¢! Desalination and Water Treatment
www.deswater.com

o doi: 10.5004/dwt.2017.1835

64 (2017) 118-126
February

Improved water quality and phenol degradation via a combination
of electron-beam irradiation (EBI) and activated carbon fiber (ACF)

Joung-Eun Gu***, Guntae Son®', Hongshin Lee®, Jihyun Park?,

Young-Nam Kwon®* Seunghwan Lee“*

“Hydro Science and Engineering Research Institute, Korea Institute of Civil Engineering and Building Technology (KICT),

Andong 36754, Republic of Korea, email: novelje@gmail.com

"School of Urban & Environmental Engineering, Ulsan National Institute of Science and Technology (UNIST), Ulsan 689-798,
Republic of Korea, Tel. +82-54-843-1826; Fax: +82-54-843-1804; emails: kwonyn@unist.ac.kr (Y.-N. Kwon),

novelje@gmail.com (].-E.Gu), ghdtls@unist.ac.kr (H. Lee)

¢School of Civil & Environmental Engineering, Kumoh National Institute of Technology, Gumi 730-701, Republic of Korea,
Tel. +82-54-478-7645; Fax: +82-54-478-7859; emails: dlee@kumoh.ac.kr (S. Lee), s020110@hanmai.net (G. Son)
Korea Atomic Energy Research Institute, Daejeon 305-353, Republic of Korea, email: jhpark9815@kaeri.re.kr

Received 19 September 2014; Accepted 25 July 2016

ABSTRACT

Electron-beam irradiation (EBI) was used to remove phenol in aqueous solution. The removal
efficiencies of phenol were determined, and their relationships with the initial phenol concentra-
tion, absorbed dose, and electron-beam energy were investigated. The EBI was conducted in air with
absorbed doses from 40 to 120 kGy under 0.3, 1, and 2 MeV electron beams. G-values were introduced
to evaluate the removal of phenol quantitatively and were higher at an absorbed dose of 40 kGy than at
80 or 120 kGy. Dose constants (K) were found to depend on the absorbed dose and initial phenol con-
centration and used to calculate the optimum doses required for 90% (D, ,) and 50% (D, ) removal of
phenol. The reduction of the biochemical oxygen demand (BOD,), chemical oxygen demand (COD,, ),
and total organic carbon (TOC) via EBI indicated organic degradation upon irradiation. The EBI pro-
cess was combined with activated carbon fiber (ACF) adsorption to improve the COD_, removal effi-
ciency. The optimum ACF doses were 0.5, 1.0, and 1.33 g L with 3, 6, and 6 h contact times for the
20, 50, and 100 mg L phenol solutions, respectively. The combination of EBI with ACF improved the
COD,, removal efficiency, even in the more concentrated phenol solution. EBI may be a promising
pretreatment process for purifying highly concentrated wastewater.
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1. Introduction

Many industries use phenol and substituted phenol in their
manufacturing processes. Phenol and phenolic compounds
have attracted much attention because of their widespread
use and high content in the aqueous effluents of industries,
such as those from refineries (5-500 mg L™), coking operations
(28-3,900 mg L™), and coal processing (9-6,800 mg L) [1].

* Corresponding author.

tContributed equally to this work.

Industrial wastewater containing phenolic compounds has
high salinity, acidity, and chemical oxygen demand (COD) [2].
The poor biodegradability, high toxicity, and other ecological
properties of phenolic compounds present pollution prob-
lems, and they are harmful to human health [2].

In order to remove the phenol and phenolic compounds,
various traditional methods such as adsorption and bio-
logical processes were used. However, these processes are
not efficient enough for phenol removal [3]. Wastewater
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containing phenolic compounds can be treated with AOPs
via photocatalysts (TiO,/UV), photo-Fenton reactions [4-7],
UV radiation (UV/O,, UV/H,0,) [8], and ozonation (O,, O,/
H,O,) [9]. Currently, they are regarded as efficient technol-
ogies owing to their effective degradation and specific pol-
lutant removal performances, although the treatment costs
and energy demands are high [4,10]. Advanced oxidation
processes (AOPs) can be an alternative for the effective
removal of recalcitrant pollutants from liquid phase. AOPs
are based on generation of hydroxyl radicals (OHe) that
oxidizes the organic substances quickly and nonselectively
with the rate constants’ range of 10°-10° M s [11-13]. The
OHe radical is among the strongest oxidizing species used
in water and wastewater treatment and offers the potential
to greatly accelerate the rates of contaminant oxidation. The
generation of OHe radicals is commonly accelerated by com-
bining ozone (O,), heterogeneous photocatalysis, UV radia-
tion, ultrasound, titanium dioxide (TiO,), hydrogen peroxide
(H,O,), and/or high electron-beam irradiation (EBI).

