functional groups
existing on the AC surface besides molecular
ionization of the dye, which in turn affects the
interactions between both phases (24). Therefore,
several adsorption experiments were accomplished
between the AC and MO solutions at various values
of pH (2, 3, 4, 6, 7, 8 and 10) by adding NaOH or
HCI. The MO adsorption dependence on pH is
presented in Figure 7, which disclosed that a pH
value of 2.0 exhibited the maximum MO%
removal. In contrast, the MO% removal declined
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with raising the solution pH over 2.0. The obtained
findings assure that the acidic pH is the best for
MO elimination by the as-prepared AC, which is in
line with conclusions established in the literature
(48,49). This outcome can be explained as follows:
In an aqueous solution, MO will dissociate to give
the dye ions (R-SO3°) and (Na*). In the acidic pH,
the AC surface will be protonated, making its
surface to be a positive charge, which in turn
increases MO’s adsorption by the AC due to the
increment of the electrostatic interactions, namely
dipole-dipole or hydrogen bonding between the AC
surface (+ve) and the MO anions (-ve). In
contrast, in the basic pH, the surface of the
created AC will become negatively charged due to
high numbers of OH™ ions on its surface, which
causes the repulsion between the negatively
charged surface of the AC and the dye anions,
leading to lower adsorption.

100 -
MO concentration = 200 mg/L
90 Solution volume =100 mL
AC dose=0.15¢g
:\3 Temperature = 30 °C
=~ 80 Time=24h
©
>
£
- 70 S
S
o
= §0-
50 -
40 T 1 1 T
2 4 6 8 10
pH

Figure 7: pH influence on MO elimination by the AC.

The pHpzc of BAS-derived AC was 4.30, suggesting
that the AC surface is positively charged due to the
pH of the solution, which exhibited the maximum
removal of MO was 2.0, which is lower than pHezc
(52,53). Determining the quantity of the acidic and
basic functional groups present on the AC surface
was accomplished as per the Boehm titration

method. The results revealed that the amount of
acidic effective groups on the AC surface was
nearly twice that of basic groups (Table 2),
suggesting the acidic nature of the surface of the
AC originated from BAS. Figure 8 illustrates the
pHezc of the as-created AC.
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Figure 7: pHpzc of the AC originated from BAS.

3.4.2 Influence of the MO initial concentration
The influence of the MO initial concentration on its
adsorption capacity (qe, mg/g) and removal
efficiency (%) is given in Figure 9, which implies
that by increasing the MO initial concentration from
50 mg/L to 400 mg/L, the g. value raised from

23.0 mg/g to 194.0 mg/g due to raising the MO
initial concentration increases the number of MO
species per mass unit of AC, resulting in an
improved interaction between the MO molecules
and the AC particles.
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Figure 9: The initial concentration influence on the adsorptive capacity and efficiency by the AC.

In addition, increasing the sorbate initial
concentration will supply the necessary driving
force required to alleviate the resistance between
the MO liquid phase and the AC solid phase (52). It
is evident from Figure 9 that MO % removal
declined with increasing the MO initial
concentration. This phenomenon is explained by
the fact that the number of active sites available
for MO adsorption is fixed, but the number of MO
molecules increases with rising MO concentration.

As a result, the active sites will be rapidly
depleted, resulting in a decrease in the MO R%
(53).

3.4.3 Influence of the AC dosage

Because of the positive impact of AC dosage on MO
R%, the effect of this parameter was investigated
by attempting multiple doses of AC ranging from
0.05 g to 0.40 g.
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Figure 10: Influence of the AC dose on the adsorptive removal of MO.

The experiments were carried out under the
conditions specified in Figure 10’s legend, which
implies that the MO % removal enhanced from
57.97 % to 95.11% when the AC dose increased
from 0.05 g to 0.25 g. The high uptake of MO with
increasing AC dose could be attributed to the fact
that increasing the AC dose provides a greater
number of AC particles, which means higher SA
and more active sites available to adsorb the MO
molecule in the solution (28). Further increasing
the AC dosage had no effect on the MO R%,
indicating that the equilibrium between MO-free
molecules and the AC particles in the solution was
attained. Other researchers have announed similar
consequences(55).

