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ABSTRACT

Phenol removal was studied with electrocoagulation (EC) technique using bipolar aluminum elec-
trodes. The parameters investigated during the experiment were initial pH, phenol concentration,
energy consumption, type of supporting electrolytes, electrodes’ number and distance, and current
density. The results indicated that phenol molecules were adsorbed on the aluminum hydroxide
flocs formed by the anodes, and completely degraded to carbon dioxide and water molecules within
just 10 min of different initial concentrations (25-125 mg L™). The complete decomposition of phe-
nol was confirmed by gas chromatography (GC), scanning electron microscopy, energy-dispersive
X-ray spectroscopy, and Fourier-transform infrared spectroscopy techniques. The mechanism of
phenol adsorption was described by some adsorption isotherms. Among the adsorption isotherms;
Langmuir is the most applicable model, indicating that a monolayer of phenol molecules was formed
on the aluminum hydroxide formed on the anode before decomposition. Also, its adsorption mech-
anism was estimated by kinetic models (pseudo-first-order model, pseudo-second-order model, and
intraparticle diffusion). The pseudo-second-order model reflected the dependence of the adsorption
process on phenol and aluminum hydroxide concentrations. The computed energy consumption
and operating cost confirmed the economic phenol decomposition by EC. A hypothetical equa-
tion concerning the complete phenol decomposition was evaluated. Accordingly, it is advisable to
use the EC in the removal of phenol for its fast, low energy consumption and total operating cost.

Keywords: Phenol removal; Gas chromatography; Scanning electron microscope; Energy-dispersive

X-ray spectroscopy; Fourier-transform infrared spectroscopy; Isotherm models; Kinetic
model; Energy consumption; Operating cost

1. Introduction

Recently, considerable interest has been focused on
treating polluted water generated from industrial pro-
cesses. Water pollution due to phenol released from anthro-
pogenic sources such as petrochemicals, oil refineries, coke
oven by-products, textile industries, pulp and paper mills,
plywood manufacturing, pesticides, insecticides’ produc-
tion units, aircraft maintenance, leather processing units,
ceramic plants, pharmaceutical industries, steel plants,
dyes, plastics, rubber reclamation plants, mine discharge,
explosives, and herbicides have been a major cause of
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concern for chemists and environmental engineers [1-4].
Besides, there are two natural sources of phenol in the
aquatic environment, animal wastes, and decomposition
of organic wastes [5]. Phenol compounds are pollutants of
paramount importance because they are toxic to aquatic
life and human even in low concentrations (5-25 mg L™),
and many of the phenolic compounds have been classi-
fied as a hazardous pollutant because of their prospects of
harming human health [1]. They can cause anorexia, head-
ache, trouble in gulping, vomiting, sore throat, cerebral
pain, fainting, liver and kidney damage, and other mental
disorders. The maximum permissible limit of discharged
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phenol in wastewater has been set by the Environmental
Protection Agency to be less than 1 pg mL™. In view of
the recommendations of World Health Organization, the
allowable concentration of phenolic compounds in potable
water should not exceed 1 pug L™ [6-8].

In the literature, many techniques such as membrane
bioreactors [9], ion exchange resins [10], chemical oxida-
tion [11], chemical coagulation [12], zinc oxide nanopar-
ticle [13], adsorption [14,15], photocatalysis [16,17] were
used to remove phenol.

Electrochemical techniques, such as electrocoagulation
(EC) are easy to perform, require powerful and compact
instrumentation, and use a minimum amount of chemi-
cals. In addition to its other conventional applications, EC
is considered as an alternative technology for wastewater
treatment. Compared with other conventional techniques,
“in situ” delivery of reactive agents and no generation of
secondary pollution are the most important advantages
of EC [18]. In the EC process, the sacrificial electrode is
used for the generation of a coagulant agent (usually alu-
minum and iron hydroxides) that can create flocs for set-
tling and helping to separate water contaminants [7,19].
The following mechanisms describe the reactions that
occur when aluminum electrodes are used in EC:

At the anode

Al(s) - Alf(';q) +3e” (1)

2H,0 - O, +4H,_+4e" @)
At the cathode

4H:aq)+ 4o —> 2H2<g) 3)

The formed aluminum ions (AI**) during the aluminum
anode dissolution spontaneously hydrolyze and produce
many monomeric, dimeric, trimeric, and polynuclear spe-
cies that make the anode surrounding the acidic medium.
In contrast, the evolution of hydrogen gas makes the cath-
ode area alkali [20]. Also, the aluminum species probably
react with OH" ions to form Al(OH), [20]. Accordingly, the
mechanism of EC using Al electrodes can be expressed by
two parallel steps of charge neutralization and incorpora-
tion of impurities in the precipitated AI(OH), flocculate
in the solution bulk [20]. These two steps are dominantly
influenced by pH and aluminum hydroxide mass.

