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Abstract: Wastewater treatment by adsorption onto activated carbon is effective because it has a
variety of benefits. In this work, activated carbon prepared from rice husk by chemical activation
using zinc chloride was utilized to reduce chemical oxygen demand from wastewater. The as-
prepared activated carbon was characterized by scanning electron microscope, Fourier transform
infrared spectroscopy and nitrogen adsorption/desorption analysis. The optimum conditions for
maximum removal were achieved by studying the impact of various factors such as solution pH,
sorbent dose, shaking time and temperature in batch mode. The results displayed that the optimum
sorption conditions were achieved at pH of 3.0, sorbent dose of 0.1 g L1, shaking time of 100 min and
at room temperature (25 °C). Based on the effect of temperature, the adsorption process is exothermic
in nature. The results also implied that the isothermal data might be exceedingly elucidated by the
Langmuir model. The maximum removal of chemical oxygen demand by the activated carbon was
45.9 mg g~ 1. The kinetic studies showed that the adsorption process follows a pseudo-first order
model. The findings suggested that activated carbon from rice husk may be used as inexpensive
substitutes for commercial activated carbon in the treatment of wastewater for the removal of chemical
oxygen demand.
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1. Introduction

Wastewaters produced from different industries contain organic and inorganic con-
taminants in addition to other harmful substances. Each year, 3 to 10 billion gallons of
untreated waste are liberated from sewage treatment plants [1]. As a result, treating such
effluent to an environmentally acceptable level is critical from both an environmental and
economic standpoint. The existing issues in wastewater treatment systems are caused
by an increase in the contamination with harmful substances that are difficult to degrade
biologically [2].

An essential parameter in residential wastewater is chemical oxygen demand (COD),
which measures the amount of oxygen needed to oxidize organic molecules chemically [3].
High COD levels are a sign of organics in the wastewater, which can reduce the amount of
dissolved oxygen in the water and have significant environmental effects [4]. Therefore,
the COD test is frequently used to evaluate the effectiveness of water treatment plants [5].

For COD removal from industrial effluents, a variety of strategies have been consid-
ered [6]. These include electrocoagulation [7], chemical coagulation [8], adsorption [9],
nanofiltration [10], ozonation [11] and reverse osmosis [12].

Research efforts are being carried out to develop effective and inexpensive wastewater
treatment techniques [13]. Adsorption is a potential approach for removing several forms
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of contaminants from wastewater [14]. Low-cost adsorbents of various sources such as
agriculture waste can be employed for the removal of pollutants from wastewater [15].
The elimination of different contaminants by adsorption onto activated carbon is widely
investigated for the treatment of wastewater [16]. Activated carbon is a porous material
with a relatively high surface area and can be obtained from various agriculture wastes [17].
It is widely used to remove toxic metal ions [18], dyes [19], pharmaceutical residue [20],
dissolved organic carbon [21], pesticide [22], and inorganic anions [23] from wastewater.
The utilization of activated carbon derived from agricultural waste represents an additional
advantage in terms of recycling this waste to obtain effective materials [24].

Rice husk (RH) is a by-product of the rice milling industry. The yearly global RH
production is around 100 million tones [25]. Farmers frequently dump RH into the environ-
ment through burning, which releases CO;, a greenhouse gas. Furthermore, eliminating
it in farms may result in the growth of germs in the soil [26]. As a result, the rice husk
must be recycled by turning it into active elements that may be utilized for environmental
objectives [27]. Due to the high cellulose and lignin content of rice husk, it can be used as
an excellent source of carbons to produce activated carbon.

In this work, chemically activated carbon was prepared from rice husk for reduction
in COD from wastewater. The effects of various experimental factors such as pH, amount
of activated carbon, stirring time and temperature were studied and optimized to obtain
the maximum adsorption.

2. Results and Discussion
2.1. Characterization of the Activated Carbon

The SEM images of the activated carbon are shown in Figure 1. The surface mor-
phology of the activated carbon is a porous multilayer texture with distinct cracks and
cavities which are responsible for the high surface area of the prepared activated carbon.
The cavities on the surfaces appear to be the consequence of ZnCl, evaporating during
carbonization, leaving the empty area that it had previously filled [28]. However, the
surface is covered in numerous tiny pits, which suggest that carbon gasification occurred
on the outside surface during carbonization [29]. TEM image of the activated carbon is
shown in Figure 2. The TEM analysis is seen to clearly establish the amorphous structure’s
nature [30]. The particles of the prepared activated carbon appeared to be aggregated due
to the presence of surface chemical functional groups. TEM showed that the particle size
ranged from 20 to 35 nm.

