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This work explores the possibility of using electrocoagulation to remove phenolic compounds from oil
refinery waste effluent using an electrochemical reactor with a fixed bed anode made of randomly
oriented Al raschig rings packed in a perforated plastic basket located above the horizontal cathode.
The removal of phenolic compounds was investigated in terms of various parameters in batch mode
namely: pH, operating time, current density, initial phenol concentration, addition of NaCl,
temperature and the effect of phenol structure (effect of functional groups). The chemical oxygen
demand (COD) was also measured. In order to throw some light on the economics of the process,
energy consumption as well as Al consumption were calculated under different conditions. The study
revealed that the optimum conditions for the removal of phenolic compounds were achieved at current
density = 8.59 mA/cm?, pH = 7, NaCl concentration = 1 g/L and temperature of 25°C. Remarkable
removal of 100% of phenol compound after 2 hrs can be achieved for 3 mg/L phenol concentration of
real refinery wastewater. The new anode design of electrocoagulation cell permits high efficiencies
with lower energy consumption in comparison with other cell design used in previous studies.
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1. INTRODUCTION

Phenols are important industrial chemicals of environmental concern since they are involved in
many industries such as coke, refineries, manufacturers of resin, pharmaceuticals, pesticides, dyes,
plastics, explosives and herbicides, and can also occur in their wastewaters. Phenols are produced in
very large quantities for use as solvents, and starting materials for chemical synthesis [1]. Phenolic
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compounds are some of the major hazardous compounds in industrial wastewater due to their poor
biodegradability, high toxicity and ecological aspects. For instance phenols are released into water
from industrial effluent discharges such as petroleum refinery wastewater. It has also been detected in
groundwater as a result of leaching through soil after a spill of phenol from landfill sites. Typical
wastewaters from oil refineries contain phenol in concentrations ranging from 500 to 1500 mg/L, and
those from coking plants in concentrations ranging from 200 to 1200 mg/L [2]. The presence of phenol
in drinking water and irrigation water represents a serious health hazard to humans, animals, plants and
microorganisms [3]. Due to the high toxicity of phenols, they are subjected to specific regulations. The
Environmental Protection Agency (EPA) calls for lowering phenol content in potable and mineral
waters to 0.5 ppb, while the limits for wastewater discharge are 0.5 ppm for surface waters and 1 ppm
for the sewerage system [4].

There are different methods for the separation of phenols such as steam distillation [5,6],
Separation by extraction [7-11], Separation by adsorption [12-19], Separation by membrane [20-24],
Destruction of Phenol by wet-air oxidation [25-28], Electrochemical oxidation [29-37], Biochemical
abatement [38-44]. Many problems associated with the above mentioned methods have been reported in
the literature such as high cost, low efficiency and generation of toxicity products [45].
Electrocoagulation is the process utilizing “sacrificed” anodes to form active coagulant which is used
to remove pollutant by precipitation and flotation in situ. Compared with traditional chemical
coagulation, electrocoagulation has, in theory, the advantage of removing the smallest colloidal
particles; the smallest charged particles have a greater probability of being coagulated because of the
electric field that sets them in motion. It has also the advantage of producing a relatively low amount
of sludge [46]. Electrocoagulation is an ideal technology to upgrade water quality. A diversity of
opinions exists in the literature for explaining both the key mechanisms and the best reactor
configurations [47, 48]. These empirical studies invariably prove the viability of the technology, but
singularly fail to fully capitalize on its potential. This is due to a lack of fundamental understanding of
the system and hence the inability to accurately predict performance. In addition to this gap we believe
that there is a room for improvement of the process of electrocoagulation via the development of more
efficient electrochemical reactors.