Few studies investigated the removal of phenols using
EC technology. Ugurlu et al. [21] studied the removal of
phenol by EC using both (Al and Fe) as scarifying elec-
trodes. They found that the Al electrode performs at an
efficiency higher than the Fe electrode (98% and 93%,
respectively). Also, Kobya et al. [1] investigated the
removal of phenol from aqueous solutions by EC using
Fe and Al electrodes at the optimum operating condi-
tions with removal efficiencies of 98.6% and 99.2% for Fe
and Al electrodes, respectively. While, the performance
of phenol removal from aqueous solutions by EC process
using also Fe and Al as sacrificial anode with maximum
efficiencies of 94.72% and 98.0%, respectively, was recorded
by Bazrafshan et al. [2]. On the other hand, phenol removal

from aqueous solutions by EC technique was carried out
by using only Fe electrodes reaching maximum % removal
of 91%. [22]. Zn anode was applied for the first time to
remove phenols from wastewaters by Fajardo et al. [23].
They reached maximum removal of only 84.2% at opti-
mum condition (pH of 3.2, a current density of 250 A m?,
electrode distance of 1.0 cm, and 1.5 g L7 of NaCl).
Conclusively, Al electrodes always had better efficiencies
than any other metals with phenol removal. Accordingly,
the complete phenol decomposition to carbon dioxide and
water in the solution was not achieved in the literature as
it was accomplished in the present investigation, which
was confirmed using the different instrumental analyses.

In the present work, the phenol removal from aqueous
solution was examined using vertically oriented electrodes
made of Al Several parameters, namely initial pH, initial
phenol concentration, type of supporting electrolyte, NaCl
concentration as supporting electrolyte, electrodes’ dis-
tance, number of electrodes were investigated. The phenol
removal by its decomposition pathway can be identified by
GC-MS, Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and energy-disper-
sive X-ray spectroscopy (EDAX). Also, different models
of adsorption isotherms, kinetic equations can be used to
assess the decomposition mechanism procedure.

2. Materials and methods
2.1. Materials

Phenol (C,H,OH) of analytical reagent grade (99.99%,
Sigma-Aldrich, Germany) was used for the preparation of
synthetic phenol solutions of various initial concentrations
(25,50, 75,100 and 125 mg L"). Aluminum (Al) sheets (purity:
95%, product of Egyptian Copper Company, Alexandria,
Egypt) performed as sacrificial electrodes. Sodium salts
of chloride, sulfate, carbonate, and acetate (products of El
Nasr Pharmaceutical Chemicals Company, Egypt) were
used as supporting electrolytes. HCl and NaOH (Sigma-
Aldrich, Germany) were utilized in the pH adjustment.

2.2. Experimental set-up

The characteristics of the EC reactor are given as
described in previous work [24]. Typically, a specific vol-
ume of phenol (1 L) was transferred into the cell. After
taking the initial sample, the current was then applied
under regular magnetic stirring to attain uniform mixing.
A trough tube was mounted at the bottom of the cell, with a
sampling valve for taking samples of product water at dif-
ferent time intervals. To ensure that the current was direct
current (DC), both anode and cathode were connected to
the DC power supply. Two devices were connected to the
cell (an ammeter and a voltmeter to adjust the current and
the potential of the cell).

2.3. Procedure

On performing each experiment and before starting
it, the electrodes were subjected to the following steps to
avoid the presence of any uncleanness; using abrasive paper
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to remove any accumulated particles, washing with dis-
tilled water and then immersed in solutions of HCl (35%)
and hexamethylenetetramine (2.8%) to get rid of any oxide
films formed on the electrode” surfaces [25,26]. Finally, the
electrodes’ surfaces were rinsed several times with deion-
ized water. For the cell, the cleaning procedure was as fol-
lows: the cell was washed with running tap water for about
5 min and then soaked in distilled water for another 5 min;
the latter step was triplicated. Phenol solution was poured
into the cell after fitting the electrodes in their grooves.
The solution in the cell was stirred magnetically, and 5 mL
samples of the treated water were withdrawal each 10 min
after starting the experiment. The samples were filtered
by filter paper 45 pm (Whatman) before analysis, and
then the unknown concentration of the filtered samples
was evaluated from the calibration curve.

2.4. Phenol determination

Fresh stock solution of phenol as required was pre-
pared daily and was stored in a brown-colored glass reser-
voir. Before running each experiment, the C; was checked.
The determination of phenol was carried out using Unico
UV-2000 spectrophotometer. The concentration of phe-
nol was determined by the 4-aminoantipyrene method at
A,.. =500 nm. [27]. The pH values were measured before
and after the removal by the pH meter (model 607). The
pH of the electrolyte was adjusted with 1 M HCl or 1 M
NaOH. The removal results of different conditions were
obtained and analyzed by using % removal of phenol
(% Re) as represented in Eq. (4) [28,1]:

%Re =

COC_ € 100 (4)

where C; and C, (mg L) were the initial and interval time
(t) concentrations of phenol. All experiments were per-
formed at 25°C.

2.5. EC equilibrium studies

The amount of phenol adsorbed at equilibrium onto
aluminum hydroxide species belonging to the anode,
Q,(mg g™), was calculated using Eq. (5):

Qg: 0 eXV (5)

where C and C, (mg L) represented the initial and the
equilibrium phenol concentrations, respectively. V was
the phenol solution volume (L), while W illustrated the
aluminum coagulant mass, which can be evaluated from
Faraday Law according to the following equation [24]:

_mit
nF

w (6)

where M, I and t were the molar mass (g mol™) of the alu-
minum, amount of current (A), and EC time (s) respectively.
While the value of n expressed the number of electrons

involved (3 for Al) and F quantified the Faraday’s constant
(96,485 C Mol ™).

