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ABSTRACT

Granular activated carbon (GAC) was synthesized from Silver berry (Elaeagnus Angustifolia L.) seeds using zinc chloride as the
activation agent. To optimize the operating parameters, the effects of the time and temperature of carbonization, impregnation
ratio, and heating rate on the iodine number and yield of activated carbon were studied. Optimized parameters were impregna-
tion ratio of 1:1, carbonization temperature of 500 °C, carbonization time of 1 hour, and heating rate of 5 °C/min. The GAC syn-
thesized under optimized conditions was characterized by Nitrogen adsorption-desorption isotherms, SEM, EDX, XRD, FT-IR,
Boehm titration, TG-TGA, and TG-IR. It was found that the synthesized GAC has a microporous structure with a BET surface area
of 1109 m2/g, a micropores volume of 0.317 cm3/g, and an average pore diameter of 2.1 nm. The methylene blue (MB) dye was
employed as a molecule model to evaluate the porosity and the adsorption capacity of the synthesized GAC. The results showed
that the maximum adsorption capacity of MB and the percent portion of the surface area (Spg/Sget) were 120.48 mg/g and
30.62%, respectively. The experimental results reveal that the synthesized GAC can be used as a low-cost adsorbent for the re-
moval of small and large environmental pollutants.

Keywords: Granular activated carbon ; Elaeagnus Angustifolia seeds ; ZnCI2 ; chemical activation ; thermogravimetric analy-
sis

1. Introduction

Activated carbon (AC) is an important material in many fields due to its large surface area, high level of porosity, and
low cost. Therefore, it is the most widely used materials in the removal of organic pollutants from wastewater and
drinking water, in the removal of heavy metal from wastewater, in the purification of gases, in energy storage, and in

gas capture.!] Hence, special attention has been funded to its production, and many studies have been reported.

According to its particle size, AC may be classified into two forms: powdered activated carbon (PAC) and granu-
lar activated carbon (GAC). GAC has an average particle size between 0.5 to 2.5 mm.[2] It has many advantages such
as the effectiveness of the regeneration process; it can be regenerated with only a few losses of AC, the multiple ap-
plication; it can be employed as a filter and adsorbent in the fixed-bed column, and the low costs; it may be employed
more times for the same application. In the current literature, there are only some studies on the synthesis of GAC
compared to the PAC.




Activated carbons are synthesized from various raw materials as precursors, lignocellulosic being one of the most
used precursors, which has many advantages such as the simplicity of the synthesis process, the high reactivity, the
low costs, the negative impact to the environment, and the availability of precursors.[3*] Among these precursors, it
can be mentioned coconut shell,[>-¢] Tamarind wood,[”! Paulownia wood, 8! lignin,[g] cotton stalks,[10:11] Spartina
Alterniflora,l'2] Fox nut,[!3] wild chestnut,[14] pumpkin seed shell,l15] tobacco stem,[1€] black wattle bark waste,[17]

Oleaster cores.[!8]

In the present study, the ability of Silver berry seeds to serve as a low-cost material for the synthesis of Granular
Activated Carbon (GAC) was investigated. The Silver berry plant belongs to the genus Elaeagnus of Elaecagnacea
(Araliaceae) family. It is a kind of tree growing abundantly in East-Algeria. Also, there are more than 90 kinds of this

tree found around the world.[!9] 1t is also known as Oleaster, Russian olive, or Wild olive. Recent studies in the fields
of medicine and pharmacy have shown that Silver berry plant could be used as natural antioxidants, anti-inflammato-

ry, anti-microbial, anti-cancer, and analgesic.[zofzz]

Activated carbons can be synthesized according to three activation methods: chemical activation, physical activa-
tion, and physicochemical activation.[23-24] In the chemical activation method, the carbonization step and activation
step progress simultaneously.[?5] The chemical activation shows significant advantages, including short processing
time, low pyrolysis temperature, high carbon yield, large specific surface area, well-developed and controlled porosi-

ty, and an important reduction of the mineral matter content.[26]

However, its disadvantages include the washing step
and the corrosiveness of the process.[27-28] The main factors affecting chemical activation include the type of activat-
ing agent, mixing method, the mass ratio of activating agent to carbon precursor, and heating method.[2%]