In the present work, the performance of a fixed bed reactor with horizontal cathode made of an
aluminum sheet insulated with epoxy from its back placed below a fixed bed anode. The anode consists
of a single layer of randomly oriented raschig rings connected together tightly with a thin wire of
aluminum to ensure current feed to different rings of the fixed bed during electrolysis. Previous studies
on electrocoagulation have mostly emphasized on the use of the traditional parallel plate cell. The
effect of phenol structure on the degree of phenol separation was investigated. The use of fixed bed
anode is thought to have the following advantages: (i) the high area of the bed reduces the operating
current density with a consequent decrease in activation polarization and passivation. (ii) the large
amount of Al stored in the bed makes it possible to conduct electrocoagulation for a long time without
the need to disrupt the process in order to make up for the dissolved Al anode every short while. (iii)
the narrow interstices between the bed particles increase the velocity of the rising H, —solution
dispersion inside the anode with a consequent decrease in concentration polarization at the anode.
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2. EC THEORY

All electrocoagulation reactors are electrochemical cells that consist of an electrode
arrangement in contact with the polluted water, with coagulant production in situ being their
distinguishing feature. To release the coagulant, an applied potential difference across the electrodes is
required. Potential requirements for the electrodes can be deduced from the electrochemical half-cell
reactions occurring at each electrode, which will vary according to the operational pH and the species
present in the system. Aluminum, the most commonly used anode material; go through anodic
dissolution as shown in equation (1):

AP +3e « Al (1)
Oxygen evolution is also possible at the anode (equation 2):
40H" —» 0O, +2H,0+4e” 2

Simultaneously, an associated cathodic reaction, usually the evolution of hydrogen, occurs. The
reaction occurring at the cathode is dependent on pH. At neutral or alkaline pH, hydrogen is produced
via Equation (3):

2H,0+2e" —»> 20H +H, 3)

While under acidic conditions, Equation (4) best describes hydrogen evolution at the cathode.
2H"+2e —> H, 4)
Al**and OH™ ions generated by electrode reactions react to form different monomeric and

polymeric species, which transform finally into AI(OH)3(S) depend upon total metal concentration and
pH.

Al +H,0+e” — AI(OH)* +%H2 (5-a)
AIOH*" +H,0 — AI(OH); + H" (5-b)
AI(OH); +H,0 — AI(OH), +H* (5-c)

Then  AI** (g + 3H20 = Al(OH)3(s) +3H ) (6)

both “Al” cathode and anode may be chemically attacked by OH™ ions in view of the
amphoteric nature of “Al” [49].

2A|0(s) + 6H,0 + 20H " (aq) — 2 A|(OH)_4(aq) +3H2(g) (7)
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Accordingly, two major interaction mechanisms are being proposed namely: precipitation and
adsorption, each one being suggested for a separate pH range. Flocculation in the low pH range is
explained as precipitation while the higher pH range ( > 6.5) as adsorption [50, 51].

3. EXPERIMENTAL PART

3.1. Chemicals and analytical

A stock solution of each phenolic compound was prepared by using an analytical grade of
chemicals and dissolving them in distilled water. Experimental solutions of the desired concentrations
were obtained by successive dilution with distilled water.

The pH of the solution was adjusted by means of HCI and /or NaOH solution. A digitally
calibrated pH-meter (Hanna, Model pH 211) and a conductivity — meter were used to measure the pH
and the conductivity of waste solutions.

The analytical determination of phenol and other phenolic compounds was carried out with the
standard spectrophotometric procedure [52] using U.V spectrophotometer (UNICO, Model U.V 2100).
At the end of each experiment, the treated solutions were filtered by using Whitman No. 40 filter
paper, before analysis. COD of the solution before and after EC was determined by the standard
procedure described elsewhere [52].

Oil refinery wastewater was obtained from (EI-Amreya Petroleum Company, Alexandria,

Egypt).

3.2. The Experimental Set-up

The experimental set-up used in the present work is schematically shown in Fig.1. The EC cell
consists mainly of a rectangular vessel made of plexi-glass with the dimensions 10 cm x 10 cm square
base and a height of 20 cm. An aluminum 10 cm x 10 cm sheet was insulated with epoxy from its back
and then placed on the bottom of the cell as the cathode. The anode consists of a single layer of
raschig rings connected together with a thin wire of aluminum to make sure that all rings were fed with
electrical current .The rings were placed in a perforated plastic basket. The rings were arranged
randomly within the bed. The anode-cathode distance was kept at 0.5 cm. the fixed bed anode was
fixed in position inside the cell by an outside anode holder which consisted of a ring clamp connected
to a vertical stand. The electrical circuit consists of power supply (40V, 20A) with a voltage regulator
and multi-range ammeter, all connected in series with the cell, a voltmeter was connected in parallel
with the cell to measure its voltage.
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Figure 1. Schematic view of the experimental set-up.