2.6. Instrumental techniques

The functional groups of the adsorbed phenol mole-
cules and formed aluminum hydroxide species by anode
electrodes during the EC phenol decomposition process
within 7 and 10 min were studied by PLATINUM Diamond
ATR accessory and VERTEX 70 FT-IR-Bruker spectrom-
eter. The surface morphology and the elemental compo-
sition of the surface anode electrodes, and adsorbed phe-
nol molecules onto formed aluminum hydroxide species
were also estimated by SEM and EDAX techniques using
Quanta 250 SEM FEI-orbit scientific.

The decomposition of phenol was followed by using
Thermo Scientific gas chromatography GC Trace 1300 cou-
pled with an EI Mass spectrometer ISQ 7000 model (Thermo
Scientific, USA) equipped with Thermo TR-50 MS capillary
column (30 m in length x 250 um in diameter x 0.25 um
in a thickness of film). Spectroscopic detection by GC-MS
involved an electron ionization system that utilized high
energy electrons (70 eV), MS transfer line temperature
300°C, and ion source temperature 300°C. Pure helium gas
(99.995%) was used as the carrier gas with a flow rate of
1 mL/min. The initial temperature was set at 60°C for 2 min,
then increased to 100°C at a rate of 10°C min™' kept for 5 min,
then with 10°C min™ to 150°C and kept for 5 min, then with
10°C min™ to 200°C and kept for 5 min, then with 10°C min™!
to 250°C and kept for 20 min. For GC-MS phenol analy-
ses, phenol solution was shaken with methylene chloride
(Sigma-Aldrich, Germany) and then centrifuged for 10 min
at 2,000 rpm. Then the extracted phenol sample was dried
by adding traces of sodium sulfate anhydrous salt. Finally,
one microliter of the dried extracted phenol sample was
injected in a splitless mode to determine its concentration.

3. Results and discussion
3.1. Applied variable conditions

Generally, the % Re of phenol shows significant val-
ues ranging from 94.27 to 99.99 after only 10 min in vary-
ing conditions of concentration, pH, NaCl dose, electrolyte
type, electrodes’ number, and electrodes’ distance (Fig. 1).

Fig. 1a shows that the high initial concentrations of phe-
nol 100 and 150 mg L™ give almost the same percentage
removal (97.93 and 97.99, respectively) within 10 min of EC.
These high phenol percentage removals may relate to the
remarkable fact that higher the initial concentration, higher
the percentage removal, and this is possibly attributed
to the presence of sufficient quantities of phenol, which
increases the driving force for floc formation and conse-
quently the driving force for phenol removal. Accordingly,
it was decided to conduct the following experiments with
an optimum initial phenol concentration of 100 mg L.

The studied pH range of 2-11 is adjusted to the
desired value in each experiment using HCl or NaOH.
Obviously, in the present study, the initial pH has a signifi-
cant effect on the efficiency of phenol removal and its value
in the bulk of the solution during the EC process (Fig. 1b).
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At initial pH 2, the final pH of the bulk of the solution
becomes 4.42, while, at initial pHs 4-11 the final pH reaches
pHs 7.75-8.77. This agrees with the documented works,
which mentioned that the change in pH depends on the type
of electrode material and initial pH [29]. These results show

989;: (a) -I— -I— T

97.5

%Re

96.5
96

95.5 — — —

25 50 75 100 125
Initial concentrations (mglL™?)

99.8
99.6 (€
99.4
99.2

99

& 98.8

= 986
98.4
98.2

98

—
—
—

—

0.5 1 1.5 2
weight of NaCl (gm) .

99.6 (e)
994 T
99.2 1 1 I
99
98.8 I
98.6
98.4
98.2

%Re

electrodes 3 electrodes 5 electrodes 7 electrodes 9

number of electrodes

that the removal percentage decreases with the pH increase;
however, the higher phenol removal is obtained in an ini-
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Fig. 1. Effect of different variables on % Re with constant conditions: 1 L, 750 rpm, 25°C, 12V, 5 A (a) effect of initial concentration,
conditions: 9 Al sheets, 0.5 g NaCl, pH = 5.2, (b) effect of pH, conditions: 100 mg L™, 9 Al sheets, 0.5 g NaCl, (c) effect of weight
of NaCl, conditions: 100 mg L, 9 Al sheets, pH = 2, (d) effect of type of electrolytes, conditions: 100 mg L™, 9 Al sheets, pH = 2,
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of phenol, that is, the adsorption process on the anode
[30,31,1]. In contrast, in alkaline initial pH higher than 7,
other Al species can be formed such as [AI(OH);], which
is not responsible for the phenol removal for the fact that
it is soluble and impractical for adsorption of phenol [32].