The FTIR spectrum (Figure 3) was performed to qualitatively characterize the surface
function groups of the native rice husk and the activated carbon.

The spectrum of the native rice husk exhibits a band at about 3433 cm~!, which is
due to the vibration stretching of OH groups. The band at 2923 cm~! is due to the —CHj
of lignin [31]. The peak at 2860 cm~!, which corresponds to aliphatic C-H stretching,
indicates the presence of alkane moieties [32]. The C=0 stretching vibrations between
1655 and 1713 cm~! indicate hemicelluloses and lignin aromatic groups [33]. The peak
at 1082 cm~! may be due to the stretching vibration of Si-O-Si [34]. The other peaks
at 2860 cm 1, 1653-1711 cm~! and 1082 cm™~! are attributed to aliphatic C-H, C=0O and
Si-O-Si stretching vibrations, respectively [35]. After calcination, most of these peaks are
maintained, which means that these functional groups could reside on the surface of the
prepared activated carbon.

Nitrogen gas adsorption/desorption isotherms and the BJH plot are presented in
Figure 4a for the prepared activated carbon. The adsorption isotherm curve is classified
as type Il based on IUPAC. The surface area, total pore volume, and average pore radius
were found to be 813.5 (Sggr, m? g’l), 0.3354 (Vp, cm® g’l), and 1.007 (7, nm), respectively.
The investigated solid samples of the Type Il adsorption isotherm revealed the formation
of multiple layers of adsorbed nitrogen gas molecules after the first layer is formed. The
high specific surface area of the formed activated sample is related to the effect of the
chemically activating agent (ZnCl, solution) for the formation of porous solid material [36].
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The hysteresis loop belongs to type H4, which is related to the mesoporous structure of
pores (2-50 nm) [37]. The inserted BJH methodology curve indicates that there are two
observable peaks located at nearly 1.0 and 5.0 nm, while that located at 1.0 nm is the prefer-
ential one, which means that mesoporosity is the overwhelm case. The nitrogen adsorption
isotherm onto the native rice husk powder can be classified as type I (Figure 4b) according
to IUPAC classification, which belongs to monolayer adsorption onto the microporous sur-
face [38]. The calculated surface area, total pore volume, and pore radius were found to be
41.76 m> g~1,0.01705 cm® g~ !, and 0.8165 nm. The lower surface area and total pore vol-
ume of rice husk compared with that activated with zinc chloride as the chemical activation
agent is related to the effect of zinc chloride at higher temperature to create new pores.
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Figure 1. SEM images of the prepared activate carbon: (a) magnification 1500 (b) magnification 5000.
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Figure 2. TEM image of the prepared activated carbon.
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Figure 3. FT-IR spectrum of native rice husk and the activated carbon prepared from rice husk.
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Figure 4. Nitrogen gas adsorption/desorption isotherm for (a) the activated carbon sample (inserted
BJH plot) and (b) the native rice husk at —196 °C.

2.2. Optimization of Removal Conditions
2.2.1. Effect of Initial pH of the Solution

One of the significant factors influencing the adsorption and removal of pollutants
from aqueous solutions is initial pH [39]. The impact of pH on the removal of COD was
investigated at a range of 2.0-8.0. As shown in Figure 5, the uptake of COD is effective at a
pH ranged from 3.0 to 5.0; then, it decreases again after that. At this pH range, the surface
of the activated carbon becomes positive due to the accumulation of hydronium ions and
therefore can bind to negatively charged organic species by electrostatic attraction [40]. In
contrast, at higher pH, the adsorbed hydroxyl ions compete with the organic species for
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the active sites on the active carbon surface, causing a significant reduction in the removal
of both COD [41]. Based on these findings, pH 3.0 was selected for further experiments.
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Figure 5. Effect of pH on the removal of COD by the activated carbon.

