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Abstract

Background: Phenol is a prevalent pollutant found in many industrial wastewaters, and it is paid
singular attention because of its special features like high toxicity, carcinogenic properties, and vital
gathering ability that affects the health of humans and the environment. One of the most important
technologies for the removal of phenol is the use of adsorbents. The current study investigated the
removal of phenol from synthetic aqueous solutions using Citrullus colocynthis seed ash.
Methods: This study is experimental and was conducted on a pilot scale. The efficiency of phenol
removal by C. colocynthis seed ash was evaluated in a batch system, and different parameters such as
initial concentration of phenol (10, 20, 50, and 80 mg/L), contact time (2, 5, 10, and 30 minutes), pH
(2-12), adsorbent dose (0.5, 1, 3, 5, and 10 g/L), and temperature were studied. Excel software was used
for data analysis. The adsorption process was modeled with Freundlich and Langmuir isotherms at
controlled temperatures.

Results: The results showed that the highest removal rate of phenol was obtained at a pH of 2 (83.4%),
initial phenol concentration of 20 ppm (66.4%), adsorbent dose of 5 g/L (86.8%), and contact time of 10
minutes. The evaluation of correlation coefficients showed that the phenol adsorbed by C. colocynthis
seed ash was in greater accordance with the Freundlich model than the Langmuir model.

Conclusion: In general, the results of this study revealed that C. colocynthis seed ash has suitable
potential for use in removing phenol from aqueous solutions on operation and practical scales due to
its low cost and easy access.
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Introduction

Phenol is one of the organic water pollutants with the
chemical structure CH,OH that occur because of
industrialization (Figure 1) (1). This compound has very
high solubility in water and many other organic solvents,
and after dissolving in water it creates very little acidity
(2). Naturally, phenol is produced from coal tar or gasoline
distillation; artificially, it is created through heating sodium
benzene sulfate with hydrous soda under high pressure
(3). This matter and its derivatives are used in various
industries such as resin and plastics, colors, pesticides,
pharmaceuticals, oil refineries, and the steel, aluminum,
lead, washes, synthetic textiles, and leather industries (4).
Phenol is a major pollutant of industrial wastewater. Its
compounds produce complexes with tangible tastes and
odors in the presence of chlorine (5). The symptoms of
acute phenol poisoning include xerostomia, darkening
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of the color of urine, and the destruction of organs and
muscles. Long-term exposure to phenol vapors can
cause anorexia, weakness, headache, muscle pain, and
jaundice (6,7). Due to the high absorption of phenol
through the skin of the hand or forehead (60%-90%), in
high concentrations, it can lead to death (8,9). Diagnosis,
determination, and measurement of phenol compounds
in water resources and monitoring their environmental
effects play key roles in the control and impact reduction
of these combinations (10). According to the standard
guidelines of Iran, the maximum allowed concentration of
phenol compounds in superficial water, agriculture, and
irrigation is 1 mg/L (11). The World Health Organization
(WHO) considers the maximum allowable concentration
of phenol in drinking water to be 0.002 mg/L (12). Also,
according to the United States Environmental Protection
Agency (USEPA), the permissible concentrations of
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Figure 1. Chemical structure of phenol.

