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Abstract

. Introduction

Agro-wastes are recognised as a carbon-rich source, which can be converted into value-added products in
sustainable development. In this study, the effect of pH, contact time, initial concentration, and ionic
strength were evaluated in Methylene Blue (MB) adsorption by using an activated carbon obtained from
pyrolysed almond (PAS) and walnut shells (PWS). The characterisation of PAS and PWS was conducted
by SEM-EDX, FT-IR and BET analysis. The removal efficiency of 6 mg/L initial MB concentration
improved from 10.6% to 50.42% for PAS, when the adsorbent dose was increased from 0.5 g to 3.5 g/L in
1 L dye solution. It also improved from 14.8% to 48.7% for PWS, when the adsorbent dose was increased
from 0.5 g to 3.5 g. The adsorption fits well with the Freundlich isotherm model and the second-order
kinetic model is more favourable. In the adsorption experiments using PWS, 48% removal efficiency was
obtained in the absence of NaCl. Depending on the increasing NaCl concentration, the removal
efficiencies showed a decrease. 36% removal efficiency was obtained for PWS when 2500 mg/L NaCl
was used. In the adsorption experiments using PAS, 40% removal efficiency was obtained in the absence
of NaCl. When 500 mg/L NaCl was used, the maximum removal efficiency improved to 48%. However,
with the increase in ionic strength, removal efficiencies decreased to approximately 39%. This study
revealed that PAS and PWS could be used effectively instead of commercial activated carbon, which also
provides an advantageous option from an economic point of view.
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pre-treatment, such as the implementation of pyrolysis,

Agro-waste has recently created new opportunities for
the production of eco-friendly and sustainable materials
in environmental engineering. As it is cheap and
available in large amounts, employing this resource by
the direct use or developing, functioning, and/or
preparing adsorbents in the adsorption process has been
a focus of adsorption studies. Some researchers
investigated the use of agro-wastes, such as rice husk,
olive stones, fruit stones and nutshells and revealed their
high adsorption capacity [1-3]. The performance of
H>SOs-activated rice husk ash was also studied for the
removal of MB and it was determined that the highest
adsorption capacity was 44.25 mg/g by reporting that
the dye uptake occurred rapidly and the adsorption was
improved with longer contact time in all experiments
[1]. There have also been further studies examining how
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influences the capacity of adsorption. For instance, it
was found that pyrolysis temperature affected MB
adsorption capacity for activated carbons produced from
hazelnut and walnut shells [3]. It was reported in the
same study that the release of volatiles during pyrolysis
leads removal of non-carbon particles and the
enhancement of activated carbon.

When the publications regarding the adsorption process
are examined in the literature, it is seen that various
studies are focusing on the use of agro-wastes as an
adsorbent material for colour removal. However, there
is no study particularly concerned with the use of
pyrolysed almond (PAS) and walnut shells (PWS),
which are produced in large quantities worldwide as
walnut and almond easily adapt to different climates. So
far, various shells have been analysed to reveal their
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reusability for different purposes. For example, the
production of bio-oil, which was generated from the
pyrolysis of coconut shells, was evaluated under
different conditions [4]. Physico-chemical properties of
almond shells were characterised to determine
appropriate applications to reuse them [5]. Therefore,
this study aims to investigate the potential of pyrolysed
almond and walnut shells as an adsorbent material in the
adsorption process comparatively by evaluating the
effect of pH, contact time, initial concentration, and
ionic strength. Adsorption kinetics and isotherm models
were examined and the characterisation of the
adsorbents was conducted by SEM-EDX, FT-IR and
BET analyses to explore their morphologic features.

2. Materials and Methods
2.1. Preparation of PAS and PWS

In this study, pyrolysis was applied to almond and
walnut shells. The size of the shells was reduced to 2-3
cm in diameter and then subjected to pyrolysis with
nitrogen gas at 550°C for 60 minutes. The pyrolysis
process was carried out in a downstream fixed bed and
throatless type pyrolysis unit. The diameter of the
pyrolysis reactor is 170 mm and the length is 750 mm,
and the effective height of the reactor is 700 mm. The
pyrolysis unit was operated at a speed of 200 kg/m?h
[6]. After thinning the pyrolysis product in a porcelain
mortar, it was separated according to the pore size by
using 2 mm and 1 mm sieves. In this study, adsorbents
with pore diameters less than 1 mm were used.