3.3. Electrocoagulation Procedures

For each run a 1.5 L of the synthetic waste solution was mixed with the appropriate amount of
sodium chloride which was employed as a conductor. The solutions were placed into the electrolytic
rectangular cell. The pH was adjusted by the addition of NaOH and/or HCI solutions. Direct current
from the D.C power supply was passed through the solution via the two electrodes during the 180
minutes of electrolysis run. 10 mL of the solution was withdrawn at every 5 minutes interval for the
first half hour and 30 minutes interval for the remaining time of the run. The location of sample
withdrawal was kept constant for all runs. Samples were filtered, and then taken for absorbance
measurements at an appropriate wave length of the maximum absorption for each of the phenolic
compounds. The measured absorbance was then converted to the residual concentration of the
compound using a calibration curve obtained from a plot between the absorbance versus the known
concentration for each compound.

The electrodes were washed with HCI solution (15% wi/v) before each run in order to remove
any adhering scales or oxides. Following each run, the electrodes were washed with distilled water,
dried until the second use. The efficiency of phenol removal, % Removal, was calculated as:

C.
% Removal = Ic L % 100 (8)

where Ci is initial phenol concentration (mg/L) and Cx is final phenol concentration (mg/L).

4. RESULTS AND DISCUSSION

4.1. Effect of current density

Fig.2 shows that an increase in current density from 1.2 to 9.82 mA/cm? increases the
percentage removal of phenol from 40 to 88 .This is ascribed to the fact that at higher current densities
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the dissolution of anode to AI** ions increases according to Faraday’s law. AI** ions undergo
hydrolysis and the resulting aluminum hydroxides produce more sludge with a consequent significant
removal of phenol due to phenol adsorption on AI(OH); and its polymeric compounds [53].
Furthermore, more hydrogen bubbles are generated at the cathode with increasing current density,
these bubbles improve the degree of mixing of aluminum hydroxides and phenol and enhance the
flotation ability of the cell with a consequent increase in the percentage removal [54]. Also, it was
found that the number of H;, bubbles increases and their size decreases with increasing current density,
resulting in a faster removal of phenol and sludge flotation [55]. Apart from phenol adsorption on
Al(OH); and its polymeric compounds, aluminum ions liberated from the anode may also interact
directly with phenol, which then precipitates out of the solution in the form of an insoluble salt, e.g.
aluminum triphenolate (< 8% precipitation) [56].
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Figure 2. Effect of current density on the percentage removal of phenol
(Co =40 mg/L, NaCl =1 g/L, pH = 7, Temperature = 25°C)

4.2. Effect of sodium chloride concentration

Fig.3 shows the effect of sodium chloride concentration on the percentage removal of phenol. It
was found that, as sodium chloride concentration increases from 0.5 to 7 g/L, the percentage removal
of phenol increases from 60 to 85 This may be explained by the fact that the higher chloride ion
concentration, the higher the ability of chloride ions to destroy any passive oxide film which tends to
form on the anode and limit anode dissolution, hence it increases the availability of aluminum
hydroxide in the solution and improve the efficiency of phenol removal [56]. Also, as the concentration
of sodium chloride increase, the activity of the dissolved AI** in the anode vicinity decreases by virtue
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of interionic attraction [57] between sodium chloride and the dissolved AI**, accordingly the potential
required to dissolve the aluminum anode (e) decreases according to Nernest equation:

e=eo—%lnaw3 9

where e is the electrode potential, e, is the standard electrode potential, F is Faraday’s constant
[F = 96500 coulomb], Z is the number of electron involved in the reaction and R is the gas constant (R
=8.13J/mol.K), a, ., is the activity of AI*".