The chemical and physical properties of activated carbon strongly depend on process parameters, including the
type of precursor, the activation process, carbonization time and temperature, impregnation ratio, impregnation meth-
od, carbonization time, and the activating agent. Different well-known activating agents can be used in the activation

process: acids such as H3PO43%1 and H,S04,131 alkaline such as NaOH,5] KOH,[32] and K,C03,33] or alkali earth

metal salts such as FeCls,[34] MgCl,,[35] and ZnCl,.136] ZnCl, is shown as one of the most effective activating agents

for preparing AC with distinct characteristics like very high surface area, high yield, and high adsorption capacity.
[8,13-15,36-39]

This study has focused on the synthesis of GAC from Silver berry seeds by chemical activation with ZnCl,. For

this purpose, the effects of impregnation ratio, carbonization temperature and time, and heating rate on the iodine
number and yield of the synthesized GAC were investigated. The GAC synthesized under optimized conditions was
characterized by Nitrogen adsorption-desorption isotherms, SEM, EDX, XRD, FT-IR, Boehm titration, TG-TGA, and
TG-IR analysis. Moreover, the methylene blue (MB) dye was employed as a molecule model to estimate the meso-
pores surface area and evaluate the adsorption aptitude of the synthesized GAC.

2. Materials and methods

2.1. Materials

In this study, the precursor used for the synthesis of GAC was obtained from Silver berry fruit seeds (Elaeagnus
angustifolia L.) collected in Batna region, East-Algeria. The fruit and seed of the Silver berry are shown in Figure 1.

Figure 1. Photographs of: (a) Silver berry fruit and (b) Silver berry seeds.




2.2. Preparation of MB solution

A stock solution (1 g/L) of MB dye was prepared with distilled water. The BM (C1HgCIN3S (7-(dimethylamino)

phenothiazin-3-ylidene]-dimethylazanium chloride)) was purchased from Sigma-Aldrich (= 97%), Algeria. The stock
solution was kept in a dark place and was diluted to obtain the desired concentrations of MB. Its concentrations were
analyzed by UV-visible spectrophotometer (Shimadzu, Japan) at 664 nm.

2.3. Synthesis of activated carbon

In this present research work, the synthesis of GAC was carried out by the chemical activation process with zinc
chloride (ZnCl,) as an activating agent. The Silver berry seeds were washed with distilled water to remove any adher-

ent dirt and dried in an oven at 105 °C until a constant weight was obtained. They were then crushed and sieved
through 0.5-0.75 mm to obtained uniform granules. The obtained granules were then soaked in ZnCl, solution at dif-
ferent impregnation ratio (weight of ZnCly/weight of precursor). After impregnation, the mixtures were maintained
under continuous stirring for 4 hours at 100 °C and then dehydrated in an oven overnight at 105 °C. The dried sam-
ples were carbonized in a muffle furnace at different conditions as indicated in Table 1. The prepared samples of
GAC were washed with 10% HCI solution and cleaned with distilled water until stabilization of the pH. Finally, the
samples were dried inside an oven at 105 °C and then stored until use.

Table 1. Effect of impregnation ratio of ZnCl,, carbonization temperature, carbonization time and heating rate on the iodine num-
ber and the yield of synthesized GAC.

1:0.25 500 1 5 497.97 45.77
1:0.5 500 1 5 685.14 42.09
1:0.75 500 1 5 810.99 37.83
1:1 500 1 5 892.31 35.78
1:1 300 1 5 520.16 51.91
1:1 600 1 5 778.35 20.20
1:1 700 1 5 640.99 17.32
1:1 500 0.5 5 627.03 38.4
1:1 500 1.5 5 828.32 23.5
1:1 500 2 5 710.80 21.01
1:1 500 1 10 900.61 32.02
1:1 500 1 15 782.88 27.32

2.4. Optimization of GAC synthesis conditions




Four process parameters were selected: impregnation ratio (IR), carbonization temperature (CT), carbonization
time (Ct), and heating rate (HR). The process parameters are illustrated in Table 1. The percentage of GAC yield and
the iodine number (mg/g) were chosen as the response variables.