The supporting electrolytes play a vital role in the
EC process due to the possibility of the formation of side
products that can affect the efficiency of the system. NaCl
was used as an electrolyte at different concentrations (0.5,
1, 1.5, and 2 g L) to investigate its effect on the phenol
removal during the EC process at optimum operational
conditions of 100 mg L, 1 L, 9 Al sheets, 750 rpm, 25°C,
12 V, 5 A, and pH = 2 (Fig. 1c). The various NaCl concen-
trations give relatively similar high phenol removals 98.7%,
99.66%, 99.91%, and 99.83%, respectively. This indicates
that the increase of NaCl dose as a supporting electrolyte
is not worth. Whereas, the relatively similar percentage
removal of phenol is related to the increase of the solution
electric resistance that affects negatively the efficiency of
the process. Because this fact is attributed to the competi-
tive effect of both CI” and phenol with the formed AI(OH),;
especially in high sodium chloride dosage, in addition
to the reduction in the speed of the ions as a result of
the retardation force of the inter-ionic attraction [33,34].

It is noteworthy that using different types of support-
ing electrolytes such as sodium carbonate, sodium sul-
fate, and sodium acetate leads to almost the same % Re
of phenol with an extremely narrow difference (Fig. 1d),
which suggests that using the supporting electrolyte for
phenol removal is simply for improving the electric con-
ductivity in the EC cell without any possible interference
with the cell chemical reaction or the adsorption process of
phenol and its degradation.

In experimental work, the increase in the number of
Al electrodes from 3 to 9 gives significant phenol removal
(Fig. 1e). This very high removal is probably related to the
complete decomposition of phenol at anode within only
10 min of EC progress. However, the increase in the Al
electrode number leads to an increase in the surface area
that hence generates more coagulants in the EC process
[35]. Besides, the increase in the electrode number gener-
ates greater amounts of aluminum hydroxide polymers
with slower movements that tend rather to aggregate and
adsorb the phenol molecules than being attracted to the
electrode surface. In the present work, using three elec-
trodes can accomplish the mission and it is also more eco-
nomical to use the minimum number of electrodes as long as
the process can be completed with the same efficiency.

The possible effect of electrodes’ distance is investi-
gated by changing the distance between two middle elec-
trodes in addition to the cathode and anode. The variation
of the spacing between the electrodes from 5 to 7 cm indi-
cates that the increase in spacing between the electrodes
decreases the removal efficiency of phenol during the EC
progress (Fig. 1f). The presented data are in good agree-
ment with those previously studied. However, the increase
in spacing between electrodes leads to less interaction
between phenol molecules and hydroxyl polymers and thus
increases the chance of Al hydroxides to coagulate to form
the flocs [36]. Plus, the decreasing distances between cath-
odes and anodes lower the required electrical energy for the

motion of ions, that is, reduce the resistance of ions during
their motion path and vice versa for the large distance [37].

3.2. Characterization of electrodes and flocs during EC process

The phenol decomposition mechanism was studied
within 7 and 10 min of the EC process by analyzing the
formed adsorbed aluminum hydroxide species formed
by anodes and flocs with FTIR, SEM, EDAX techniques.
The decomposition of phenol in the bulk of the solu-
tion during the EC process was followed by GC-MS
technique. The remarkable efficiency of phenol decompo-
sition is followed by SEM, EDAX, FTIR, and GC-MS tech-
niques in a chosen time (7 min) and in the decomposition
time (10 min) (Figs. 2-6).

An EDAX image of aluminum anode represents the
purity of it at the beginning of the EC experiment (Fig. 2a).
Whereas the EDAX images for Al anode and the formed
flocs in 10 min show the presence of the formed aluminum
hydroxide, and the disappearance of phenol; that is, they
confirm the complete phenol degradation in only 10 min
of EC progress (Figs. 2b and c). These results go in har-
mony with the previous studies dealing with the complete
phenol decomposition into carbon dioxide gas and water
at the end of the electrolysis experiment [38,39].

The performance of SEM describes the uniform surface
of the aluminum electrode at the beginning the EC process
(Fig. 3a). Fig. 3b shows the formation of a rugged surface
including some dents at the completeness of the EC pro-
cess. Plus, this figure confirms the unique formation of
the polymer Al hydroxide species at the anode surface at
the ultimate of the experiment due to the dissolution of it
and the release of oxygen gas [40].

FTIR spectrum of the formed aluminum hydroxides
at the anode and the flocs in the bulk at the end of the
EC procedure, also, agrees with the results of both SEM
and EDAX analyses (Fig. 4). However, this spectrum for
the ultimate of the EC experiment also assures the com-
plete decomposition of the adsorbed phenol molecules on
the formed aluminum hydroxide polymers at the anode
and the absence of phenol molecules in the Al hydroxide
flocs. Fig. 4 gives bands 3,366 and 3,287 cm™, respectively,
corresponding to the stretching vibration of OH [41].
Peaks 1,642 and 1,643 cm™ related to OH bending in the
hydration of water [42]. Additionally, the peaks of 1,571;
1,519; 1,423; and 1,392 cm™ for anode and 1,509; 1,390; and
1,057 cm™ for flocs reflect the formation of Al(OH), [41].
However, it was reported that the band between 1,800
and 1,300 cm™ with a maximum of 1,510 cm™ accompa-
nied with OH group and spectrum between 1,100 and
200 cm™ referred to AlI(OH), [41]. The polymeric species
of Al are assigned in 1,392 and 1,390 cm™ for anode and
flocs, respectively [42]. A band of 974 cm™ in the spectrum
of anode corresponds to the bending vibrations bonds
Al-OH and AI-O-Al, whereas, the peaks at 522 cm™ may
relate to octahedral coordination of AlO,[42].