The decrease in the potential required to dissolve the anode reduce the tendency of aluminum
to passivate and reduce the tendency of chlorine and oxygen evolution at the expense of aluminum
dissolution. Meanwhile, Fig.3 shows that beyond 1 g/l sodium chloride concentration, the salt has a
little effect on the percentage phenol removal. According to the results, high percentage removal of
phenol can be obtained in phenol solution with sodium chloride of about 1 g/L. Hence, 1 g/L sodium
chloride was used in the subsequent experiments.
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Figure 3. Effect of NaCl concentration on the percentage removal of phenol
(Co =40 mg/L, pH = 7, c.d = 8.59 mA/cm?, Temperature = 25°C)

4.3. Effect of the initial pH value

To examine the effect of pH, the sample was adjusted to the desired pH using sodium
hydroxide or hydrochloric acid solutions. Fig.4 shows the effect of pH on percentage removal of
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phenol. The data show that the percentage removal of phenol increased from 18 to 88 as the pH

increases from 1 to 7.Beyond pH 7, the percentage removal decreases. This is attributed to the

amphoteric character of aluminum hydroxide which does not precipitate at very low pH [58], while

high pH leads to the formation of AI(OH),~ which is soluble and useless for adsorption of phenol [59].
The results show that the optimal pH is 7 (initial pH of the solution).
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Figure 4. Effect of pH on the percentage removal of phenol
(Co=40 mg/L, pH = 7.3, c.d =8.59 mA/cm*, Temperature = 25°C)

4.4. Effect of initial phenol concentration

Fig.5 shows the effect of initial concentration on percentage removal of phenol. The percentage
removal gradually decreases from 100 to 75 as the phenol concentration increases from 5 to 50 mg/I.
This is ascribed to the fact that at a constant current density, the same amount of aluminum ions passes
to the solution at different phenol concentration. Consequently, the formed amount of complex
aluminum hydroxides was insufficient to coagulate the greater number of phenol molecules at higher
phenol concentrations, which is consistent with previous studies [60,61].
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Figure 5. Effect of initial concentration on the percentage removal of phenol
(pH = 7, c.d = 8.59 mA/cm?, NaCl = 1 g/L, Temperature = 25°C)

4.5. Effect of temperature

The effect of temperature on the percentage removal of phenol is shown in Fig.6. The
percentage removal increases from 88 to 95 as the temperature increases from 25 to 45°C, beyond this
temperature, there is a little effect on removal efficiency. Temperature influences the rate of phenol
removal via the following effects: (i) increase of temperature increases the rate of AI** hydrolysis to
AI(OH); [62]. (ii) increase the temperature increases the diffusivity of AI** according to the Stokes-
Einstein’s equation with a consequent increase in the rate of mass transfer of AI®* from the anode
surface to the solution bulk. Beyond 40°C, the solubility of AI(OH); in the solution increases with a
consequent loss of the coagulant [63]. Under the present range of conditions it seems that the
enhancing effects outweigh the adverse effect.
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Figure 6. Effect of temperature on the percentage removal of phenol
(Co =40 mg/L, pH = 7, c.d = 8.59 mA/cm?, NaCl = 1 g/L, Temperature = 25°C)
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4.6. Effect of functional groups of different phenolic compounds (phenol structure)

Physico-chemical properties of the different phenolic compounds influence its interaction
within the EC system and eventual removal mechanism. For example, ions are most likely electro-
precipitated whilst charged suspended solids are absorbed onto charged coagulant [64]. In order to
study the effect of the side group of different phenolic compounds, the percentage removal of each
phenolic compound was investigated with time for concentration 40 mg/L using optimum
experimental conditions of the batch mode apparatus (current density = 8.59 mA/cm?, pH = 7, NaCl
concentration = 1 g/L). Fig.7 shows the percentage removal versus time for phenol, m-cresol,
orthonitrophenol (O.N.P) and hydroquinone.
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Figure 7. Effect of variation of side groups on the percentage removal of phenolic compounds
(Co =40 mg/L, pH =7, NaCl = 1 g/L, c.d. = 8.59 mA/cm?, Temperatutre = 25°C)