2.2 Analyses

In this study, pH measurements were performed with
the WTW pH 315i pH meter. The colour measurement
in the supernatants obtained as a result of adsorption
studies was carried out in a spectrophotometer (Thermo
Spectronic Hellios Aquamate), taking into account the
maximum absorbance value of MB (Amax, 670 nm).
Absorbance values obtained at different wavelengths
were recorded and RES values were calculated
[Equation (1)] [7].

RES (M) = (A /d).f 1)
In Equation 1, “A” (A) represents absorbance in the
water sample at wavelength. “d” (mm) shows the
thickness of the tub. While f (f=1000) is a factor to
obtain the spectral absorbance in m?, RES (1) indicates
wavelength chromaticity number in m,
The surface properties and chemical characterisation of
PAS and PWS were performed by using SEM, FT-IR
and BET analyses. SEM (FEI, Quanta FEG 250) and
FT-IR (Bruker, Vertex 70 ATR) analyses were run in
Tekirdag Namik Kemal University Central Research
Laboratory (Nabiltem). BET (Quantachrome Autosorb
6B) analysis was performed in the MERLAB (Middle
East Technical University Central Laboratory).
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2.3 Dye Adsorption

MB, which is a cationic dye with strong water-adhesive
properties, is used in different industrial areas. In this
study, MB (Merck) was used as an adsorbate. The
chemical properties of MB are given in Table 1. A 50
mg/L solution was prepared and used for adsorption
studies by making dilutions (2-10 mg/L). Adsorption
studies were carried out from synthetic solution
prepared with MB at different concentrations (2, 4, 6, 8
and 10 mg/L) at different pH conditions (4, 5.8, 7, 9 and
11).

The wvariation of the colour removal efficiency
depending on the ionic strength was evaluated in the
solution to which 500, 1000, 1500, 2000 and 2500 mg/L
NaCl were added. The adsorption study was carried out
in an orbital shaker and sampling was done at O, 1, 5,
15, 30, 60, 90 and 120 minutes. Collected samples were
centrifuged at 4000 rpm for 5 minutes, and then colour
measurement was performed.

Table 1. Chemical properties of MB.

Classification number 52015
Solubility in water %3.55
Solubility in alcohol %1.48
Amax 665 nm
Molecular weight 319.9 g/mole
Paint group Thiazine
lonisation Acidic

2.4 Adsorption Kinetics

One of the important factors in evaluating the efficiency
of adsorption is the determination of the sorption rate. A
pseudo-first-order Kinetic model and pseudo-second-
order kinetic model were applied to analyse the kinetics
of MB adsorption.

The Lagergren equation, which is based on a method
used to determine the adsorption rate in liquid phase
systems, was used in this study to determine the
adsorption kinetics [8]. It is one of the most widely used
equations in the pseudo-first-order kinetic model. The
line drawn on the graph of t versus log(qe—qt) shows
the application of the first-order kinetic equation for the
system. The values of ge and ki could be determined
from the slope of the graph and the cut-off point. “qe” is
the adsorbed amounts (mg/g) at equilibrium, at time qt,
t. The straight line drawn to the slope of the t versus t/qt
graph in the adsorption kinetic rate equation in the
second-order kinetic model shows the application of the
second-order kinetic model equation for the system. ge
and k» could be determined from the slope of the graph
and the cut-off point.
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2.5 Adsorption Isotherms

The adsorption capacity at equilibrium was calculated.
Langmuir and Freundlich isotherms were applied in this
study.