phenol in drinking water and industry effluent are less
than 1 mg/L and 500 pg/L, respectively (13). Proper
treatment based on existing standards must be carried
out so as to reduce the harmful environmental effects of
phenol combinations. To date, different methods have
been used to treat phenol compounds, such as chemical
oxidation, photochemical destruction, precipitation,
ion exchange, wet oxidation, electrochemical methods,
radiation, membranous filtration, enzymatic filtration,
adsorption, and photocatalistic destruction (3,14).
Most of these methods have disadvantages like high
treatment costs, needs for additive treatment, production
of hazardous by-products, high energy consumption,
and low efficiency. Among different treatment methods,
the adsorption process is one of the simplest and most
effective methods for removing poisonous pollutants from
aqueous environments (15). In the last two decades, many
studies have been carried out on the adsorption of organic
compounds with low degradability. In these studies,
researchers used produced wastes such as activated
carbon (15), coal (16), sugar cane ash (17), agricultural
waste (18), and rice bran ash (19) as potential absorbents.
In one study, Bazrafshan et al investigated the efficiency of
Moringa peregrina tree shell ash as a natural adsorbent for
the removal of phenol from aqueous solutions. The effect
of important variables such as adsorbent dose, primary
phenol concentration, and solution pH were evaluated.
The highest values of removal were obtained at a pH of
6, initial concentration of 100 mg/L, and adsorbent dose
of 0.4 g/L. Data experiments were better represented by
the Langmuir isotherm than the Freundlich model (20).
Citrullus colocynthis is a plant native to southern Iran
and Gonabad city in Razavi Khorasan province. This plant
has a bitter taste and is most commonly used in Iranian
traditional medicine for the treatment of diabetes and the
reduction of blood glucose levels. Activating the plant is
very easy, and, until now, no comprehensive study has been
conducted using Citrullus colocynthis as adsorbent. Thus,
the present study applied the seed ash of C. colocynthis as
an affordable and available adsorbent for the removal of
phenol from synthetic aqueous solutions.

Methods

Preparation of adsorbent

Citrullus colocynthis seeds were collected from the vicinity
of Gonabad city, Razavi Khorasan province, Iran. The
seeds were separated and washed with distilled water to

remove impurities like soluble, colored compounds and
sand. Then they were dried in a drying oven (80°C) and
electric furnaces (550°C) for 4 hours. The ash of the seeds
was extracted and sieved through standard sieves of 20,
30, 40, 50, and 100 mesh to obtain particle size (21). The
best results were obtained using 20 mesh.

XRD (X-ray Diffraction, D6792-PHILIPS) was used to
determine the adsorbent crystalline phases (Figure 2).

Batch adsorption experiments

Synthetic solution was made by a stock solution containing
phenol. Experimental solutions containing the desired
concentrations of phenol were prepared by diluting
the stock solution (50 mL). Then, a known mass of C.
colocynthis seed ash (adsorbent dose) was added to the
solution. Batch adsorption experiments were performed
in a mechanical shaker to agitate the solutions. Finally,
using Whatman grade 42 filter paper, the solutions were
filtered and the phenol concentrations were analyzed (22).
The amount of phenol adsorbed was calculated using the
following formula:

_ (Co — Ce)V
¢ M
where C is the initial phenol concentration and C is the
secondary concentration after reaching the balance, V is

the volume of the solution (L), and M is the used amount
of absorbent (g).

Method of measuring phenol concentration

The residual phenol concentration was measured
using spectrophotometry at a wavelength of 500 nm in
accordance with the standard guidelines for water and
wastewater (23).

Effect of initial phenol concentration, pH, adsorbent dose,
and contact time

In this study, the effects of different variables such as pH,
adsorbent dosage, and initial phenol concentration were
investigated (10,16,19,22). In the first stage, the initial
pH of samples in the range of 2-12 was examined. In this
stage, the adsorbent dose, initial phenol concentration,
and contact time were 3 g/L, 50 mg/L, and 60 minutes,
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Figure 2. Characteristics of Citrullus colocynthis seed: XRD pattern.
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respectively. After determining the optimal pH, the effects
of adsorbent dose at concentrations of 0.5, 1, 3, 5, and 10
mg/L, phenol concentration of 50 mg/L, and contact time
of 60 minutes were tested. Then, the effects of initial phenol
concentrations (10, 20, 50, 80, and 100 mg/L) at different
times (2, 5, 10, 30, and 60 minutes) were examined. The
rate of phenol elimination was obtained as a percentage:
%= 100
C

0

where C (mg/L) is the initial concentration of phenol
and C, (mg/L) is the final concentration of phenol (after
adsorption). All experimental tests were done based on
the primary pilot, and all tests were repeated 2 times; the
number of analyzed samples was 200.