2.2.2. Effect of Active Carbon Dose

The effectiveness of COD removal is shown in Figure 6 as a function of adsorbent
dosage. The adsorbent dosages were adjusted to range from 0.5 to 2.0 g L~1. As we
can clearly see, the uptake increases by increasing the sorbent dose due to the increased
adsorbent surface area and the number of accessible adsorption sites. The maximum
adsorption was achieved at 0.1 g L1, and the removal was not enhanced significantly by
increasing the dose of sorbent beyond this limit. Therefore, a sorbent amount of 0.1 g L™!

was taken as the optimum value during the study.
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Figure 6. Effect of sorbent dose on the removal of COD by the activated carbon.
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2.2.3. Effect of Shaking Time

The impact of shaking time on the adsorption of COD by the activated carbon was
investigated at time intervals from 30 to 150 min at a fixed shaking rate (200 rpm). As
presented in Figure 7, the removal of COD increases with shaking time and reaches a
plateau at 100 min. Increased time, up to 100 min, results in increased contact between the
solution and the adsorption sites on the sorbent surface, and therefore, the removal rate is
rapid. As the contact time passed, the adsorbent sites tended to become saturated. As a
result, all subsequent experiments employed a contact time of 100 min.
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Figure 7. Effect of shaking time on the removal of COD by the activated carbon.

2.2.4. Effect of Temperature

The influence of temperature on COD adsorption was studied at temperatures ranging
from 25 to 50 °C. The results shown in Figure 8 show that increasing the temperature
gradually decreases the removal of COD by the activated carbon. As can be seen, the
increase in temperature from 25 to 50 °C reduces COD sorption efficiency from 97.0 to
74.5%. This behavior indicates that the adsorption process is exothermic.
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Figure 8. Effect of temperature on the removal of COD by activated carbon.
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2.2.5. Adsorption Isotherm

The Langmuir model was utilized in this study to investigate the equilibrium char-
acteristics of COD removal. According to the Langmuir model, adsorption takes place at
specific homogenous sites on the adsorbent’s surface, and the energy level distribution is
constant. The Langmuir isotherm can be stated mathematically as:

R &
qe qmaX qmaXKL

where qmax is the maximum adsorption capacity (mg g~!) and Ky is the Langmuir constant.

By plotting Ce versus Ce/qe (Figure 9), a linear relation (R? = 0.9942) was achieved,
suggesting that the model is appropriate to explain the adsorption of COD by the activated
carbon. Moreover, the relation can be used to estimate the maximum adsorption capacity
(qmax), which was 45.9 mg g_l.
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Figure 9. Langmuir adsorption isotherm of COD by activated carbon.

2.2.6. Kinetic Studies

The rate and mechanism of COD adsorption onto the studied solid adsorbents were
studied using pseudo-first (PFO, Equation (2)) and pseudo-second (PSO, Equation (3))
order kinetic models.

In(ge — q¢) = In(qe) — ket 2)

t 1 t
7 koge? - Ge )

Herein, g, and g; (mg g~!) are the amounts of COD adsorbed at equilibrium and at
time ¢ (min), respectively, and they were calculated from Equation (1); k; (min— 1) and
ks (g mg~! min~!) are PFO and PSO rate constants, respectively. Meanwhile, C; (mg L™1)
is the equilibrium concentration of COD at time  (min).

The PFO and PSO kinetic models are presented in Figure 10a,b, respectively. The
calculated kinetic parameters from the PFO kinetic models confirm that the adsorption of
COD onto the prepared activated carbon sample follows PFO. The calculated correlation co-
efficient (R?), first-order rate constant, and the experimental adsorption capacity are found
to be 0.9792, 0.01921 min~!, and 46.3 mg g~ !, respectively. The higher R? value and the
smaller difference between the Langmuir maximum adsorption capacity (qm, 45.9 mg g~ 1)
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and that calculated using PFO (qexp, 46.3 mg g~ ') prove the sufficient application of the
PFO model. Applying the PSO model, we found that the R? value is very low (0.76508),
and the calculated gexp (105.8 mg g~1) using PSO is largely different from that calculated

from the Langmuir model.
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Figure 10. (a) Pseudo-first order and (b) Pseudo-second-order adsorption kinetics of COD onto the

prepared activated carbon.

2.2.7. Comparison of COD Adsorption Efficiencies with Various Adsorbents

Table 1 compares the adsorption capacity and the surface area of the prepared active
carbon and those of various adsorbents. When compared to some previous studies reported
in the literature, the active carbon prepared in this study demonstrated comparable and
relatively better efficiency in removing COD due to its higher surface area.
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Table 1. Comparison of surface area and adsorption capacity of various adsorbents.