3.4.4 Influence of temperature and contact time

The effect of temperature on the MO uptake of the
prepared AC was investigated by conducting
experiments at three different temperatures, 303,
313, and 323 K. The trials were completed using
the conditions fixed in the legend for Figure 11.
The MO uptake increases with rising temperature
due to increasing the adsorption temperature is
accompanied by a rise in the system entropy,
which enhances the collisions among the AC
particles and MO species. This will enhance the
activity at the interface between the adsorbent and
adsorbate (52). Additionally, the solution viscosity
declines as the system temperature increases,
leading to a better collisions among the two
phases. Consequently, the MO % becomes better
(53). In addition, the improvement of MO
elimination with rising temperature reflects the
endothermic nature of MO adsorption.
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Figure 11: The impact of temperature and time on MO adsorption by the BAS-derived AC.

349



Al-Hyali RH, Algazzaz WA, Altamer DH. JOTCSA. 2023; 10(2): 339-358.

The contact time impact the MO elimination by the
AC was inspected at various time intervals in the
range of 60 -540 minutes, which is also presented
in Figure 11. The adsorption experiments were
done utilizing the ideal conditions obtained earlier.
The consequences illustrated in Figure 11 imply
that the AR of MO by BAS-derived AC enhanced
when the contact period between the two phases
increased. It can be seen that after 60 minutes of
the process, high uptake of the MO was noticed,
indicating the spontaneity of the process. This
outcome attributes to the rapid adsorption in the
initial steps due to the larger surface area of the
adsorbent accessible to adsorb the MO molecules.
The equilibrium was attained after 420 minutes.
When the balance is reached, the MO molecules
will occupy the most active sites, and the active
positions will be unreachable. This may generate a
repulsive force between the adsorbate on the
adsorbent surface and in the bulk phase (49).

3.5. Adsorption Isotherms and Kinetics of MO
on BAS-Derived AC

The adsorption mechanism can better be
recognized by analyzing the adsorption isotherms
of MO on the so-synthesized AC. As such, namely
the Langmuir (Figure 12a), Freundlich (Figure
12b), and Temkin (Figure 12c) isotherms, were
applied to inspect the MO adsorption data by the
BAS-derived AC at multiple adsorption
temperatures (303 K, 313 K, and 323 K).

From the theoretical point of view, the Langmuir
model suggests monolayer adsorption onto the
solid surface. It also indicates the effectiveness of
the active sites toward the adsorption of the
pollutant species because of the diminish of
interactions among the pollutant species (24). The
Langmuir constants g» and K, can be calculated
from the plot slope and intercept, respectively,
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while the dimensionless separation factor (R.) was
calculated using the following equation :

R, = (Eq. 10)

1
1+C,K,

This factor can express the favorability of
adsorbate adsorption onto the adsorbent surface.
Also, this factor suggests many cases of the
adsorption process, e.g. the reaction is irreversible
if the value of R, = 0, while the reaction is linear if
the value of R, = 1 (40). Relating to adsorption,
the latter will be favorable if 0 < R, < 1, while the
adsorption will be unfavorable when R, > 1. The
Freundlich model suggests multilayer adsorption
on the solid surface. It also proposes that the solid
surface is heterogeneous with the occurrence of
different-affinity active sites onto the material
surface (43). The the slope and the intercept of the
Freundlich linear plot will provide its constants,
namely n and Kr, The favorability of the adsorption
onto the solid surface can be determined by the
value of n, which suggests the adsorption
favorability when its value is greater than 1.0.
Because n > 1.0, the MO adsorption by the BAS-
derived AC is preferable (40). The Temkin
constants B and K; can be respectively obtained
from the plot's slope and intercept. As per the
outcomes offered in Table 3, the Langmuir model
exhibited higher R? values than those related to
the Freundlich and Temkin models. Moreover, the
gm values for the Langmuir model were above than
those observed for Kr and B, suggesting that the
MO adsorption by BAS-derived AC can better be
expressed by the Langmuir model than the
Freundlich and Temkin models, indicating that the
MO adsorption onto the surface of the obtained AC
happens in monolayer so that the interactions
among the MO molecules is inhibited due to the
adsorption happens onto active sites with the same
energy (40,44).
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Figure 12: The adsorption isotherms of (a) Langmuir, (b) Freundlich, (c) Temkin for MO adsorption by
the BAS derived AC at multiple temperatures.
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Table 3: The constants of the Langmuir, Freundlich, and Temkin for the MO adsorption by the BAS derived AC.