Adsorption continues until equilibrium is established
between the adsorbed pollutant concentration and the
pollutant concentration remaining in the solution. The
adsorption capacity at equilibrium was calculated using
Equation 2 [9].

qge=(Co—Ce)Vim 2
In Equation 2, ge represents the amount of MB (mg/g)
adsorbed by each unit of adsorbent at equilibrium.
While Co shows MB concentration in solution before
adsorption (mg/L), Ce indicates MB concentration
remaining in solution at equilibrium after adsorption
(mg/L). V is a volume of solution (L) and m is an
adsorbent dose (g). The equilibrium state could be
explained by various isotherm models such as
Freundlich and Langmuir which were also used in this
study [10].

The Langmuir isotherm is applied to describe
monolayer homogeneous adsorption and provides
estimation for the highest adsorption capacity. In
Langmuir isotherm (Ce/ge), K. (L/g), which is the
equilibrium constant, and qmax (Mg/g), which shows the
maximum adsorption capacity for monolayer formation
are used. To explain the basic characteristics of the
Langmuir model, the dimensionless separation factor R
was used (Equation 3). An Rp value between 0 and 1
indicates favourable adsorption.

1
T 1+K..Co

R, 3)
Freundlich model is also based on an empirical equation
used to determine the adsorption density which could
occur on the adsorbent surface [11]. In the model, K
(L/g) is the experimentally calculated adsorption
capacity and 1/ng is an adsorption density. The line in
the graph which is drawn using Ing vs. Ince values
shows compliance with the Freundlich model. The ng
value represents the compatibility of adsorbent and
adsorbate. 1/nr and Kr values are calculated from the
slope of the obtained line.

3. Results and Discussion
3.1 Characteristics of PAS and PWS

The results of SEM EDX (Energy-Dispersive X-Ray)
and FT-IR analyses of PAS and PWS are given in
Figure 1. According to the SEM EDX analysis results,
there are three elements (C, O, and K) in the surface
elemental composition of both adsorbents. The
percentage of carbon element, which plays an active
role in the removal of pollutants in the adsorption
process, was determined as 88.91% for PAS and
92.02% for PWS.
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SEM analyses were used to determine the
morphological properties of the adsorbent. Surface
porosity for PAS and PWS seems suitable for
adsorption. A more uniform porosity distribution is
observed for PAS, while relatively irregular porosity
and rock-like structures are determined for PWS. As
temperature increases with high heating rates, various
volatile compounds are released. De-volatilization
causes morphological changes in biochar followed by
the formation of highly porous surface structures of
biochar samples [12]. The result of a BET surface area
measurement shows that the surface area for PAS is
3.38 m?/g and for PWS is 51.54 m?/g. The SEM images
in Figure 1 also support the surface area results.

The FT-IR spectrum was used to determine the
frequency deviations of the functional groups in PAW
and PWS. As is seen in Figure 1, the spectrum takes
place between 400 and 4000 cm. Peak points represent
broad adsorption bands; 1553, 1409, 1045, 869,
820,749, 704, 568 cm™ for PAW and 1554, 1425, 1110,
1050, 869, 804, 751, 446 cm for PWS. It is estimated
that this is correlated to the hemicellulosic and
cellulosic breakdown reactions and the elimination of
O, including compounds leading to the release of CO..
It is also related to H,O removal reactions, resulting in
the generation of amorphous carbon with various
degrees of hydrogenation [13]. The bands observed
between 1554 and 1409 cm? indicate C—C bonds
attributed to the conjugated alkene and (or) C-C
stretching in the aromatic ring [14]. Bands in the range
of 1110 to 1045 cm™ represent C-C-C and C-O
stretching vibration [6]. The peaks seen at 869-749 cm'*
are indicative of the presence of COs in biochar [15].
The band at 568-446 cm™ could correspond to the SiO-
H vibration.

3.2 Effect of pH on MB Adsorption with PAS and
PWS

The pH value of the solution is important in determining
the adsorption mechanism. This is due to the change in
the surface charge and thus the adsorption capacity of
the adsorbents [16]. Adsorption capacities depending on
pH for PAS and PWS are shown in Fig. 2 (a). The effect
of pH [4, 5.8 (original pH), 7, 9, 11] was evaluated at Co
= 6 mg/L concentration with PAS and PWS. With the
increase in the pH of the solution, the ge values
decreased for both adsorbents. The best ge value for
PAS was obtained as 2.93 mg/g at the original pH (5.8),
while the highest ge for PWS was found as 3.19 mg/g at
the original pH (5.8).