Interestingly, the FTIR for the formed aluminum
hydroxide species at the anode in 7 min of the EC process
emphasizes the step of the adsorption of the phenol mole-
cules on the Al(OH), species at the anode (Fig. 5). However,
in FTIR, 3,339 cm™ is assigned for the OH stretching and
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Fig. 4. Fourier-transform infrared spectroscopy images for anode and flocs after 10 min EC progress.

the notable peak in 507 cm™ relates to the Al species [42].
Whereas, 1,633 and 970 cm™ are corresponding to C=C of the
aromatic phenol ring [31,38].

The GC-MS analysis of the bulk of the solution of 100
ug mL™ phenol in a 7 min of EC process confirms the pres-
ence of only 36.29 ug mL™ phenol, that is, about 63.71% of
phenol was completely decomposed within this processing

period (Fig. 6). This result affirms the fast-total degrada-
tion of phenol into carbon dioxide gas and water in one
step by EC process during only 10 min of operation under
the previously mentioned experimental conditions, which
make it the fastest applicable technique for the removal
of phenol wastes. Many previous studies concerning the
degradation of phenol focused on its complete breakdown
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in many steps including intermediate compounds and in
longer proceeding time [1,30,31,38,43].

3.3. Predicted phenol decomposition mechanism

Owing to the formerly used techniques mentioned in
the previous section, the decomposition of phenol can be
performed in two steps (Fig. 7). The first step is the most

critical step, which belongs to the adsorption of phenol mol-
ecules on the formed aluminum hydroxide species at the
anode. This effective step was previously documented and
called by sweep flocs [1]. The second of the proposed mech-
anism is the complete degradation of phenol into carbon
dioxide gas and water. In this published study, the authors
decided to follow up the phenol’s adsorption mechanism
by using various adsorption isotherms and kinetic models.
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3.4. Adsorption isotherms models

The adsorption of phenol on the formed aluminum
hydroxide species at the anode during 10 min of the EC
process was studied by Langmuir, Freundlich, Temkin,
Dubinin-Radushkevich (D-R), and Flory and Huggins
(F-H) models. The most fitted isotherm amongst these
adsorption models can refer to the most applicable adsorp-
tion mechanism. The linear forms of these models are
given in Egs. (7)—(17).

3.4.1. Langmuir isotherm

This adsorption model has been developed for the
purpose of explaining the chemisorption phenomenon
that can occur at different adsorption sites with the same
adsorption energy, far from the surface coverage, and with-
out contact between adsorbed molecules. Langmuir model
also assumes a monolayer deposition of the adsorbent on
the surface of adsorbate with a limited number of identi-
cal sites [44]. The linearized form of Langmuir adsorption
isotherm is expressed in Eq. (7) [45].

1{ 1 F+L -
qe KLQm Ce Qm

where q,(mg g™') is the amount adsorbed at equilibrium con-
centration C, (mg L™), g, (mg g™') is the Langmuir constant
that represents maximum monolayer adsorption capacity
and K (L mg™) is the Langmuir constant related to energy
of adsorption. Whereas, the characterization of Langmuir

isotherm is expressed by the following equation, which
contains the dimensionless constant separation factor or
equilibrium parameter (R;; Eq. (8)):

1

R =" 8
b 1+K,C, ®)

where C represents the initial concentration (mg L™). As
shown in Table 1, the value of R, is less than unity indicat-
ing that the phenol adsorption onto aluminum hydroxide
flocs is spontaneous and favorable during the first 10 min
of EC processing [46]. The plots of 1/g, as a function of 1/C,
for the adsorption of phenol on AI(OH), at different initial
concentrations are performed. The plots are found to be lin-
ear with good correlation coefficients (0.927) indicating the
applicability of the Langmuir model in the present study.
The values of monolayer capacity (Q,) and the Langmuir
constant (K) are presented in Table 1. The small value
of Q, indicating the fast decomposition of phenol by EC.

3.4.2. Freundlich isotherm

This isotherm model typically fits the experimental data
over a wide range of concentrations. This empirical model
includes considerations of surface heterogeneity and an
exponential distribution of the active sites and their energies.
The isotherm is adopted to describe reversible adsorption
and is not limited to the formation of a monolayer [47].