T =303 K
Langmuir constants Freundlich constants Temkin constants
Rz qm K. R R2 n Ke Rz B K+
(mg/g) (mg/9) (mg/g) | (k3/mol)
0.9852 163.93 0.0411 | 0.0583 | 0.8825 0.45 2.82 | 0.8529 32.88 0.7256
T=313K
Langmuir constants Freundlich constants Temkin constants
R2 qm K. R, R2 n Kr R2 B K+
(mg/g) (mg/9) (mg/g) | (k3/mol)
0.9920 185.52 0.0421 | 0.0417 | 0.9507 0.4350 3.41 0.9919 36.26 0.6944
T=323K
Langmuir constants Freundlich constants Temkin constants
R2 qm K. R. R2 n Ke R2 B K+
(mg/g) (mg/9) (mg/g) | (k3/mol)
0.9940 224.71 0.0448 | 0.0528 | 0.8959 0.4358 3.22 | 0.9889 44.70 0.6655
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Besides the equilibrium time, the adsorption
process's efficiency can be controlled by
recognizing the adsorption kinetics. The latter can
also describe the adsorbate uptake rate onto the
AC (33). So, three famous models, namely the
pseudo-1-order model (Figure 13a), pseudo-2"-
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adsorption data of MO on the BAS-derived AC so
as to recognize steps controlling the MO adsorption
by the said AC. The MO adsorption on the
aforesaid AC was accomplished at multiple
temperatures (303, 313, and 323 K). The obtained
data were analyzed by applying the linear forms of

order model (Figure 13b), and
diffusion model

Intra-particle  those models.

(Figure 13c) were fit to the

5.3
5.2
5.1
4
"y 5.0
g
[ =
= 49
4.8
4.7
46 T T T T T T T T 1 T T T T T T T 2 1
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Time (minutes) Time (minutes)
)
(=]
E
-2
0 T T T T 1
0 50 100 150 200 250
t%5 (min.%®)
T=313K
Pseudo-1-order Pseudo-2"-order Intra-particle diffusion
R? qe ki R? Qe k> R? C Kid
(mg/g) (mg/g)
0.9602 1.71 0.0020 .99438 212.76 0.00049 0.7673 54.16 0.6817
T=323K
Pseudo-1st -order Pseudo-2nd -order Intra-particle diffusion
R? Qe ki R? Qe k> R? C Kia
(mg/g) (mg/g)
0.9717 1.67 0.0015 0.9954 222.20 0.00048 0.7618 58.20 0.7178
The intra-particle diffusion model of Weber was adsorption data. This model can suggest

also used to examine the MO

experimental
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the kinetics of MO adsorption (57). It is clear from
Figure 15, which depicts Weber's intra-particle
diffusion model, that this model cannot be used
solely to describe the rate-limiting step of MO
adsorption by the BAS-derived AC because none of
the regression plots pass through the origin,
suggesting that another mechanism could have
occurred (58).

3.6 Adsorption Thermodynamics

As per the adsorption outcomes, thermodynamic
parameters viz. AH°, AS°, and AG° were
calculated. These functions, in addition to
spontaneity, can provide information about the
adsorption process, such as exothermicity or
endothermicity, potential rise or decline in
randomness at the solid/liquid interface (59). The
explanation of the adsorption mechanism can be
deduced from these functions as well (59). The
calculation of these functions for MO adsorption by
the AC originated from the BAS was accomplished
at multiple temperatures, namely 303, 313, and
323 K. The following equations were utilized in the
calculation of AH°, AS°, and AG°(51-53,59):

In(K )—Aso—ﬁ (Eq. 11)
=R " Rr %

q.

22 |=K_ (Eq. 12

(Ce ¢ (Eq. 12)
AG,=—RTIh K (Eq. 13)

where, K. represents the equilibrium constant.
Plotting In K. vs 1/T yields a straight line with a
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slope of AH® and an intercept of AS®°, according to
the van't Hoff equation. Table 5 shows the AH?°,
AS°, and AG° values, and the result reveals that
the MO adsorption by the so-synthesized AC was
endothermic. This conclusion was drawn from the
AH° value, which was 9.51 kJ/mole, indicating that
the MO adsorption by this AC is temperature-
dependent and endothermic. This was expected
because the adsorption of MO by the AC from BAS
increased as the temperature rose from 303 K to
323 K. Furthermore, because of the negative
values of AG° at different temperatures, the MO
adsorption by the BAS-derived AC was
spontaneous.