The yield of activated carbon was estimated according to Eq. (1):

Yield of the AC (%) _ Weight'ofactivated carbon % 100 )
weight of precursor

The iodine number of the synthesized GAC-ZnCl; (mg/g of GAC) was determined according to ASTM D4607-94

standard test method. It is a relative indicator of surface area and micropores content (pore width < 20 A) of AC.38]

2.5. Characterization of the GAC synthesized under optimized condition
2.5.1. Textural characterization

Physical adsorption was carried out using a Micromeritics ASAP 2010 equipment. Nitrogen at =196 °C was used
as an analysis gas. The isotherm was constructed point-by-point by admission and withdrawal of calibrated amounts
of gas, with adequate time allowed for equilibration at each relative pressure P/Py where P is the saturation pressure

at —196 °C. The sample was outgassed prior to the measurement at 200 °C. The Brunauer-Emmett-Teller (BET)
method was applied to determine the specific surface area of the synthesized GAC-ZnCl,. The physisorption iso-

therm was transformed into a BET plot from a set of 10 experimental points of the linear range (0.05 <P/P(<0.3).
The specific surface area Sgg can then be obtained from the BET monolayer capacity Vy,. It defined as the amount
of nitrogen sufficient to cover the surface with a complete monolayer of molecules. The specific surface area (Sggt)
is given by the following equation (Eq.(2)):

VLo (2)
SBeT = Vo

Where V,, is the monolayer capacity (cm3.g™1) at STP (0 °C, P =1 atm), V,, is the molar volume of nitrogen, sup-

posed as an ideal gas (22414 cm3.mol™! at STP), L is the Avogadro constant and ¢ is the molecular cross-sectional
area (for nitrogen, ¢ = 0.162 nm? at —196 °C).

The average pore diameter was derived from the total pore volume (V) and the BET surface area on the basis of
uniform cylindrical pores. The t-plot analysis method was used to estimate the micropore specific surface (Spijcro)
and micropore volume (Vyicro)- The mesopore volume (Vipeso) Was obtained by subtracting Vinicro from V. Density
measurements were performed using a Micromeritics AccuPyc 1330 helium pycnometer.

2.5.2. Surface morphology

The microstructure of the synthesized GAC-ZnCl, was identified by using Scanning Electron Microscopy (SEM)

analysis (a Jeol JSM 7100 F, 10 kV). Energy Dispersive X-Ray (EDX) analysis was used to supply elemental identifi-
cation and quantitative composition of the synthesized GAC-ZnCl,.

X-Ray Diffraction (XRD) analysis of the synthesized GAC-ZnCl, was carried out on a Bruker D8 Advance dif-
fractometer with Cu Ka radiation source at a voltage of 20 kV. Measurements were conducted in the scanning range
20 from 10° to 80° with a step width of 0.03°.

2.5.3. Thermal analysis

In order to evaluate the thermal stability of the synthesized GAC-ZnCl,, thermogravimetric (TG)/differential ther-
mal analysis (DTA) of the sample was conducted using a Perkin-Elmer TG/DTA equipment with simultaneous re-
cording of TG and DTA curves in relation to temperature and time. For that, a sample mass of 304.72 mg was heated
under N, flow rate of 80 mL/min and a heating rate of 10 °C/min up to 800 °C. During the TG analysis, the volatile




products evolved from the thermal degradation were sent to an FTIR cell to record the infrared spectra and perform a
qualitative and quantitative analysis of the volatile products evolved. Calibration spectra of distilled water, carbon
monoxide and methane have been constructed and used to identify and quantify the volatile products evolved.

2.5.4. Physicochemical characteristic

Fourier transform infrared spectroscopy (FT-IR, a Bruker Equinox 55 spectrometer) was used to qualitatively
identify the nature of surface functional groups of the synthesized GAC-ZnCl, sample. For this purpose, the FTIR

spectra were recorded over the range of 400-4000 cm™! using the pressed potassium bromide (KBr) pellets. The prin-
cipal acidic oxygenated functions of the AC, such as carboxylic acids, lactones, and phenols, were determined using
the traditional Boehm titration method.[40] Four samples of AC (0.5 g) were added to 25 ml of NaOH, NayCO3, NaH-
CO3, HCI, and NaOH 0.1 N. The mixtures were stirred at 25 °C for 24 h and were then filtered. The supernatants

were titrated with HCI (0.1 N) or NaOH (0.1 N) solutions. NaOH neutralizes carboxyl, lactone and phenolic groups;
NayCOj3 neutralizes carboxylic groups, and lactone; NaHCOj5 just neutralizes carboxylic groups.