Among these AOPs, EBI has been demonstrated to
be effective in removing toxic organic compounds from
aqueous solution [4,14-16]. EBI is one of the AOPs based
on the generation of OH radicals. EBI has attracted a lot
of attention as a green technology. EBI generates hydroxyl
radicals to strongly oxidize various hazardous organic com-
pounds [17]. EBI has also been suggested as a technology
for treating sludge, surface water, industrial wastewater,
and groundwater [18], having poor biodegradability, owing
to the potential for application in the aquatic environment.
However, the most effective use of EBI seems to be to com-
bine it with a conventional treatment under conditions

Sample preparation

where some synergistic effects occur. Activated carbon fiber
(ACF) with a high surface area has been expected to be an
excellent adsorbent for the treatment of polluted water or
wastewater [19]. Removal of organic matter from wastewa-
ter has previously been carried out using activated carbons.
Measures of the gross amount of organic matter in waste-
water include the five-day biochemical oxygen demand
(BOD,), COD, and total organic carbon (TOC). These val-
ues are useful for estimating wastewater characteristics and
treatment efficiency.

In this paper, we report the optimum operating conditions
for phenol removal using EBI combined with ACF process
(EBI-ACF). At various absorbed doses and phenol concentra-
tions, the removal efficiency and G-value were quantitatively
estimated using low electron-beam energy. The G-value
of the phenolic compounds represents the decomposition
rate and helps to reveal the maximum efficiency of the EBI
process. The removal efficiencies after EBI treatment were
evaluated through the BOD,, COD_, and TOC of the phe-
nol solutions. Adsorption dose and contact time of the ACF
were optimized for different initial phenol concentrations so
that ACF adsorption could be combined with EBI. Finally,
EBI, ACF, and the combination of the two were compared in
terms of their COD_, removal efficiencies.

2. Experimental

For this study, phenol solutions were prepared on var-
ious concentrations. Each sample was treated by EBI, ACF,
and EBI combined with ACF process. The description of
experimental setup is shown in Fig. 1.

Activated Carbon Fiber (ACF)

1. ACF dose : ~100 mg
2. Stirring intensity : 135 rpm
3. Reaction time : ~24 hours

A 4

Analysis

1. Phenol removal : UV/vis spectrophotometer
2. BOD, COD, TOC, pH

1. Phenol concentration : 0, 5, 10, 20, 50, 100 mg/L
2. Sample volume : 150 ml
3. pH adjustment : 1 N HCI, NaOH
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Fig. 1. Flow diagram of EBI, ACF and EBI combined with ACF processes for phenol decomposition.
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2.1. Electron-beam irradiation

The electron accelerator (KAERI, Korea) used in this study
was the horizontal version with a 100-kW beam power. The
distance from the beam source to the sample was 10 cm. The
phenol solution was irradiated and stirred with a mixing rate
of 275 rpm to compensate due to the low penetration depth
[20]. The average dose rate was 0.56 kGy s™. The observed
dose was adjusted to be in the 40-120 kGy range by changing
the irradiation time and measured using a Genesys 20 batch
dosimeter (Thermo Scientific Co., USA) and dosimetry film
(B3 WINdose dosimetry, GEX Co., USA). The irradiations
were conducted with energies of 0.3, 1, and 2 MeV at room
temperature. The length, width, and height of the reactor
used in these experiments were 100, 70, and 80 mm, respec-
tively. The reactors were made of polypropylene with a 70
x 50 mm square window covered by a 0.6-um Kapton film.

2.2. Materials and methods

Phenol (98%) was purchased from Daejung Co., Ltd,
Korea. Phenol solutions were prepared by mixing phenol
with distilled water at the prescribed concentrations, in the
5-100 mg L™ range. The studied phenol concentrations were
obtained by diluting the standard solution. In the reactors,
150 mL phenol solutions were irradiated by a single irradi-
ation dose.