It was reported that when the values of AG® are in
the range of (-20 to 0.0 kJ/mol); the adsorption is
physical, while the values in the range of (- 400 to
- 80 kJ/mol) suggest chemisorption (60).

The (+ve) value of AS® indicates an increase in the
adsorption’s entropy due to the adsorption and
desorption phenomenon that could be involved
during the solid-liquid adsorption process. This will
reduce the randomness of the MO adsorption and
raises it during the desorption of water molecules
from the adsorbent’s superficial layer (59). Similar
observations were also announced by Hussain et
al. (59) during the MO adsorption over chitosan
composite films. The values of AG° for MO
adsorption by the so-prepared AC were between -
2.56 to - 3.46 kiJ/mol, offering that the adsorptive
removal of MO by the AC surface is physical. It is
accomplished through electrostatic attraction and
H-bonding, as demonstrated by FTIR analysis and
batch adsorption studies (60).

Table 5: Thermodynamic parameters for eliminating MO by the AC from BAS.

Temperature AG°
(K) (kJ/mol)
303 -2.56
313 -2.86
323 -3.46

3.7 Comparison of the Adsorptive Capacity
The adsorptive capacity of MO by AC prepared
from BAS was compared to those of other AC
samples reported in the literature, as well as other
adsorbents, as tabulated in Table 6. The aforesaid
created AC possessed an adsorptive capacity for
MO comparable to those established for other
adsorbents in the literature and, in most cases,
better. The variances in the adsorptive capacity of
BAS-derived AC to MO compared to the adsorbents
may be ascribed to many factors, including the
SAeer Of the adsorbent implemented besides its
pore width, total pore volume, and the amount of
the acidic or basic groups onto its surface. Also,
the volume of the MO solution implemented, the
typical pH value, and the type of mechanism
involved in the adsorption process, can also affect
the MO removal by any given adsorbent.

AH° AS°
(kJ/mol) (kJ/mol.K)
9.51 31.42

3.8 Reusability Experiments

Besides the amount of solid waste remaining, the
adsorbent cost specifies the efficiency of the
adsorption method used in wastewater treatment.
Here, the regeneration trials of the so-prepared AC
were done in an acidic medium promoting MO
desorption. Outcomes from the reusability trails,
which are demonstrated in Figure 14, showed a
successive decline in the AR of MO by the
regenerated AC. This decline is due to the loss of
some active sites due to the adsorption of MO
species deeply in the AC pores (67). Besides, the
number of functional groups available for the
adsorption procrss will be reduced as an outcome
of their leaching because of the successive washing
by the acid. However, the AC performance remains
good even after the 5" cycle.
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Table 6: The adsorptive capacity of the AC from BAS to MO compared to other adsorbents.

Adsorbent pH Temperature Qmax Reference
(°C) (mg/g)
AC from aloe vera 3.0 25.0 196.10 (61)
AC from sugarcane mills boiler residue 5.0 25.0 161.80 (62)
Biochar from hazelnut shell - - 181.80 (63)
Biochar from glucose - - 147.10 (63)
Activated biochar from pomelo peel 3.0 25.0 163.10 (28)
waste
Mesoporous carbon material 2.50 20 294.10 (64)
AC from phragmites australis - - 217.0 (65)
Nano-adsorbent - - 46.0 (66)
AC from BAS 2.0 50.0 224.21 This study
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Figure 14: Reusability trails of the AC.

4. CONCLUSIONS

The BAS proved its suitability as an influential
precursor in the synthesis of AC. The optimized
ZnCly-activation of the BAS at an impregnation
ratio of 1:1 ZnCl,: BAS and 500 °C activation
temperature for 60 minutes produced an AC with
high SAser (1221.60 m?/g). This AC was effective
toward the adsorptive elimination of MO dye from
its aqueous phase. The highest adsorptive capacity
of MO by the said AC amounted to 224.71 mg/g
using 0.25 g of the AC at 323 K for 420 minutes
and a pH of 2.0. The Langmuir model with a
maximum monolayer adsorption capacity as well
as the pseudo-2"-order kinetics best described the
adsorption outcome of MO by the AC compared to
other models. The thermodynamic functions of the
MO adsorption by the BAS-derived AC disclosed
the spontaneity and endothermic nature of MO
adsorption by the said AC. Also, the adsorption of
MO on the AC described above was spontaneous
due to the (-ve) values of AG° at multiple
temperatures. The mechanism of adsorption

included mainly electrostatic attractions and

hydrogen bonding interaction.
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