The surface charge of an adsorbent is related to the
PHpze value. If the pHy.c value is greater than the pH
value of the solution, the adsorbent has a positive
surface charge, and if the pHy,c value is less than the pH
value of the solution, it has a negative surface charge. It
is known that the surface charge of the adsorbent will
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increase the adsorption efficiency due to the cationic
nature of the MB dyestuff. This is due to the repulsions
between the cationic dye molecules and the H + ions in
the solution. The PHy, values obtained for pyrolysed
almond shells and walnut shells were determined as 5.6
and 5.1, respectively. In this case, if the pH value is

below 5, the adsorption efficiency is expected to be low.
For this reason, it is possible to explain the adsorption
mechanism with electrostatic attraction. In this study,
maximum ge values were obtained at pH 5.8 (original
pH), and therefore the original pH was used in

subsequent evaluations.
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Figure 1. SEM EDX and FT-IR analysis.
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Figure 2. The effect of a) pH, b) adsorbent doses (m), ¢) contact time (Co=6 mg/L, pH=5.8, m=2.5 g/L), d) initial
dye concentration (pH=5.8, m=2.5 g/L) on dye adsorption with PAS and PWS.

3.3 Effect of PAS and PWS Dose on MB Adsorption

As a result of the MB adsorption study performed with
6 mg/L initial dye concentration and under constant pH
conditions, the varying removal efficiencies within 60
minutes of contact time are shown in Figure 2 (b).
Accordingly, for both adsorbents, increasing adsorbent
doses allowed removal efficiencies to improve. It was
determined that approximately 50% colour removal
efficiency was obtained in the case of 3.5 g adsorbent
application.

3.4 Effect of Contact Time on MB Adsorption by
PAS and PWS

The effect of contact time was evaluated for 120
minutes in the case of 6 mg/L initial concentration,
original pH (5.8) and 2.5 g/L adsorbent application in
200 mL dye solution. Results are given in Figure 2 (c).
According to Figure 2, it is seen that the adsorption
takes place rapidly. Depending on the increase in the
contact time, the MB concentration in the solution
decreases and reaches the equilibrium state at the end of
the 60-minute contact period.
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3.5 Effect of Initial Dye Concentration on MB
Adsorption by PAS and PWS

The effect of initial dye concentration on MB removal
with PWS and PAS is shown in Figure 2 (d). An
increase in ge values was observed due to increasing
concentrations in adsorption experiments using initial
concentrations ranging from 2 mg/L to 10 mg/L, pH 5.8
and fixed adsorbent dose (2.5 g). As it is seen in Figure
2 (d), when Co is 2mg/L, ge for both adsorbents was
determined as approximately 1.2 mg/g. When Co was
increased to 10 mg/L, the ge values were determined as
3.36 mg/lg and 2.96 mg/g for PWS and PAS,
respectively.

3.6 Adsorption Kinetics

In adsorption studies, the time required for the
adsorption to reach equilibrium or the rate of adsorption
is important to explain the adsorption mechanism. In
order to determine the adsorption rate, MB adsorption in
PWS and PAS was evaluated using the first-order and
second-order kinetic models. The results of the study
carried out to explain the adsorption kinetic model are
given in Table 2.
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When the R? values were examined, it was determined
that the adsorbents were compatible with both the first-
order and the second-order kinetic models. Since the
correlation coefficients determined for the second-order
kinetic model were higher, it was determined that it was
more favourable for the second-order kinetic model. It
is seen that the equilibrium adsorption capacities
(ge,cal) calculated for the second-order kinetic model of
both adsorbents are quite compatible with the
experimental adsorption capacities (ge,exp). The g€exp
and ge,cal values were found as 2.89 mg/g and 3.11
mg/g for PAS, 3.02 mg/g and 3.08 mg/g for PWS,
respectively. The rate constants (k;) determined
according to the second-order reaction kinetics were
measured as 0.069 and 0.166 m/mg.min for PAS and
PWS, respectively. This shows that MB adsorption
takes place at a higher rate of PWS compared to PAS.