Adsorption isotherms

Adsorption isotherms describe the interactive behavior
between an adsorbent and the absorbent. Isotherms are
important to optimizing the use of adsorbents and showing
the relationship between the phenol concentration of the
soluble and the phenol absorption rate by the solid phase,
when the two phases are in balance. For this, the Langmuir
and Freundlich adsorption models were used to analyze
the experimental equilibrium data for the adsorption
of phenol by C. colocynthis seed ash. To evaluate data
significant to the Langmuir and Freundlich isotherms, the
regression coefficient (R2) was used.

The Langmuir isotherm

The Langmuir isotherm is valid for a homogeneous system
in which all sorption sites are identical. It is determined
using the following formula (24):

CE — L + L Ce
qe Qm b Qm

where C_ is the equilibrium concentration of the solution
(mg/L), q, is the value of adsorbate adsorbed per unit mass
of adsorbent (mg/g), b (L/mg) is the Langmuir adsorption
constant, and Q_ (mg/g) is the maximum amount
adsorbed.

The Freundlich isotherm

This isotherm describes reversible adsorption in a
heterogeneous system (24) and is calculated by the
following  formula:

logg, =logK, +llog C,
n

where K, and n are Freundlich constants, K((mg/g)(L/
mg)"") is the adsorption capacity of the adsorbent, and
n shows how favorable the adsorption process is. The
values of 1/n < 1 indicate a normal Friedrich isotherm and
cooperative adsorption.

Results

Chemical constituents of Citrullus colocynthis

The presence of the following compounds has been
proven in C. colocynthis seeds by phytochemical analysis:
proteins = 13.99 + 0.06%, crude fibers = 46.73 + 0.15%,
moisture = 6.43 + 0.15%, a-tocopherol = 1.90 + 0.020
g/100 g, and fixed oil = 17%-28.5% with a high proportion
of unsaturated fatty acids (79.80%), mainly linoleic acid,
oleic acid, a low percentage of saturated, total saturated
20.20%, and a very low level of n-3 poly-unsaturated
FA (0.5%). The seed oil of Citrullus colocynthis has the
following properties: iodine value = 114.46 g 12/100 g,
density at 15°C = 905.3:kg/m? kinematic viscosity at
40°C = 31.52 mm?/s, saponification value = 204.44 mg
KOH/g, acid value = 0.98 mg KOH/g, free fatty acid =
0.49%, caloric value = 39.37 MJ/kg, color = 5Y + 0.4R, and
average molecular weight = 874 g (25).

The mineral contents of fermented and unfermented
Citrullus colocynthis include: Ca 0.250 + 0.04, Mg 0.139 +
0.041, K 0.244 + 0.04, Na 0.36 + 0.02, P 0.176 + 0.022 mg/
kg; and Ca 0.341 + 0.18, Mg 0.167 + 0.12, K 0.327 + 0.10,
Na 0.034 + 0.16 and P 0.097 * 0.14 mg/kg, respectively
(26).

Effect of pH

Solution pH is one of the most important parameters
affecting the chemical properties of both absorbing and
adsorbing. In this study, pH in the range of 2-12 was
used. As presented in Figure 3, the removal efficiency
was decreased when the pH value was increased. This
result can be explained by the increase in OH ions and
their competitive effect with the phenol anion. As seen
in Figure 3, the highest and lowest removal rates were
observed in the pH values of 2 (83.4%) and 12 (66.4%),
respectively (Figure 3).

Effect of adsorbent dose on removal efficiency

To determine the effect of adsorbent dosage on the
removal efficiency of phenol, adsorbent doses of 0.5, 1, 3,
5,and 10 g/L, initial phenol concentration of 50 mg/L, pH:
2, and 60 minutes contact time were considered. As shown
in Figure 4, the phenol adsorption rate increased with
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Figure 3. Effects of pH on phenol removal efficiency (phenol
concentration 50 mg/L, adsorbent dose 3 g/L, contact time 60 min).
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Figure 4. Effects of adsorbent dose on adsorption of phenol by
Citrullus colocynthis seed ash (phenol concentration 50 mg/L, pH 2,
contact time 60 min).

phenol concentration because of the increased number of
sorption sites. Thus, the removal of phenol depends on its
concentration.