The pH at the point zero charge (pHpzc) was determined using the Lopez-Ramon ef al. method.[41] 0.1 g of the
sample was stirred in 25 ml of NaCl solutions (0.1 N) at 25 °C for 48 hours. pH for each solution was varied by add-
ing NaOH or HCI (0.1 N). After the contact time, the final pH of each sample was measured using a pH meter. The
pHpzc is the point where the final pH equal to the initial pH.

The slurry pH of the synthesized GAC was measured according to the method of ASTM D3838-80. The proxi-
mate analysis (wt. %) such as the ash content, the volatile matter, and moisture of the sample was carried out using
the ASTM standard test procedures. The percentage of fixed carbon was calculated from the difference.

2.6. Equilibrium adsorption of MB

The 100 mL samples of MB solution with known concentration (200-700 mg/L) and the samples of the synthe-
sized GAC with the mass of 0.5 g were added to the Pyrex vessel. The liquid/solid mixtures were shaken at 200 rpm
at 25 °C for 24 hours. After the equilibration period, the samples were filtered using a syringe filter of 0.45 um and
the residual concentration of BM in the filtrate was analyzed by a UV/visible spectrophotometer. The wavelength for
the absorbance determination was 664 nm. The amount of MB adsorbed per unit mass of GAC at equilibrium condi-
tions was calculated by Eq. (3).

(G —=CV (3
e m

Where q, is the adsorption capacity at equilibrium, in mg/g. Cy and C,, are the initial and the equilibrium concen-
trations of MB; respectively, in mg/L. V is the volume of solution, in L, and m is the mass of adsorbent, in g.
To investigate the equilibrium behavior of MB adsorption on the synthesized GAC, the theoretical Langmuir iso-

therm and empirical Freundlich isotherm were used. The expressions of the Langmuir isotherm equation and its line-
ar form are represented by the following equations Egs. (4) and (5):

_ 9mKiCe |(4)
Qe = THKLC,
1_ 1 1,.1[9
e KL‘:lm Ce dm

where qy, is the adsorption capacity at complete monolayer adsorption capacity, in mg g~ !. Ky is the Langmuir
adsorption constant in L mg~!. The linear Langmuir plots are obtained by plotting 1/‘le Vs. 1/ce. The slope and the

intercept of this plot give the values of qy, and Ky. From the qy, value, it is possible to calculate the specific surface
area of the GAC related to the MB (Syp) according to the following equation (Eq (6)):




(6)

—20
10 “" qmamp Np

SmB = My

Where Sy (m? g™1) is the specific surface area. ayg is the occupied surface area of one molecule of methylene

blue, 197.2 A2. Mg is the molecular weight of MB, 373.89 g/mol. N is Avogadro's number, 6.02 x 1023 molecule/
mol.

Freundlich isotherm equation and its linear form are represented by the following equations Eqgs. (7) and (8):

1
e = Kf Cé’

®)

Inqe = InKp + %ln Ce

where K is the Freundlich adsorption constant in (mg g™') (L mg™!)!/? and n is the empirical parameter relating
the adsorption intensity, which varies with the heterogeneity of the material (dimensionless). The values of n and Kg
are obtained from the intercept and slope of the plots of Ing, vs. InC,.

3. Results and discussions

3.1. Optimization of GAC synthesis conditions

The optimal conditions for GAC synthesis from Silver berry seeds were determined by examining the effects of
the impregnation ratio of ZnCl, (IR), carbonization temperature(CT), carbonization time (Ct), and heating rate (HR)
on the yield of the synthesized GAC (%) and the iodine number (IN(mg/g)). The experimental conditions and the
obtained results are given in Table 1.