The linearized logarithmic form of the Freundlich
model can be expressed as in Eq. (9) [48]:
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Table 1

Constant values of the studied linear adsorption isotherm mod-
els for the adsorbed phenol on the aluminum hydroxide species
at anode during 10 min EC proceeding

Isotherm models Isotherm value

Langmuir

Q,(mgg™) 2.848

K, (Lmg™) 0.012

R, 0.003

R? 0.927
Freundlich

K (mg g) (L mg)™ 0.666

n, 3.301

R? 0.855
D-R

g, (mol g™) 3.284

E (k] mol ) 6.74E-04
R? 0.866
Temkin

A (Lg?) 1.270

b, (k] mol™) 4411

R? 0.732
F-H

K., (Lgh 1.711
Moy 0.367
AG°® (k] mol™) -1.330

R? 0.675
Ing, =InK ! InC 9
ng, =InK, +—InC, 9)

ny

In this equation, K is the adsorption capacity. K, (mg g™)
(L mg)™, and n,is the adsorption intensity. The obtained n
value is in the range of 1-10 indicates favorability of phenof
adsorption [49] (Table 1).

3.4.3. Dubinin-Radushkevich (D-R)

It is generally applied to express the adsorption mech-
anism by distributing Gaussian energy distribution over
a heterogeneous surface, and this model is represented
by Eq. (10) [50,51]:

Ing, =Ing, - K¢’ (10)

where g is the theoretical saturation capacity (mol g7),
K is a constant related to the mean free energy of adsorp-
tion (mol*kJ?) and ¢ is Polanyi potential, which can be

calculated by the following equation (Eq. (11)):

£= RTln[l + 1]
CE

(11)

337

where R is the gas constant (8.314 ] mol™ K7); T is the
absolute temperature (K).

Furthermore, the mean free energy of adsorption
(E) can be illustrated as follows [51]:

E=—(2k)" (12)
The E gives information about the type of adsorption.
If the E value is less than 8 k] mol™ then the physical adsorp-
tion will occur; on the other hand, the E value is between
8 and 16 k] mol™ ion-exchange processes will take place,
while E values more than 16 k] mol™? indicates chemi-
cal adsorption [52]. As shown in Table 1, the calculated
E value (6.74E-04 k] mol™) suggests the physical adsorption
feature of phenol adsorption on the aluminum hydroxide
species at the anode in EC procedure [51,52] (Table 1).

3.4.4. Temkin isotherm

This model deduces the linear inverse relationship
between the heat of adsorption and the surface cover-
ing according to the sorbent-adsorbate interactions [53].
The linear equation of this isotherm is represented in Eq. (13):

q,=B;InA, +B,InC, (13)
(RT)
By == (14)

where A,: Temkin equilibrium constant related to the bind-
ing energy (L g'), b: the equilibrium constant related
to the heat of adsorption, T: the absolute temperature in
Kelvin, R: the universal gas constant (8.314 ] mol' K-).

The calculated parameters of Temkin isotherm model
A, and b, are demonstrated (Table 1). The bonding fac-
tor (b,) assumes the nature of adsorption, b, < 8 kJ mol 7,
the adsorption is of physical in nature and b > 8 kJ mol™
implies the chemical adsorption between the molecules of
sorbents and sorbates. In the present study, the value of b,
obtained from this isotherm model (<8 k] mol™) suggesting
the physical nature of phenol removal by EC [54].

3.4.5. Flory—Huggins (F-H)

Flory-Huggins isotherm explains the degree of sur-
face coverage of adsorbate on the adsorbent isotherm [55].
Its linear form is given in Eq. (15) as follows:

0
logc— =log Ky, + 1y, log(l - 6)

e

(15)

where 0: the degree of surface coverage, K, and n,, are an
indication of the equilibrium constant and model exponent.

The degree of surface coverage (0) can be calculated
as follows (Eq. (16)):

0=1-—¢

C, (16)
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The spontaneous free Gibbs energy (AG°) can be
evaluated as given in Eq. (17):

AG®=-RTInK,, 17)

K., is the Flory-Huggins constant (L mol™) predicts
the spontaneity of the adsorption process and the negative
value of AG° confirms the applicability and spontaneous
feature of phenol adsorption (Table 1) [46].

On the basis of correlation coefficient (R?), the stud-
ied isotherm models could be arranged in decreas-
ing order of favored adsorption isotherm as follows:
Langmuir > Dubinin—Radushkevich > Freundlich > Temkin

> Flory—Huggins (Table 1).

3.5. Kinetic models

To understand the adsorption behavior of phenol on the
aluminum hydroxide species during the first 10 min of the
EC procedure, pseudo-first-order, pseudo-second-order,
and intraparticle diffusion models are applied. Kinetic
models are useful to predict the time needed for adsorp-
tion and the rate of target adsorbent uptake and also to
describe the adsorption process.

3.5.1. Pseudo-first-order model

The first order Lagergren model is expressed as follows
(Eq. (18)) [50]:

d
i:kl(qeiqt)

pr (18)

where g, and g, are the adsorption capacities (mg g™)
of phenol at equilibrium and at time t (min), respec-
tively, and k, is the equilibrium rate constant of the
pseudo-first-order adsorption (min) [50].

The integrated form of the above equation with the
boundary conditions t =0 to t =t and g, = 0 to g, = g, is rear-
ranged to obtain the following time dependency function

(Eq. (19)).