It was found that O.N.P has the highest efficiency of removal than phenol, and m-cresol. The
lowest efficiency of removal was that of hydroquinone. This order of removal efficiencies may be
attributed to the acid strength of each phenolic compound. Acid strength depends on the nature of side
group present in the benzene ring. Electron withdrawing groups like -NO;, when present in ortho or
para positions increase the acidity of compound by dispersal of negative charge. While, electron
releasing groups like -OH, when present in the ortho or para positions decrease the acid strength of the
compound by stressing the negative charge (by +R effect). However groups like —CH3 when present in
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m-position increase the acidity of the compound [65]. This theory was further verified by the
dissociation constant of phenolic compounds under investigation (Table 1 [65]). The order of
dissociation constant is O.N.P > phenol > m-cresol > hydroquinone. Increasing the dissociation
constant leads to increase concentration of phenolate ions, the negatively charged phenolate ions
migrate towards the positively charged Al anode where it most probably form a complex compound
with the anodically dissolved AI** ions[66]. The complex Al compound along with the undissociated
phenol adsorb on Al(OH); leading to a higher removal rates [67].

Table 1. Dissociation constant of Some Phenolic Compounds at 25°C.

Dissociation

constant

Phenol CeHsOH

1.3x 101

CH3CsH,OH 9.8x 10™

m- Cresol
NO,CgH,OH 59x10°
o-Nitrophenol

Hydroquinone  CgH4(OH), 1.2 x 10"

4.7. Energy consumption and Al consumption:

To assist in assessing the economic feasibility of electrocoagulation in comparison with other
techniques, the energy consumption and Al metal consumption were calculated as follows [68]:

VIt

10
(Co —Ct)xtreated volume (L) (10)

Energy consumption (kWh/g removed) =

Where: V is the cell voltage (V), | is the current (A), t is the electrolysis time (h), C, and C; are
the initial compound concentration and concentration at time t (in mg/L) respectively.
The amount of Al metal consumed in electrocoagulation was calculated from Faraday’s law:

Al consumption (g Al/g compound removed ) = % (11)
m

Where : F is the Faraday’s constant (96,500 Columb /mol), M the molecular weight of
aluminum (27 g/mol) and z is the number of electron transfer (za = 3).
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Figs. (8-10) show that the energy consumption ranges from 0.066 to 16.32 kWh/g phenol
removed depending on the operating conditions.

The figures also show that Al consumption ranges from 0.011 to 0.04 g Al/ g phenol removed
depending on the operating conditions. It is clear from these figures that energy consumption decreases
with increasing initial phenol concentration and NaCl concentration, and increases with increasing
current density.
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Figure 8. Effect of current density on the Energy Consumption and Al Consumption of phenol
(Co=40 mg/L, pH =7, NaCl = 1 g/L, Temperature = 25°C)
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Figure 9. Effect of NaCl Concentration on the Energy Consumption and Al Consumption of phenol
(Co =40 mg/L, pH = 7, c.d. = 8.59 mA/cm?, Temperature = 25°C)
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4.8. COD Measurements

Table 2. COD Measurements.

Compound Concentration, % COD reduction
mg/L
Phenol 5 100
10 71.42
20 63.63
30 54.66
40 52.94
50 52.38
m-cresol 5 80
10 56
20 50
30 50
40 44
50 41.6
o-Nitrophenol 5 100
10 100
20 100
30 77.7
40 72.7
50 74
Hydroquinone 5 66.6
10 66.6
20 48.5
30 52.9
40 50
50 50
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COD values are related to the total concentration of organics in the solution. Mineralization of
different phenolic compounds solutions were monitored by COD measurements before
electrocoagulation and at the end of the run. It was found that the percentage COD reduction decreases
with the increase in phenolic compound concentration. Table (2) shows that the percentage COD
decreased from 100 to 52.38 and from 100 to 74, 80 to 41.6, and from 66.6 to 50 as the concentration
was increased from 5 to 50 mg/L for each of phenol, O.N.P, m-cresol and hydroquinone, respectively.
The percentage reduction in COD of phenol and phenolic compounds by electrcoagulation can be
attributed to the removal of suspended solids and to precipitation of dissolved organic molecules as
organometalic compounds. Detailed studies on the mechanism of percentage COD reduction was
established by Murugan[69] .