Figure 2a shows the effect of impregnation ratio on the iodine number and yield of the synthesized GAC, whereas
the carbonization temperature, carbonization time, and heating rate were kept still (500 °C, 1 h, and 5 °C/min). It can
be observed that the impregnation ratio plays a significant effect on the iodine number of the synthesized GAC. The
iodine number increased remarkably with increasing the impregnation ratio, which can be attributed to the increasing

development of the porosity.[*2] Similar observations have been reported in the literature.l!343-45] On the contrary,

as the impregnation ratio increased, the percentage yield of the synthesized GAC was decreased. This could be attrib-
uted to the removal of a large amount of carbon as volatile matter (CO, CO,, CHy), and tars during the dehydration

reaction. These results are in good agreement with those reported by other researchers.[8:14:37:45,:46] I their studies,
ZnCl, was used as an activating agent during the preparation of AC from various precursors. The results in Table 1
illustrated that the highest iodine number was obtained at 1:1 (w/w) as 892.32 mg/g. Consequently, the value of 1:1
can be taken as the optimum impregnation ratio.

Figure 2. Effect of the impregnation ratio (a), carbonization temperature (b), carbonization time (c) and heating rate (d) on the
iodine number and yield of synthesized GAC.
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The effect of the carbonization temperature on the iodine number and yield of synthesized GAC is shown in Fig-
ure 2b, whereas the impregnation ration was kept at the optimum value. It can be observed that the iodine number of
the synthesized GAC increased from 520.16 mg/g to 892.31 mg/g with an increase in carbonization temperature be-
tween 300 and 500 °C. The high temperature would increase the reaction rate between the carbon matrix and the acti-
vating agent (ZnCly), thus caused the increasing formation of the micropores. As the temperature increases up to 500,
a decrease in the iodine number was observed, which could be attributed to the downfall of the carbon structure. The
yield of synthesized GAC decreased significantly with the increase of carbonization temperature, which can be due to

the promotion of tar volatilization.[37] A similar observation has been reported by Altintig & Kirkil.[!4] Results in
Table 1 showed that the highest value of iodine number was determined at the temperature of 500 °C. This tempera-
ture can be chosen as the optimum carbonization temperature.

The effect of carbonization time in the iodine number and the yield of synthesized GAC is shown in Figure 2c. It
can be observed that the iodine number increased from 627.03 to 892.31 mg/g with increasing the carbonization time
from 0.5 to 1 h. As the contact time between Silver berry seeds and ZnCl, increases up to 1 h, a decrease in the iodine
number was observed, indicating that a longer duration of carbonization time caused the collapse of micropores walls
and recombination of carbon atoms.[47] Similar results have been reported by Yorgun ef al., Altintig & Kirkil, and
Saygili & Giizel.[8:1%:391 On the other hand, the percentage of yield decreased with increasing time of carbonization,
which was due to the increase in the carbon burn-off. According to the results in Table 1, the value of 1 h is the opti-
mum carbonization time.

The effect of the heating rate on the iodine number and yield of the synthesized GAC is shown in Figure 2d. It can
be observed that the increase in the heating rate between 5 and 10 °C did not have a significant effect on the iodine
number. When the heating rate increases from 5 to 10 °C, the iodine number was increased from 892.31 to 900.61
mg/g. On the contrary, when the heating rate increases from 5 to 10 °C, the yield was decreased from 35.78 to
32.02%. The highest values of the iodine number and yield were determined to be 900.61 mg/g and 35.78% with a
heating rate of 10 °C/min and 5 °C/min, respectively. It is difficult to determine the optimum heating rate for these
two responses under the same conditions. In this case, the value of 5 °C/min can be chosen as the optimum heating
rate.

Optimized parameters used for synthesis GAC from Silver berry seeds were the impregnation ratio of 1:1, carboni-
zation temperature of 500 °C, carbonization time of 60 min, and heating rate of 5 °C/min. The iodine number and
yield of the synthesized GAC under optimum conditions were 8§92.31 mg/g and 35.78%, respectively.

3.2. Characteristic of the synthesized GAC under optimum conditions




3.2.1. Textural characterization

Figure 3 displays the nitrogen adsorption — desorption isotherms of the synthesized GAC. According to IUPAC
classification, the isotherm appears like a Type I isotherm, especially with the steep uptake at very low relative pres-
sure P/P, characteristic of a microporous adsorbent. However, it does not exhibit the limiting uptake of conventional

Type I isotherm but rather a low gradual increase of the amount adsorbed when P/P reaches ca. 0.1. The isotherm is
thus best described as a Type I+ Type Il composite isotherm.