1n(qe —q,)=lnqe -Kt 19)

3.5.2. Pseudo-second-order model

The Lagergren second-order kinetic model is expressed
as Eq. (20) [50] as follows:

d
%z&(%—%)z

(20)
where K, (g mg™ min™) is the rate constant of second-order
adsorption model. Using the slope and intercept values
obtained from a plot of t/g, vs. t for, the values of K, and g,
are computed.

The integrated form of (Eq. (20)) with the boundary con-
ditiont=0tot=tand q,=0to q,=gq,is:

== (21)

3.5.3. Intraparticle diffusion model

Both mentioned above Egs. (18) and (20) cannot give
the definite kinetic mechanism of phenol adsorption.
A graphical method has been introduced [56] to pre-
dict the involvement of the multi-step mechanism in the
removal process, also to ascertain whether pore diffusion
or intraparticle diffusion is the rate-limiting step. Thus, the
intraparticle diffusion model is applied by following the
below-given formula [52]:
q: = kdift% +C (22)
where k,, represents the intraparticle diffusion rate con-
stant (mg g min??), and C is the intraparticle diffu-
sion constant (mg g"'). The constants k,, and C can be
obtained, from the slope and intercept of the plot of g,
vs. 12, respectively; however, C is related to the bound-
ary layer thickness of the adsorbed phenol. The R? val-
ues of the performed kinetic models corresponding to the
adsorption of phenol on the aluminum hydroxides in the
first 10 min of EC processing reflected that the pseudo-
second-order kinetics model is the most applicable model
(Table 2), which depends on phenol and aluminum
hydroxides’ concentrations.

4. Energy consumption

The intended target of the EC technique in common
is to handle the extraordinary chemical concentration to a
certain acceptable limit without using external chemicals
and with low-cost energy consumption. Like so, specific
energy consumption in EC treatment along the best phe-
nol removal’s optimum operating conditions should be
taken into consideration. In the present study, the applied
potential differences are measured using a voltmeter
at two different current densities of 43.4 and 104.2 A m*
The specific energy consumption values are calculated
according to Eq. (23) [57,58]:

Ixvxt

Energy Consumption(kWh/kg) = m
0oL )%

(23)

Table 2

Parameters values of the used kinetic models for the adsorption
of phenol the adsorbed phenol on the aluminum hydroxide spe-
cies at anode during 10 min EC proceeding

Kinetics model Parameters and Value
regression coefficient
Pseudo-first-order K, (min™) 0.03
R? 0.477
Pseudo-second-order K, (g mg' min™) 0.11
R? 0.990
Intraparticle diffusion K, (mg g min'?) 2.12
C(mgg™ 175.93
R? 0.876
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where [ is current density (A), v is applied potential dif-
ference (Volt), t is reaction time (h) and V is the volume
of solution (m?).

Fig. 8 illustrates that the energy consumption is much
higher in the case of using a current density of 104.2 A m?
while inspecting (Fig. 8) indicates that using this higher
current density does not cause a great difference in per-
centage removal under optimum conditions stated in the
figure caption but also gave lower percentage removal
in some cases. Especially, with the optimum phenol con-
centration studied in the present work (100 mg L) and
as it can be seen from (Fig. 9), the percentage removal
was almost the same for the two current densities used.
Consequently, it was decided for power saving sake that
using the current density of 43.4 A m? is more economical.

5. Total operating cost (TOC)

The TOC (US$/m’) of the decomposition of phenol
during 10 min of EC processing is calculated using the spe-
cific energy consumption (EC) and cost of the aluminum
electrode (ELC) in the given Egs. (24) and (25) [59]:

pLC = XMt (24)
nxFxV
TOC = £EC+ BELC (25)

where F is the Faraday’s constant (96.487 C mol™), n rep-
resents the number of transferred electrons (3 electrons) for
aluminum, V is the volume of solution (m?®), t.. operating
time of EC (h) and M (kg mol™) is the molecular mass of
aluminum.

The prices of the electrical energy for industrial sec-
tor £ and aluminum electrodes £ in the Egyptian market
during June 2019 were 0.05 US$/1 kWh and 0.55 US$/1 m?,

}l
dﬂﬁllﬁlﬂ

respectively. The results show that the TOC (US$/m®) of
phenol decomposition is 0.75 US$/m?. This value is lesser
than those previously reported for EC techniques for
the removal of phenol (6.1 €/m® [1]. This indicates the
economic importance of the EC technique application
in the complete decomposition of phenol.

6. Statistical presentation

The correlation matrix of % Re of phenol, the exper-
imental conditions of EC processing time, initial phenol
concentration, initial pH, number of electrodes, amount
of NaCl, current density, potential differences, and Al con-
sumption are achieved by using IBM SPSS STATISTICA 22
program at significant level p < 0.05. It almost gives high
significant correlation coefficients among all experimental
variables (Table 3). This confirms the effectiveness of these
variables on the phenol removal by EC procedure.