Table 2. Kinetic parameters for the adsorption of MB
by using PAS and PWS (Co=6 mg/L, m= 2.5 g/L,
pH=5.8).

Pseudo-first order

C e, exp e, cal |.(1 R2
° _(mg/g) (mglg) (min™)

PAS 6 2.89 1.22 0.007 0.9896
PWS mg/L  3.02 1.04 0.0099 0.989
Pseudo-second order

(e, exp Qe,cal ke 2

© gy myg T F
PAS 6 2.89 3.11 0.069 0.9958
PWS mg/L  3.02 3.08 0.166 0.9975

The gmax values obtained in previous studies on MB
adsorption are also summarised in Table 3. The MB
adsorption capacities of PWS and PAS were determined
to be lower than the adsorption capacities of similar
adsorbents used in other studies. For instance, a 4-fold
difference between the qmax values (12.21 mg/g) was
obtained in MB adsorption of granular activated carbon
and the qmax values of PWS and PAS [1]. This shows
that approximately 4 times more adsorbent should be
used to obtain the same removal efficiency. The fact
that the adsorbents (PWS and PAS) to be used instead
of commercial activated carbon are waste materials
makes the application advantageous from an economic
point of view.
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Table 3. gma Vvalues obtained in studies on MB
adsorption.

Adsorbent gmax (MQ/Q) Source
Activated Carbon 263.49 [16]
Granular activated 12.21 [1]
carbon
Lemon peel 29.0 [17]
Olive stones 22.10 [2]
Nutshell 8.82 [3]
Sunflower seed husk 23.20 [18]
(Helianthus annuus)

Spent rice 8.13 [19]
Orange waste 30.3 [20]
PAS 3.02 This study
PWS 3.50 This study

3.7 Adsorption Isotherms

Langmuir and Freundlich isotherms were evaluated by
using the data obtained as a result of MB adsorption
experiments with PWS and PAS. Isotherm coefficients
and correlation coefficients (R2) are given in Table 4.
Langmuir and Freundlich isotherm curves are shown in
Figure 3. Considering the R2 values given in Table 4,
the Freundlich model was more favourable for
adsorption than the Langmuir model.

In the Freundlich isotherm, the KF value represents the
adsorption capacity and the 1/n shows the adsorption
density or heterogeneity factor [3, 21]. As the
heterogeneity of the adsorbent surface increases, the 1/n
value approaches zero [21]. This indicates the
favourability of MB removal.

As is seen in Table 4, the 1/n values of MB adsorption
for PWS and PAS were determined as 0.20 and 0.17,
respectively. This shows that both adsorbents are
favourable for MB adsorption [21]. If the adsorption
process between an adsorbent and a pollutant is
physical, n > 1; if it is chemical, then n < 1, and if it is
linear, n = 1 [21]. All n values obtained in this study are
greater than 1. For this reason, it can be stated that the
adsorption process for both adsorbents is physical
adsorption.
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Table 4. Isotherm constants for Langmuir and Freundlich isotherms.
Langmuir Freundlich
(max
KL R? Kr 1/n n R?
(mg/g)
PAS 3.02 223 0992 205 0.17 5.88 0.9937
PWS 350 1.84 0.9867 2.22 0.20 5 0.9904
3
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Log Ce
Figure 3. Isotherm Curves a) Langmuir, b) Freundlich (pH = 58, t = 60 min, C, = 2, 4,

6, 8 and 10 mg/L, m=2.5g/L)

3.8 Effect of lonic Strength on MB Adsorption by
PAS and PWS

The effect of ionic strength on MB adsorption with PAS
and PWS was examined by adding 500, 1000, 1500,
2000 and 2500 mg/L NaCl into the solution. The
removal efficiencies obtained are shown in Figure 4.