Figure 3. The nitrogen adsorption-desorption isotherms at —196 °C.
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The BET surface area (SggT), micropore surface area (Spjcro), €xternal surface area (Sext), total pore volume
(Viota1), micropore volume (Vijcro), mesopore volume (Vieso), and average pore diameter (Dp) of the synthesized
GAC determined by BET and t-plot methods are summarized in Table 2.

Table 2. Textural characterizations of synthesized GAC.

1109 442.82 666.18 0.588 0.317 0.271 2.1‘ 1.3‘ 892.31 35.78

Results show that the synthesized GAC has an average pore diameter of 2.1 nm, indicating the large presence of
micropores. The obtained iodine number was comparable to that of commercial GAC (Picahydro-20-W).[48] The
yield value indicates that the ZnCl, worked effectively as an activating agent. The BET surface area of the synthe-
sized GAC was higher than that reported by Farida ef al., 2013.['8] In their work, the PAC was synthesized from
Elaeagnus angustifolia seeds using H3POy4 as an activating agent, and the BET surface area was found to be 969

m?%/g. Table 3 gives the BET surface area and total pore volume of PAC synthesized from various precursors by
chemical activation with ZnCl, obtained at different operating parameters.

Table 3. Comparison of the BET surface area and total pore volume of synthetized PAC obtained at different operating parameters.
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3.2.2. Surface morphology

The SEM images of the GAC synthesized under optimum conditions are shown in Figure 4. Figure 4 shows that
the synthesized GAC presents a rough surface, full with cavities of different sizes and shapes. It could be seen that
the surface presents well-developed porosity resulted from the evaporation of the activating agent (ZnCl,) upon car-

bonization.130:57] This indicates that the ZnCl, is an effective activating agent.

Figure 4. Scanning electron micrograph images of the GAC synthesized under optimum conditions. [AQ4]
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Energy dispersive X-ray (EDX) spectrometer analysis of synthesized GAC is shown in Figure 5. This analysis
shows that the sample has a high carbon content with an atomic fraction of 98.8%. This indicates that the activating
agent (ZnCly) is a suitable dehydrating agent and the sample is almost carbonized. On the other hand, a very small
percentage of chlorine, and zinc on the surface of GAC was observed which are residues of the chemical activation
step.

Figure 5. Energy dispersive X-ray (EDX) spectrometer analysis of the GAC synthesized under optimum conditions.
Spectre 1
Element Weight (%) Atomic (%)

C 96.37 98.80

S 0.10 0.04

cl 3.10 1.08

0.08

0 05 1 15 2 25 3 35 4 45
keV

Figure 6 illustrates the result of XRD diffractogram of the synthesized GAC. As can be observed from Figure 5
the synthesized GAC exhibited a wide peak at 20 =24.05°, corresponding to the reflection plane (0 0 2), which is
typical of the structure of disordered aromatic carbons. The other broad diffraction peak appeared at 42.06°, corre-
sponding to the (1 0 0) planes of hexagonal structure of graphite. Similar results were reported in the literature.
[14,58,59] In fact, the appearance of the peak at around 24° at activation temperature (500 °C) reveals the predominant-
ly amorphous structure of carbon.

Figure 6. X-ray diffraction patterns of the GAC synthesized under optimum conditions.
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3.2.3. Chemical characteristics

Figure 7 represents the FTIR spectrum in the range of 600-4000 cm™! for the synthesized GAC. It can be observed
that the absorbance bands have several peaks at various wavenumbers retaining to different functional groups. There

was a strong and broad peak at 3447 cm ™!, which corresponded to the stretching vibration of the hydrogen-bonded
hydroxyl O-H functional groups. The CH, and CH bands are observed at 2923 and 2851 cm™!, respectively.[%] The
band at 1742 cm™! was ascribed to C = O stretching vibration from carboxylic groups, which was the characteristic of
hemicellulose. The peak at 1630 cm™! was generally assigned to the stretching vibration of laconic groups C-0.[01]
The peak at 1402 cm ™! is assigned to the C-H symmetrical bending from methyl groups or the -CH, scissoring vibra-
tion.[92] The peak at 1262 cm™! was attributed to C—O—C stretching vibration of ethers.l1%] The peaks at 1192 and
1097 cm™! were consistent with alcoholic C —O and C — N stretching vibrations, respectively. The peak at 801 cm™!
may be attributed to out-of-plane bending in benzene derivative.[10:063] These results indicate that the surface of the
synthesized GAC is rich in functional groups.