A multiple regression hypothetical equation for the
percentage removal of phenol as dependant variable under
various independent variables of initial pH, EC processing
time (min), initial phenol concentration (mg L), amount
of NaCl (g), number of electrodes, current density (A),
potential differences (Volt) and aluminum consumption
(g) at constant values of temperature (25°C + 2°C), stirring
speed and bulk volume (1 L) using STATISTICA 22 pro-
gram is performed (Table 4). From the resultant multiple
regression report concerning the high significant predicted
equation (R = 0.8983), the hypothetical equation can be
illustrated as shown in Eq. (26):
% Re =96.92 +0.20 Time +0.60 C, ., —0.29 pH
—0.18 electrode’s number + 0.21 NaCl
—0.10 Al consumption (26)

The graphical comparison between the experimental
results and the predicted data confirm that this equation

|
ﬂ

Fig. 8. Energy consumption of EC for phenol decomposition using two current densities in 10 min of EC progress
(750 rpm, 25°C, pH =2, initial concentration (100 mg L™), 9 Al electrodes).
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Table 3
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Correlation matrix among % Re and other experimental variable conditions (p < 0.05)

Variable Time Cirial % Re pH No. NaCl Current Potential AL
electrodes difference  consumption
Time 1.000
i 0019  1.000
% Re 0.093 0.759 1.000
pH 0.147 0294 -0.59 1.000
No. electrodes -0.003 -0.144 -0.346 0.325 1.000
NaCl -0.009 0.136 0371 0304 0.119 1.000
Current 0.004 0293 0478 0.405 0.188 -0.177  1.000
Potential difference 0.004 0293 -0.478 0.405 0.188 -0.177  1.000 1.000
AL consumption 0720 -0.170 -0.213 0.370 0.115 -0.114  0.619 0.619 1.000

Table 4

Resultant multiple regression report of the high significant predicted equation (R = 0.89829747, p < 0.0000, n = 206)

Independent variable Beta SE. Beta B SE.B T p-level
Intercept 96.92 0.30 324.07 0.00E+00
Time 0.20 0.05 0.01 0.00 4.30 2.72E-05
- itial 0.60 0.03 0.03 0.00 17.99 1.33E-43
pH 0.29 0.04 -0.14 0.02 -7.49 2.26E-12
Electrode number 0.18 0.03 -0.15 0.03 -5.27 3.58E-07
NaCl 0.21 0.03 0.80 0.13 6.34 1.54E-09
Aluminum consumption 0.10 0.05 -0.10 0.05 -2.10 3.74E-02
100 O (43.4 Am-2) [1(104.2 Am-2) The effect of initial phenol concentration, type and quan-

99

%8 [ 1
. |
R

93

Re %

92

91

25 50 75

Conc.

100 125

Fig. 9. Removal percent for various phenol concentrations
(25-125 mg L") of two current densities in 10 min of EC progress.

can be applied as a hypothetical phenol removal equation
under the presented experimental condition (Fig. 10).

7. Conclusion

The complete decomposition of phenol from its solu-
tions by using the aluminum bipolar EC technique was
examined by different instrumental measurements.

tity of supporting electrolyte, initial pH, current density,
potential differences, aluminum consumption, electrode’s
distance, and number was investigated to obtain the most
optimum removal conditions using the EC operation. It was
concluded that for most of the conditions, the percentage
removal of 100 mg L~ initial concentration of phenol was
in the range of 94%-99%. A pH of 2 was optimum and 0.5 g
of NaCl as supporting electrolyte was chosen. Also, it was
concluded that the number and electrode distance factors
were not of prime importance in the present work. The
phenol removal was studied by correlation matrix and mul-
tiple regression statistical analyses. These statistical meth-
ods confirmed the high significant phenol removal under
the used experimental conditions. The multiple regression
performance produced a significant hypothetical phenol
removal equation. The instrument measurements of SEM,
EDAX, FTIR, and GC-MS confirm that the complete removal
of phenol was performed by two steps within only 10 min.
The first step belonged to its adsorption on the formed alu-
minum hydroxide species at the anode surface, thus the
adsorption and the kinetics of this process could be stud-
ied. And the mechanism of this aforementioned step was
studied by some isotherms and the kinetic models. The
adsorption mechanism of phenol on the aluminum hydrox-
ide species was studied by using Langmuir, Freundlich,
Dubinin—-Radushkevich (D-R), Temkin, and Flory and
Huggins (F-H) isotherm models. The results reflected that
the Langmuir model was the most applicable isotherm
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Fig. 10. Relationship between predicted and the experimental phenol removal by EC process at different operational conditions.

model that expresses the phenol adsorption. The kinetic fea-
ture of the phenol adsorption step was evaluated by using
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models. The presented data referred to the most
favorability of the pseudo-second-order kinetics model, that
is, it depends on both phenol and aluminum hydroxides’
concentrations. The second step dealt with the complete dis-
sociation of adsorbed phenol molecules to water and carbon
dioxide gas. The complete phenol decomposition within
10 min of EC process was an economic technique with low
energy consumption and TOC (0.75 US$/m®). Accordingly,
it seems advisable to use the EC technique as a fast, easy,
economic, and safe technique in the full removal of phenol
from its solutions. Interestingly, as it was accomplished in
this study, the literature did not realize the complete decom-
position of phenol into carbon dioxide and water in the
solution, which was confirmed by analyses using various
instruments.
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