The ACF with a Brunauer-Emmett-Teller (BET) surface
area of 1,000 m? g™ was supplied by ACF, Korea. It has a bulk
density of 0.2 kg m™ and an iodine number of 1,500 mg g
The direct photometric method was used to determine the
COD,.. The BOD, was analyzed according to the Standard
Methods of Analysis [21]. For the BOD, measurements, the
samples were incubated at 20 + 1°C in 300 mL Winkler bot-
tles. The TOC was measured by a TOC analyzer (TOC-5000A,
Shimadzu, Japan). The pH was adjusted to the desired value
with 1 N HCI or 1 N NaOH solution and measured using a
glass electrode method. The concentrations of phenol were
quantitatively analyzed with a UV/vis detector (Humas,
Korea) in the 0.1-10 mg L™ range at 510 nm. Its photometric
repeatability was less than +0.002 Abs.

2.3. G-value and dose constant

The removal efficiencies are difficult to compare through
fixed quantity parity. The removal of organic compounds
after irradiation was described by the destruction G-value
(G,), defined as the decomposition of the solute in an aque-
ous solution. In order to quantitatively describe the removal
of phenol, the G-value was calculated. The G-value for sol-
ute removal at a given dose G, is determined experimentally
using Eq. (1) [22]:

_ [ARIN, 1)
?  Dx6.24x10"
where AR represents the change in the phenol concentra-
tion (mol J7) at a given dose while D and 6.24 x 10" are the
dose (kGy) and the conversion factor from kGy to 100 eV L,
respectively. N, represents Avogadro’s number. For the G,
calculation, the minimum dose required to achieve 90% and
50% removal of each pollutant was considered.

Calculation of the dose constant was performed by taking
the slope of the line obtained from the plot of the natural
logarithm of the phenol concentration vs. the dose. The dose
constant (K) was used to calculate the amount of radiation
required to achieve the desired changes in the phenol con-
centration. K was determined using Egs. (2) and (3).

C=Ce™® 2)

C
IH(EOJ =KD 3)

where C; and C represent the phenol concentrations
before and after irradiation, respectively. D represents the
absorbed dose required to achieve the desired concentra-
tion change, while K is the dose constant obtained from the
plot of the concentration vs. dose. The K value can be con-
sidered as an ideal figure for the comparison of irradiation
applications [23].

2.4. Adsorption of phenol onto ACF

Batch adsorption experiments were conducted for the
adsorption of phenol onto ACF. The adsorption test to deter-
mine for the optimum time for equilibrium adsorption was
conducted by shaking flasks containing 150 mL of phenol
solution and 100 mg of adsorbent in an incubated shaker at
135 rpm. Similarly, batch isotherm experiments were con-
ducted by shaking flasks containing 100 mg of ACF and
different concentrations of phenol for 24 h in an incubated
shaker at 25°C. The phenol concentration was measured
before the adsorption, and the equilibrium concentration
was measured after the adsorption. The quantity of adsorbed
phenol at equilibrium was calculated using Eq. (4):

(G, -C)xV
- w

where g is the quantity of solute adsorbed; C; is the initial
phenol concentration (mg L™); C, is the equilibrium phenol
concentration (mg L™); V is the volume of the solution (L);
and W is the mass of the adsorbent (mg).

The adsorption capacity at equilibrium (mg g), ge, was
determined from the plot of adsorbed phenol against ACF
dose and used to determine the optimum contact time in
EBI combined with ACF.

4)

3. Results and discussion
3.1. Effect of irradiation dose and EBI energy

According to previous studies [17,24,25], three main reac-
tive species are formed as a result of electron irradiation in
aqueous solution: aqueous electrons (¢,), hydrogen atoms
(He), and hydroxyl radicals (OHe). The radical species
formed via radiolysis can degrade organic pollutants, pro-
vided that the irradiation dose is sufficient.