In the adsorption experiments with PWS, 48% removal
efficiency was obtained in the absence of NaCl in the
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solution. However, removal efficiencies decreased with
increasing NaCl concentration. 36% removal efficiency
was obtained with 2500 mg/L NaCl. Increasing the
ionic strength in the solution could prevent the
electrostatic interaction between the adsorbent surface
and the pollutant. It is possible for electrolyte ions to
affect potential interfaces on the adsorption surface and
to compete for electrolyte ions and adsorbed ions for
sorption sites.
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In the adsorption experiments made with PAS, an
increase in MB removal efficiency was determined in
the case of using 500 mg/L NaCl in the solution
compared to the case of not using NaCl. This can be
explained by the fact that NaCl contributes to the
dissociation of the dyestuff into protons and thus
positively affects the adsorption. The dyestuff
dissociates and becomes more easily adsorbed. Similar
results were obtained in some studies [21]. In the

60

Removal rate, %

20

10

0 500 1000 1500

absence of NaCl, 40% removal efficiency was obtained
for PAS, while in the case of 500 mg/L NaCl, the
removal efficiency improved to 48%. However, with the
increase in ionic strength in solution (1000-2000 NaCl
mg/L) removal efficiencies were approximately 39%.
NaCl concentration was increased up to 2500 mg/L but
no significant decrease in removal efficiency was
detected.

®PAS
®PWS

2000 2500 3000

NaCl, mg/L

Figure 4. The effect of ionic strength on the adsorption of MB using PAS and PWS (Co=6 mg/L, m=2.5 g/L,

pH=5.8, t=

4. Conclusion

In this study, the effect of pH, contact time, initial
concentration, and ionic strength in MB adsorption were
evaluated by using adsorption agents obtained from the
pyrolysis of almond and walnut shells. The results of the
study are summarised below;

e According to the SEM-EDX results of PAS and PWS
used as an adsorbent in the study, the C content was
determined as 88.91% and 92.02%, respectively. In
addition, according to SEM images, PWS has
irregular porosity and rock-like structures, although
PAS has a more uniform pore distribution. The result
of a BET surface area measurement shows that the
surface area for PAS is 3.38 m?/g and for PWS, it is
51.54 m2/g.

e The adsorption efficiency was affected by the initial
MB concentration and the adsorbent dose for both
adsorbents. The removal efficiency of 6 mg/L initial
MB concentration improved from 10.6% to 50.42%
for PAS, when the adsorbent dose was increased from
0.5 gto 3.5 g. It also improved from 14.8% to 48.7%
for PWS, when the adsorbent dose was increased from
0.59t03.54.
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60 min)

e The best ge value for PAS was obtained as 2.93 mg/g
at the original pH (5.8), while the highest ge for PWS
was found as 3.19 mg/g at the original pH (5.8).
Depending on the increase in the contact time, the MB
concentration in the solution decreases and reaches the
equilibrium state at the end of the 60-minute contact
period.

o Freundlich isotherm model R? values for PWS and
PAS used in MB adsorption were found as 0.9904 and
0.9937, respectively. The adsorption process for both
adsorbents could be expressed as physical adsorption.
It was found that the second-order kinetic model is
more favourable to the MB adsorption with PAS and
PWS. It was also determined that PWS adsorption
took place at a higher rate than PAS.

e A decrease in removal efficiency with PWS was
determined due to increasing ionic strength. However,
in the case of 500 mg/L NaCl in the solution with
PAS, the removal efficiency increased compared to
the case of no NaCl. This can be explained by the fact
that the salt in the solution dissociates the dyestuffs
and facilitates adsorption.
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In conclusion, the use of pyrolysed almond and walnut
shells in the removal of MB by the adsorption method,
which is used in a wide range of industrial activities,
was evaluated in this study. It was determined that it is
possible to use this adsorbent as an alternative to
activated carbon in colour removal. However, due to the
low gmax values of PAS and PWS compared to activated
carbon, a high amount of adsorbent (PAS and PWS)
could be required. The gmax Values can be increased with
various chemical activation methods that can be applied
to PAS and PWS, and further studies are required on
this subject.
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