Effects of initial phenol concentration on efficiency of
adsorption process

The effects of primary phenol concentration (10, 20,
50, 80, and 100 mg/L) at contact times of 2, 5, 10, 30,
and 60 minutes and an adsorbent dose of 3 g/L were
evaluated. Figure 5 shows that by increasing the initial
phenol concentration, the phenol removal efficiency was
decreased. According to Figure 6, the highest removal
efficiency of phenol was obtained in the first 10 minutes
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Figure 5. Effects of initial phenol concentration on adsorption process
by Citrullus colocynthis seed ash (adsorbent dose of 3 g/L, pH 2).
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Figure 6. Effect of contact time on adsorption process by Citrullus
colocynthis seed ash (Phenol concentration of 20 ppm, adsorbent
dose of 5 g/L, pH 2).

of the test (Figure 6), and the removal efficiency remained
almost constant as it reached equilibrium values.

Langmuir and Freundlich isotherms

A regression coefficient (R2) higher than 0.9 was obtained
for both models. The results showed that the Freundlich
model is more appropriate for concluding the balanced
adsorption of phenol on the adsorbent than the Langmuir
model (Figures 7 and 8). Obtained isotherm parameters
for phenol adsorption are presented in Table 1.

X-ray diffraction results

One of the most powerful techniques for characterizing
crystalline materials is X-ray diffraction (XRD).
XRD provides information on crystal structure and
texture, phase, mean grain size, crystallinity, strain,
and crystal defects (27). The constructive interference
of a monochromatic beam of X-rays that diffract at
specific angles from each set of lattice planes produce
XRD peaks. The distribution of atoms within the lattice
determines the peaks’ intensities. As seen in Figure 2, the
two broad diffraction peaks observed at around 18° and
22° vividly show that the adsorption process made little
change in the surface structure of the adsorbent (27)
and included compounds such as C H_ CLN.O, and
C,H,CLLAN,O, .

Discussion
Effects of pH
The pH of a solution is one of the most important and
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Figure 7. Appropriateness of the Langmuir model to phenol adsorption
(R? =0.9348).
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Figure 8. Appropriateness of the Freundlich model to phenol
adsorption (R? = 0.9674).
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Table 1. Obtained isotherm parameters for phenol adsorption

Langmuir isotherm

Freundlich isotherm

q,(mgg?) K (L mg?) R?

k

f

n R?

13.33 0.092 0.9348

1.75

1.51 0.9674

effective parameters of the adsorption process, because it
affects the electrical charge on the adsorbent surface and
the ionization degree of the adsorbate (28). According
to Figure 3, the removal efficiency of phenol decreased
when pH was increased. The highest and lowest removal
efficiency rates were 83.4% in pH=2 and 64.1% in pH =
12, respectively. These results can be due to the increase in
OH ions and their competitive effects with phenol anion.
The ion section of phenol is calculated by the following
formula:

1
[1 + 10(PK117PH)]

According to the formula above, ¢ _  is increased by
increasing pH. Phenol is a weak acid with PKa=10 that
is greatly ionized in solutions. These ions are negatively
charged, and because the adsorbent surface is positively
charged in low values of pH, a strong attraction is created
between the positive and negative ions (29). Senturk et al
studied the removal rate of phenol from aqueous solutions
by adsorption onto organomodified Tirebolu bentonite
(30). Their results revealed that phenol adsorption was
constant in pH values of 3-9, but decreased suddenly in
a pH higher than 9. Similar results were presented for
the adsorption of phenol by means of activated carbon,
bentonite, and bagasse fly ash, by Halhouli et al (31),
Banat et al. (32), and Srivastava et al, respectively (33).