The characteristics of decomposition of phenol by EBI
with various doses and energies are shown in Fig. 2. It was
observed that the phenol decomposition increased with
an increase in the absorbed dose and a decrease in the ini-
tial concentration at 0.3 MeV (Fig. 2(a)). The main factors
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affecting phenol removal are the initial concentration and the
irradiation dose. The value of C/C; in the figures indicates
the ratio of the phenol concentrations after and before irra-
diation. The removal efficiencies of phenol decrease despite
the continuous increase in the irradiation dose. The concen-
tration of phenol decreased sharply with increasing irradia-
tion dose until 80 kGy (except 100 mg L™ phenol), at which
point the phenol concentration began to decrease slowly. In
general, the concentration of phenol did not decrease linearly
despite the increase in absorbed dose. This trend had been
reported in Kim'’s (2002) study for toluene [26]. The nonlin-
earity of these curves may be attributed to collision distur-
bances with phenol molecules or back reactions between
abundant radicals [17,27]. In particular, the hydroxyl radical
would be expected to be a main reactive species since previ-
ous research papers have estimated that most of the radicals
in the destruction of pollutants by electron irradiation are
hydroxyl radicals [4,17,28].

Radical products such as OHe, ¢, and He produced via
the EBI react with and degrade phenol [17]. Phenol attacked
by these radicals may lose a hydrogen ion, and hence, the pH
of the solution may decrease. The pH of the aqueous solu-
tion after irradiation decreased from 6.8 to 5.0, 4.3, and 4.1
at 40, 80, and 120 kGy, respectively, at an irradiation energy
of 0.3 MeV. It has been reported that the decrease in pH
resulting from the reaction between phenol and these rad-
icals is due to the decomposition products of phenol being
mainly catechol and hydroquinone [4,29,30]. This also led to
decreases in pH from 4.0 to 3.7, 3.7, and 3.7; and from 10.0
to 7.9, 8.5, and 8.5 for the 20, 50, and 100 mg L™ phenol solu-
tions, respectively, at 80 kGy and 0.3 MeV.

The removal efficiencies of phenol under various electron
beam (EB) energies are shown in Fig. 2(a). At 40 kGy,
phenol degradation increased with an increase in the EB
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energy. As shown in Fig. 2(b), the phenol removal curve
at an absorbed dose of 40 kGy showed the sharpest drop.
Therefore, a 40-kGy absorbed dose was chosen to assess the
effect of the EB energy. At an EB energy of 1 MeV, degrada-
tion of 50 mg L™ phenol was 3.8 times greater than that at
0.3 MeV. A decomposition rate of over 90% for phenol was
observed when using EB energies of 1 and 2 MeV, and the
degradations of phenol at these energies were similar. An EB
energy of 1 MeV was sufficient to obtain the desired phenol
decomposition rate. In addition, an EB energy of 0.3 MeV
was enough to remove low concentrations of phenols.

3.2. Phenol removal efficiency (G,) and dose constant (K)

The removal of phenol via EBI can be quantified by the
G-value (G,). Table 1 shows the degradation efficiency (G,)
and dose constants (K) of phenol at various initial concentra-
tions. K was calculated from the slope of the regression line
of the residual curves, obtained by plotting the log residual
(C/C,) (Fig. 3). The doses required to achieve 90% (D,,) and
50% (D, ;) removal of phenol were calculated using K (Egs. (5)
and (6)); the results are shown in Table 1.

D,,=In2/K ®)

D,, =In10/K ©)

The G-value was calculated at various initial phenol
concentrations. In radiation chemistry, G-values are defined
as the number of molecules lost or formed for every 100 eV
absorbed by the system. Therefore, another quantitative
descriptor of the removal efficiency is the radiation chemical
yield G,, which is the G-value for the loss of phenol at a given
dose (D) [17]. As shown in Fig. 4, the G-value increased with

1.2
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Fig. 2. Degradation of phenol as a function of (a) the EB energy (absorbed dose =40 kGy) and (b) the absorbed dose (EB energy =0.3 MeV).
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Table 1
Summary of phenol removal at different initial phenol concen-
trations and dose constants

Phenol Irradiation energy = 0.3 MeV
concentration (mg L) ; b 2 . p
K R D D

0.5 09
5 0.053 0.86 13.2 43.7
10 0.030 0.96 22.8 75.7
20 0.019 0.98 37.5 1245
30 0.014 0.97 49.5 164.5
50 0.009 0.99 77.0 255.8
100 0.006 0.93 113.6 377.5

2K = dose constant.

PR? = coefficient of determination.

‘D, ; = the absorbed dose required to remove the 50% of the initial
phenol concentration.