Figure 7. The FTIR spectrum of the synthesized GAC at optimized condition.
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The acidic and basic functional groups can be detected by Boehm’s method. The results revealed the presence of
carboxylic acids (-COOH), lactonic (-COO-), phenolic (-OH) and, basic functional groups. Their amounts were 0.83,
0.7, 0.45, and 0.52 mequiv/g, respectively. It can be said that the amount of the acid groups (1.98 mequiv/g) was
higher compared with the basic groups. This difference might be due to the chemical activation process of the Silver

berry seeds with ZnCl, as an activating agent. Danish et al.1%%] reported in their study that the chemical characteris-
tics of the surfaces of AC strongly depend on the activating agent.

The slurry pH and pHpyzc of the synthesized GAC were found to be 5.21 and 4.79, respectively. Which indicates

dominant of acidic groups over basic groups. Therefore, the surface of the synthesized GAC will be negatively charg-
ed when pH of solution > pHzpc, and vice versa. The percentage of ash content, volatile matter, moisture, and fixed

carbon of the synthesized GAC were 5.1, 40, 2.95, and 51.95, respectively.
3.2.4. Thermal analysis (TG/DTG and TG-FTIR)

Figure 8 shows the TG and DTG analysis of the synthesized GAC. It can be seen that the weight loss of the sam-
ple showed two stages. The first stage of the weight loss for temperature up to 180 °C was due to the release of adsor-
bed water. The weight loss was about 26.77% of the initial weight at the midpoint (ca. 134.29 °C). The second stage
from 180 to 800 °C was due to the thermal decomposition of the oxygenated functional groups, which did not show a
significant weight loss. Therefore, the oxygenated functional groups released in this stage represent only 13.75% of
the total weight loss of 40.39% at the midpoint (ca. 663.76 °C). It can be said that the synthesized GAC has a high
thermal resistance, which due to its high carbon content as an atomic fraction of 98.8%. Similar profiles of TG analy-

sis have been observed by Kumar & Jena, Chen et al., Saygili & Giizel and Huang et al.[13-16:3965] In the DTG spec-
trum (red curve) in Figure 8, the endothermic peak was observed between 40 and 230 °C (at 162 °C), which can be
attributed to water vaporization.

Figure 8. Thermogravimetric (TG) and differential thermal (DTG) analysis of the synthesized GAC under heating rate of 10 °C
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The volatilized products formed during the thermal degradation of the sample were characterized using a thermog-
ravimetric analysis/infrared spectrometry (TG-FTIR). As shown in Figures 9 and 10, the sample undergoes degrada-
tion in two characteristic temperature stages. During these two stages, the volatilized products evolved from the heat-
ed samples were sent to an FTIR cell to record the infrared spectra at the following times 21.45 and 65.21 min. Spec-
trum at 21.45 min (Figure 9) shows that the sample has similar behavior in environments of distilled water. When the

time increases to 65.214 min, there are new peaks at 1300 cm L, 3000 cm™!, and a stretching vibration between 2000

cm™ ! and 2300 cm™! attributed to the methane and carbon monoxide, respectively (Figure 10). It is concluded that the
volatilized products for the thermal degradation of prepared samples are water (16.45%), carbon monoxide (21.75%),
and methane (61.8%). The formation of these volatilized products can be attributed to the decomposition of the car-

bon precursor during the activation process according to these possible reactions.[¢¢]

C(s) + H20(g) = Ha(g) + CO(g) (9)




CO(g) + Ha0(g) = Ha(g) + COz(g) (10)

‘cs + 2Hp(g) — CH4(g)‘(ll)‘

C(s) + COz(g) = 2C0(g) [(12)