pions =

Effects of adsorbent dose

According to Figure 4, the removal efficiency was
increased when adsorbent dose was increased because of
the increase in adsorbent surface area and the availability
of more adsorption sites (31). The optimal elimination rate
of phenol was 86.8 % (5 g/L). By increasing the amount of
adsorbent to more than 5 g/L, phenol desorption occurred
in the solution. The low adsorption rate can be explained
by the lack of phenol concentration in high values of
adsorbent (from 5-10 g/L). Similar results were achieved
by Cengiz and Cavas (34) and SenthilKumar et al (35).
However, these findings differed from the results of a
study by Rahmani et al., which showed that by increasing
the adsorbent dose from 0.25 g to 1 g, the residual
phenol values were decreased from 40 mg/L to 1 mg/L.
Moreover, the results showed that the amount of adsorbed
contaminant per mass unit was decreased by increasing
adsorbent values. In accordance with these results, the
suitable dose of adsorbent was determined to be 0.5 g (36).

Effects of contact time and primary phenol concentration
The results of this study showed that the efficiency of

phenol removal was increased by increasing contact
time in the first 10 minutes of the test (Figure 6). The
increase in the rate of phenol removal was probably due
to the limited empty spaces of adsorbent in high phenol
concentrations. Also, these results showed that phenol
adsorption is a fast process, because the highest amount
of the considered concentrations of phenol was absorbed
in the first 10 minutes of the test. The results of a study
conducted by Dehghani et al to evaluate the efficiency of
multiwalled carbon nanotubes in the removal of phenol
from aqueous solutions revealed that phenol removal
was increased when contact time was increased. The
current study results differed with these in that Dehghani
obtained maximum adsorption in the first 30 minutes of
the test (37). The cause of this event is the existence of
many available empty sites for adsorption at first; with
the passage of time, the occupation of the remained sites
becomes difficult because of the repulsive force between
the solute molecules between the solid phase and the
solution (38). In another study conducted by Liao et al on
the adsorption of chlorothenols by multiwalled carbon, an
equilibrium time of 30 minutes was obtained (39).

As seen in Figure 5, the effect of initial phenol
concentration on the adsorption process showed that by
increasing phenol concentration, removal efficiency was
decreased. The highest and lowest phenol removal rates
were obtained in concentrations of 20 ppm (66.4%) and
100 ppm (33.2%), respectively, because the initial phenol
concentration acts as a driving force, and the resistance
of solution mass transfer increases in the adsorbent
surrounding the liquid layer and adsorbent surface. Also,
increasing phenol concentration decreased the ratio
of available surface to the number of adsorbed moles,
and that led to a reduction in removal efficiency and an
increase in residual phenol in the solution. Senturk et al
reported similar results (30).

Phenol adsorption isotherm (Langmuir and Freundlich)

Several different models are used to describe adsorption.
One of the most important models is adsorption isotherms.
In this study, the Langmuir and Freundlich models were
used to describe the relationship between the amount
of adsorbed phenol and its equilibrium concentration
in the solution (40). Adsorption isotherm studies were
conducted under optimized conditions (pH= 2, adsorbent
dosage=5 g/L), phenol concentrations ranging from
10 to 80 mg/L, and a contact time of 10 minutes. The
investigation of correlation coefficients showed that the
obtained regression coefficient was higher than 0.9 for
both models, and the phenol adsorption by C. colocynthis
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seed ash showed more suitability with the Freundlich
model than the Langmuir model (Figures 7 and 8). Similar
findings were reported by Feng et al. Equilibrium data
was in greater accordance with the Freundlich model than
the Langmuir model (41). This finding was also reported
in the literature for phenol removal by other adsorbents
(42,43).

Conclusion

In the current study, it was observed that Citrullus
colocynthis seed ash can be used effectively for the
removal of phenol from aqueous solutions. Among all
parameters, pH had an important role in the adsorption
process by this adsorbent. Phenol adsorption was greater
in low pH values than in high values of pH. The results
further revealed that the removal efficiency of phenol was
increased by increasing adsorbent dose, contact time, and
temperature. The evaluation of correlation coefficients
showed that phenol adsorption by Citrullus colocynthis
seed ash was in greater accordance with the Freundlich
model than the Langmuir model. Thus, C. colocynthis
seed ash has suitable potential for use in the removal of
phenol on operation and practical scales due to its low
cost and easy access.
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