D, , = the absorbed dose required to remove the 90% of the initial
phenol concentration.
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Fig. 3. Pseudo-first-order decay of phenol removal in response to
various EBI doses (EB energy = 0.3 MeV).

a decrease in dosage and an increase in energy. As previously
observed with cefaclor [31], chloroform, and methyl tert-butyl
ether (MTBE) [32], the reactive radicals produced from water
through EBI have a higher chance of reacting with phenol
in a more concentrated phenol solution, as indicated by the
G-value. It seems that a high initial concentration of phenol
leads to high decomposition efficiency, as shown in Fig. 3.
The gray, as a unit of dose, indicates the energy of the
absorbed radiation per kilogram of matter. The removal
efficiency of phenol, defined by the G-value, is shown in
Fig. 4. The G-value decreased with increasing absorbed
dose and decreasing phenol concentration under the same
EB energy. At an EB energy of 0.3 MeV, the G-value initially
increased proportionally with the concentration of phenol
and then increased gradually. In particular, the G-value
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Fig. 4. G-values (G,) at different EBI energies (MeV) and doses
(kGy).

at a low irradiation dose, 40 kGy, showed a slight increase
with increasing phenol concentration. The G-value is lowers
with the increasing absorbed dose according to the increas-
ing recombination of the active species, and eventually the
removal efficiency drops [17,33].

The phenol removal efficiency increases with increasing
EB energy. However, an EB energy of 2 MeV produced only a
slightly higher G-value than that at 1 MeV, which produced a
G-value that was distinctly higher than that at 0.3 MeV. This
means that the removal efficiency is not proportional to the
EB energy. The G-value graphs at low concentrations of phe-
nol show similar gradients at 40 and 80 kGy doses and EB
energies of 0.3, 1, and 2 MeV. Therefore, the extent of degra-
dation was found to increase nonlinearly with the EB energy.

The minimum doses required to obtain 90% and 50%
removal were denoted as D, and D, respectively. The K
values obtained in Fig. 3 were used to calculate D, and D,
using Egs. (5) and (6), and the results are shown in Table 1.

These data were collected for six different concentra-
tions. For 20 mg L™ phenol, 50% and 90% degradation corre-
sponded to absorbed doses of 38 and 125 kGy, respectively.
These results may be taken as the doses required to treat
wastewater with the target concentration using a 0.3-MeV
electron beam. In this study, an EB energy of 0.3 MeV was
used to measure the variation in the BOD, COD_, and TOC
during phenol removal.

3.3. Water quality improvement via EBI

A series of experiments was conducted to study the
effects of EBI on the degradation of organics, that is, BOD,,
COD,,, and TOC, via the radiolytic decomposition of phe-
nol. These parameters are used to quantify organic material
in wastewater.

The BOD, was monitored for different phenol concen-
trations, as shown in Fig. 5(a). After EBL the BOD; values
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Fig. 5. Variation of (a) BOD,, (b) COD_, and (c) TOC at various
initial phenol concentrations (EB irradiation energy = 0.3 MeV).

for initial concentrations of 20, 30, 50, and 100 mg L™ were
reduced by 69%, 57%, 40%, and 27%, respectively. The removal
efficiency decreased with an increase in the initial concentra-
tion. These results are due to conversion of degraded phenol
into organic acids, which are hardly biodegradable. The main
reaction leading to phenol degradation will be the one involv-
ing the hydroxyl radical as mentioned above [4]. The reported
stable products of the reaction are mainly catechol and hydro-
quinone [4,34,35]. These organic acids are also responsible for
the lower pH, as mentioned in section 3.1.

The variations in COD_, and TOC under various con-
ditions are shown in Figs. 5(b) and(c). The reductions in
COD, of 10 mg L™ phenol were 21% and 46% at 40 and
120 kGy doses, respectively. Reductions of 22% and 14% in
the TOC were observed in the 50 and 100 mg L™ phenol solu-
tions, respectively, after irradiation at a dose of 120 kGy. It
is clear that the removal of organics from the phenol solu-
tions increased with an increase in the absorbed dose. BOD,
showed a larger decrease than COD_, after irradiation. This

is considered to be because chemically degradable materials
were involved more than biologically degradable materials
were in the untreated phenol solution and were decomposed
by the EB-formed radicals. The reduction in TOC was lower
than those in BOD, and COD_,. Phenol is known to decom-
pose or be converted into intermediate species by radicals.
Radicals produced through EBI decompose several types of
intermediates produced in the course of phenol decomposi-
tion and mineralize into CO, and H,O.