Figure 9. FTIR spectra of volatilized products at 21.45 min or 228 °C during the thermal degradation of the activated sample with
reference spectrum (distilled water).
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Figure 10. FTIR spectra of volatilized products at 65.24 min or 676 °C during the thermal degradation of the activated sample with
reference spectra.
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3.3. Mb adsorption on the synthesized GAC under optimized conditions

Figure 11 shows the equilibrium adsorption isotherm of MB onto GAC synthesized from Silver berry. Langmuir
and Freundlich models were tested to investigate the equilibrium behavior of MB adsorption on the synthesized GAC
(Figures 12 and 13). Isotherm constants for each model were calculated and are given in Table 4. Comparison of the

RZ values suggests the best fit by the Langmuir model (R2= 0.994). Similar results have been reported by Saygili &
Giizel.[3%] Maximum monolayer adsorption capacity qy, of MB onto the synthesized GAC was 120.48 mg/g. The ob-
tained maximum monolayer adsorption capacity of MB was higher than that reported by Baytar e al.l%7] In their
study, the PAC was synthesized from Elaeagnus angustifolia seeds using H3POy4 as an activating agent, and the Max-
imum monolayer adsorption capacity of MB was found to be 72 mg/g. On the other hand, the specific surface area of
the synthesized GAC related to the MB (Syg) was calculated according to Eq. (6) as 382.71 m?%/g. Furthermore, the
percent portion of the surface area accessible to MB dye compared to the BET surface area (Syp/SggT) Was deter-

mined as 30.62%, which confirmed that the synthesized GAC has a mostly microporous structure. In fact, the MB
molecule has a diameter of 0.9 nm, which can be adsorbed in micropores of a larger diameter, macropores, and meso-

pores.[08] In this case, it can be said that the synthesized GAC has a heterogeneous structure.

Figure 11. Equilibrium adsorption isotherm of MB on the synthesized GAC under optimum conditions.
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Figure 12. Fit linear of Freundlich and Langmuir isotherms models.
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Table 4. Langmuir and Freundlich isotherm constants for adsorption of MB at 25 °C.

Isotherms model Freundlich Langmuir

Parameters KF = 26.62 (mg/g) (L/mg)!" q= 120.48 mg g!
n=359 Ki=1.33 %103 (L mg'!)
R%=0.97 R? =0.994

4. Conclusion

Silver berry seeds were used as a low-cost precursor to synthesis GAC by chemical activation using zinc chloride
as the activation agent. To optimize the operating parameters, the effects of the time (1-2h) and temperature
(300-700 °C) of carbonization, impregnation ratio (0.25:1-1:1 w/w), and heating rate (5-15 °C/min) on the iodine
number and yield of activated carbon were examined. Results show that the impregnation ratio and carbonization
temperature were the most effective parameters on the iodine number and yield of the synthesized GAC. The iodine
number and yield of the synthesized GAC obtained under the optimized conditions (impregnation ratio of 1:1, car-
bonization temperature of 500 °C, carbonization time of 1 hour, and heating rate of 5 °C/min) were found to be
892.31 mg/g and 35.78%, respectively. The GAC synthesized under optimized conditions has a microporous structure




with a BET surface area of 1109 m%/g and a micropores volume of 0.317 cm3/g. SEM and FTIR analysis were evi-
denced the presence of a porous structure and different functional groups on the surface of the synthesized GAC. The
percentage of volatilized products formed during the thermal degradation of the material characterized using TG-
FTIR analysis were found to be 16.45% (H0), 21.75% (CO), and 61.8% (CH4). The methylene blue dye was em-
ployed as a molecule model to estimate the porosity and evaluate the adsorption aptitude of the synthesized GAC.
The results showed that the maximum adsorption capacity of methylene blue on the synthesized GAC was 120.48
mg/g and the percent portion of the surface area accessible to MB dye compared to the BET surface area (Syp/SBET)
was determined as 30.62%. The iodine number value and maximum adsorption capacity of MB onto the synthesized
GAC showed that the synthesized GAC was capable of removal small and large environmental pollutants. According
to the obtained results, it can be said that the synthesized GAC could be employed as a low-cost alternative to com-
mercial GAC for adsorption in the fixed-bed column system and in other industrial applications.
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