4.9. Treatment of industrial petroleum refinery waste water:

Petroleum refineries are the main sources of phenolic wastewaters. A real oil refinery
wastewater, was collected from the effluent of EI-Amreya Petroleum Company, located in Alexandria,
Egypt), and exposed to EC using the experimental apparatus at 8.59 mA/cm? current density and pH 7
for 1.5h and temperature of 25°C. The characteristics of wastewater used in this study before and after
treatment is presented in Table (3). After EC period, 100% of initial phenol concentration was
removed from the petroleum refinery wastewater. Compared to phenol removal, the removal of other
contaminants in wastewater was not excessively changed. Practically, the effluent met the discharged
standards after 1.5 h. EC time with energy consumption of 1.75 kWh/g phenol removed and electrode
consumption 0.041 g Al/g phenol removed. Table (3) shows that electrocoagulation has resulted in the
decrease of COD from 100 to 25 and had completely removed the phenol from the industrial waste.
The concentration of phenol in the waste provided by the company was 3 ppm and after
electrocoagulation it becomes zero. These results suggest that electrocoagulation can be used as
polishing step in the treatment of liquid wastes containing phenol or phenol derivative.

Also from Table (3), the electrical conductivity had decreased. Since the electrical conductivity
reflects the amount of dissolved solid in the sample, it follows that the formed aluminum hydroxides
remove some of the salts that are adsorbed on its surface. The above mentioned effects show that
electrocoagulation is a promising technique for industrial waste water treatment.

A few studies reported the removal of phenol from wastewater by EC. Table (4) presents a
comparison of percentage phenol removal obtained from different studies on real wastewater effluents.

Table 3. Physical characteristics of wastewater before and after electrocoagulation treatment.

Parameter Analysis Before treatment After treatment
pH 7 9
COD (mgO2/L) 100 25
Conductivity(mS/cm) 3.5 1.77
Phenol content(mg/L) 3 0
Turbidity (NTU) 8.2 3.5
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Table 4. Comparison of the % Phenol removal obtained from different wastewater effluents.

Source of effluent Phenol concentration, % Removal Reference
mg/L
Petrochemical wastewater 2.5 60 [70]
Paper mill effluent 0.535 99 [71]
Present work 3 100

5. CONCLUSIONS

EC of phenolic compounds using Al raschig rings connected together in the form of fixed bed
scarificial anode seems to be a very efficient method for petrochemical wastewater treatment as
revealed by the present study. Experimental parameters such as pH, time, current density, electrolyte
concentration, initial phenolic compound concentration and temperature were investigated for phenolic
compounds removal in batch reactor. Maximum removal of phenolic compounds was attained at pH =
7, NaCl concentration = 1 g/L, current density = 8.59 mA/cm?, temperature = 25°C. Increase in the
current density and NaCl concentration resulted in an increase in the phenolic compound removal and
decrease in COD of the treated solution. Meanwhile, removal efficiency of phenolic compounds
decreases and COD of the solution increases with the increase in initial phenolic compound
concentration and temperature. It was found that O.N.P has the highest efficiency of removal than
phenol and m-cresol while the lowest efficiency of removal was that of hydroquinone. Economy of the
process in terms of both energy and electrode consumption, is affected by the operating conditions.
Energy consumption and electrode consumption of electrochemical coagulation was found to increase
with the increase in current density and NaCl concentration for all phenolic compounds. Energy
consumption ranged from 0.066 to 16.32 kWh/g of removed phenol. Comparison of the presented data
with the data obtained using other cell designs[72] for phenol removal by EC shows that the present
cell design is superior to other designs in every respect especially in the higher separation efficiency,
the lower energy consumption and the lower COD. Remarkable removal of 100% of phenol compound
after 2 hrs can be achieved for 3 mg/l phenol concentration of real refinery wastewater at the optimum
operating conditions.
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