The BOD,/COD, ratio is commonly used as a biodegrad-
ability measure [36-38]. At initial phenol concentration of
50 and 100 mg L, it was observed that the reduction in the
BOD, with a low absorbed dose was lower than that observed
in COD_, with a higher dose at an initial phenol concentra-
tion of 100 mg L. This result indicates high biodegradability
after high-dose EBIL For phenol concentrations lower than
50 mg L7, the reduction in BOD, was greater than that in
COD,. Low concentration phenol solutions show high bio-
degradability after irradiation because the radicals produced
through EBI are sufficient to remove the decomposed and
biodegradable phenol intermediates.

However, the more concentrated phenol solution showed
low biodegradability and a high COD_, value as an estimate
of the extent of chemical oxidation at low-dose EBI. This indi-
cates that the phenol intermediates produced after EBI are
more difficult to remove via biological treatment in the case
of high concentrations of phenol, whereas the EB process can
lead to high biodegradability at low concentrations of phenol
with a low EB dose.

3.4. Adsorption of phenol by ACF

The above results showed that there was an improvement
in water quality along with an actual reduction in organ-
ics after EBI treatment. Degradation of the phenol solution
through EBI even produces intermediates. In this study,
ACF adsorption was combined with EBI. The optimum dose
of ACF was determined for 20, 50, and 100 mg L™ phenol
solutions. The adsorption experiments with ACF were car-
ried out in an incubator with a mixing speed of 135 rpm and
a 150 mL sample. For phenol concentrations of 20, 50, and
100 mg L7, the optimum adsorption uptakes, ge, were 0.5,
1.0, and 1.33 g L™, respectively (Fig. 6(a)). After determining
the optimum dose of ACF, another series of experiments was
conducted to determine the optimum contact time. In this
experiment, samples were collected at various times ranging
from 5 to 1,440 min. Fig. 6(b) shows the effects of the agitation
time and initial phenol concentration on the adsorption by
activated carbon at 25°C. The adsorption of phenol initially
increased with increasing time and then leveled off.

At equilibrium, the amount of phenol desorbed from
the activated carbon was in a state of dynamic equilibrium
with the amount of adsorbed phenol. The amount of phe-
nol adsorbed at the equilibrium time reflects the maximum
adsorption uptake of the activated carbon. Based on these
experiments, the removal efficiencies of organic compounds
were calculated for the ACF adsorption process. Phenol
adsorption combined with EBI was conducted with ACF
doses of 0.5, 1.0, and 1.33 g L™ at 25°C and at the optimum
contact times of 3, 6, and 6 h for phenol concentrations of 20,
50, and 100 mg L™, respectively.
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Fig. 6. Phenol adsorption as a function of (a) the ACF doses for 24 h and (b) the contact time with ACF dose of 0.5, 1.0, and 1.33 g L™
for phenol concentrations of 20, 50, and 100 mg L, respectively (agitation speed = 135 rpm, temperature = 25°C).

3.5. Remouval of organic compounds via EBI combined with ACF

The adsorption behavior of porous carbon materials such
as activated carbon is of great interest because of their rele-
vance in various areas such as pollution control, heteroge-
neous catalysis, and gas and energy storage. Different carbon
materials have also been widely used in treatment processes
for drinking water and wastewater. ACF is a porous carbon
with a fibrous shape and a well-defined porous structure, and
is a very promising material because of its high adsorption
capacity and rate. It is highly microporous with little or no
mesoporosity, and has a large specific surface area. Another
important advantage of ACF is that it can be produced in dif-
ferent physical forms, such as fiber tows, fabrics, and felts,
enabling easy handling for specific purposes [39].

The decrease in the COD_, in response to the combined
EBI-ACF treatment for phenol concentrations of 20, 50, and
100 mg L is illustrated in Fig. 7. As mentioned above, the
COD,, of the more concentrated phenol solution showed
a slight reduction under a 0.3 MeV electron beam. In this
study, 1 and 2 MeV electron beams were applied to measure
the notable degradation of COD,, through EBI, ACF, and
the EBI-ACF process. The ACF adsorption process was con-
ducted at ACF doses of 0.5, 1, and 1.33 g L™ and adsorption
times of 3, 6, and 6 h for initial phenol concentrations of 20,
50, and 100 mg L, respectively.