Surface Area Adsorption Capacity Reference

Adsorbent (m2 g 1) (mg g 1)
Tea waste biochar 60.0 12.0 [42]
Zeolite—carbon composite 60.9 4.5 [43]
Fe;O3 nanoparticles - 21.3 [44]
Activated ca.rbon prepared from ) 65 [45]
animal horns
Granular activated carbon 719.5 13.3 [46]
Chemically agtwated carbon from 8135 459 Our study
rice husk

3. Material and Methods
3.1. Chemicals

In this study, analytical grade reagents and chemicals from Sigma-Aldrich (St. Loius,
MO, USA) were used. Double-distilled water was used for the preparation of aqueous
solutions and dilution. The wastewater samples were collected in 2.0 L polypropylene
containers from Kitchener drain at Kafr El-Sheikh Governorate, Egypt. The samples were
transported to the laboratory in an icebox and kept in a refrigerator at 4 °C. Table 2 displays
the initial characteristic features of the pre-treated wastewater samples.

Table 2. Initial characterization of wastewater samples.

Parameter Value
Temperature 22.5°C
pH 7.8
Electric conductivity 1.3 dsm™!

COD 200 mg L~}
Ammonia 192 mg L1
Nitrate 19.7 mg L1
Phosphate 0.67 mg L1
Total solids 3360 mg L1
Total suspended solids 1940 mg L~!
Total dissolved solids 1420 mg L1

3.2. Preparation of Active Carbon from Rice Husk

Raw rice husks were obtained from a rice mill in Mansoura City, Egypt. A sample
of rice husks (about 50 g) was rinsed with distilled water to eliminate dust and other
contaminants before being dried at 90 °C for 24 h. About 30 g of the dried sample was
soaked for 48 h in 100 mL of distilled water containing 60 g of ZnCl,. After that, the mixture
was dried at 90 °C until a constant weight is reached. The obtained mass was ground and
ignited in a stainless steel tube under nitrogen atmosphere at 600 °C (Hydrogen Furnace
(BR-16 AH2-5) brother furnace, China). The obtained activated carbon was washed with
distilled water and dried at 90 °C for 24 h.

3.3. Characterization of Activated Carbon

The prepared activated carbon was characterized by Fourier transform infrared spec-
tra (FT-IR) recorded on a KBr disc on a Thermo-Nicolet IS10 FT-IR spectrometer (Nicolet
Instrument Co., Madison, WI, USA), scan electron microscope (SEM) (Hitachi SX-650,
Tokyo, 180 Japan) and Brunauer-Emmet-Teller analysis (BET). High magnification micro-
graphs of the prepared samples were obtained using high-resolution transmission electron
microscopy (TEM) (JEOL 2100F TEM). The apparatus was run at a 200 kV accelerating
voltage. After 30 min of ultrasonic treatment in ethanol, the sample was deposited onto
a Cu TEM grid that had been coated with carbon. The generated chemically activated
carbon’s textural characteristics, including pore radius (¥, nm), total pore volume (Vr, cm’
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References

g~ 1), and specific surface area (Sggr, m? g~ 1), were examined by nitrogen gas adsorption
using a NOVA3200e gas sorption analyzer (Quantachrome Instruments, Florida, USA). The
tested samples underwent a 24 h degassing process at 105 Torr and 150 °C.

3.4. Batch Adsorption Tests with Activated Carbon for COD Removal

COD were determined before and after treatment with activated carbon by a photo-
metric Lovibond apparatus (Set-Up MD 100). The analyses were carried out in the Soil
Fertility and Fertilizers Quality Control Laboratory of the Faculty of Agriculture, Mansoura
University certified by the Egyptian Accreditation Council (EGAC) and recognized in
ISO/IEC 17,025. All the tests were carried out in batch mode at room temperature. Briefly,
100 mL of water sample of initial COD = C; was stirred for 100 min at 200 rpm with 100 mg
of the activated carbon at pH 3.0. After that, the activated carbon was removed by filtration,
and the concentration of COD was determined in the supernatant at equilibrium (Cs). The
adsorption capacity (qe) was calculated by Equation (4):

(G —Ce)V
m

% (mgg™!) = @

where V is the initial volume of solution (L), and m is the mass of active carbon (g).

4. Conclusions

The present work showed that the chemically activated carbon prepared from rice
husk is effective for the elimination of COD from wastewater. The adsorption process
was found to be impacted by pH, contact time, dose of sorbent and temperature. The
adsorption equilibrium was achieved in 100 min. The adsorption data fit well to the
Langmuir adsorption model with a maximum adsorption capacity of 45.9 mg g~!. Owing
to its high surface area, porosity and availability, activated carbon from agriculture wastes
can be applied at a large scale to remove different pollutants from wastewater. Finally,
converting discarded rice husk into activated carbons with excellent adsorptive features
assists the environment greatly. Accordingly, manufactured low-cost adsorbents have the
potential to be used in water purification while avoiding the requirement for landfilling.
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