The decreases in the COD_, of the phenol solutions under
1 and 2 MeV EBI showed a similar tendency to that under
0.3 MeV EBL The COD,, of the 20 mg L™ phenol solution
decreased more than those of the 50 and 100 mg L™ phenol
solutions. A 61.7% COD,, degradation was achieved for the
20 mg L™ phenol solution at a 120 kGy dose under 1 and 2
MeV EBL The 50 and 100 mg L' phenol solutions at a 120 kGy
dose showed COD,, degradation of 26.6% and 15.2% at 1 MeV
and 49.8% and 22.4% at 2 MeV, respectively. ACF adsorption
showed high COD_, removal owing to the optimized adsorp-
tion dose and contact time for the 50 and 100 mg L™ phenol

solutions. The improved COD_, removal efficiency can be
ascribed to the adsorption of by-products from phenol dis-
sociation. The combined EBI-ACF process at an EB energy
of 2 MeV showed improved removal efficiencies for the 100
mg L™ phenol solution of 97.2%, 98.5% and 99.8% at 40, 80,
and 120 kGy doses, respectively. This result indicates that the
EBI-ACF process could improve COD,, removal efficiency
even in the more concentrated phenol solution.

Recently, there has been much research on radiolytic deg-
radation for wastewater treatment using ozonation, UV light,
gamma-ray irradiation and electron beams. Kim et al. (2012)
studied the removal of antibiotics using an electron beam,
ozone and UV light, and reported that the electron beam
was more efficient than ozonation and UV light based on the
electrical energy [40]. Emani-Meibodi et al. (2016) reported
the effect of ozonation together with an electron beam and
revealed that EB irradiation may be the most suitable in indus-
trial scale operations [41]. The combined EBI-ACF process led
to improved water quality parameters such as above studies
and can produce treated water suitable for industrial reuse.
However, the treatment conditions and efficiencies need to be
optimized to increase for the cost-effectiveness of the process.

4. Conclusion

A combined EBI-ACF process was used to treat phenol
and phenol by-products. It was shown that EBI can effec-
tively remove phenol from aqueous solutions. The extent of
phenol removal was determined by the initial phenol concen-
tration, absorbed dose, and EB energy. The radiation chem-
ical yield, G, was estimated to quantitatively describe the
phenol removal. The optimum doses required to achieve 90%
(D,,) and 50% (D, ;) removal of phenol were calculated using
the K constant. With 1 and 2 MeV electron beams, the G-value
was proportional to the phenol concentration. However, at
an EB energy of 0.3 MeV, the G-value was not proportional
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Fig. 7. Comparison of COD_, removal efficiency using EBI, ACF, and EBI-ACF processes of (a) 20 mg L™, (b) 50 mg L', and (c) 100 mg L
phenol solutions under 1 MeV EB energy and (d) 20 mg L™, (e) 50 mg L™, and (f) 100 mg L phenol solutions under 2 MeV EB energy
(ACF dose =0.5, 1.0, and 1.33 g L, contact time = 3, 6, and 6 h for 20, 50, and 100 mg L™ phenol solutions, respectively).

to the phenol concentration, because a low EB energy is not
sufficient to remove phenol at a high concentration.

The minimum doses required to obtain 90% and 50%
removal with a 0.3 MeV electron beam were 38 and 125 kGy,
respectively. The BOD,, COD_, and TOC were estimated to
study the effects of EBI on the degradation of the organics
through the radiolytic decomposition of phenol.

Low concentration phenol solutions showed high biode-
gradability when comparing the removal efficiencies in terms
of the BOD, and COD_,. However, a high concentration of phe-
nol resulted in low biodegradability with alow COD_, because
of the presence of phenol decomposition intermediates. The
EBI process was combined with the ACF process to improve
the removal efficiency in terms of the COD_. Optimum ACF
doses of 0.5, 1.0, and 1.33 g L™ and contact times of 3, 6, and
6 h were used for initial phenol concentrations of 20, 50, and
100 mg L, respectively. The EBI-ACF process improved
COD,, removal efficiency even in the more concentrated phe-
nol solution. EBI may be a promising pretreatment process for
purifying highly concentrated wastewater.
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