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Removal of aqueous phenol was examined by the simultaneous use of ozone and porous carbon adsor-
bents possessing different porous structures and surface properties. The removal efficiency of aqueous
phenol was higher with the simultaneous use of ozone and carbon adsorbents than the use of ozone
alone, due to the adsorptive-concentration effect of the adsorbents. The enhancement effect of macrop-

orous carbon cryogel beads (CCB) on the ozonation of aqueous phenol was confirmed to be greater than
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in microporous activated carbon beads. Introduction of acidic functional groups to CCB by liquid-phase
oxidation significantly diminished the adsorptive-concentration effect of CCB, since the interaction of
aqueous phenol with the surface of CCB decreased.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The pollution of water by organic compounds remains a seri-
ous problem, since wastewater is often released from industrial
factories without any effective treatment. Phenolic compounds,
which are highly toxic substances that damage human health and
aquatic life, are common contaminants in wastewater. They are
widely used in industrial processes for synthesizing pharmaceuti-
cal and petrochemical products. Conventional treatment methods,
such as biodegradation, adsorption by activated carbon, and chem-
ical oxidation have been proposed for purifying wastewater which
contains phenolic compounds [1-4]. However, the removal of phe-
nolic compounds by conventional methods is usually inefficient.
The development of an efficient wastewater treatment process is
therefore needed. Advanced oxidation processes (AOPs) have been
widely investigated, since they are a promising method for the
degradation of organic compounds [5-8]. AOPs are oxidation pro-
cesses that generate reactive oxidizing agents such as hydroxyl
radicals, which are more reactive than molecular O3 or H,0,, and
are highly effective in degrading organic compounds in wastew-
ater because of their rapid and nonselective reaction with nearby
electron-rich organic compounds [9]. The major advantage of AOPs
is that they have the potential to completely remove organic pollu-
tants. The contaminants can be readily degraded to stable inorganic
compounds such as water, carbon dioxide and salts. In most AOPs,
oxidation agents such as ozone (O3) and H,0,, ultraviolet (UV)
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irradiation, are used alongside catalysts to efficiently generate
hydroxyl radicals. The simultaneous use of ozone with porous
materials such as titanium dioxide, activated carbon, zeolite, or
silica gel, can enhance the degradation of phenolic compounds in
wastewater [10-12].

For wastewater which contains phenolic compounds, vari-
ous types of microporous activated carbon have been commonly
employed as adsorbents or supporting materials of catalysts
because of their large surface area [13-15]. However, the small dif-
fusivity of molecules in micropores (IUPAC definitions: d, <2 nm;
dp denotes pore diameter) of activated carbon in a liquid phase
appears to limit both removal efficiency and its regeneration
[13]. Porous carbon possessing many mesopores or macropores
in addition to micropores is considered to be more suitable than
conventional activated carbon as adsorbents or support materi-
als for catalysts. Some activated carbons (e.g., bamboo or charcoal)
are known to possess mesopores and/or macropores [16,17], and
are expected to be applicable to the above purposes. However,
researchers have been faced with the technical challenge of con-
trolling their morphology so as to create beads or fibers that are
suitable for use in water treatment processes. To the best of our
knowledge, no activated carbon with many macropores and the
desired morphology has yet been developed.

A carbon gel, which possesses a controlled morphology and
many mesopores with a moderate number of micropores, is
regarded as a potential adsorbent for use in AOPs because of the
ease of mass transfer. Formation of macropores in addition to meso-
pores and micropores is considered to be favorable for increasing
the performance of the adsorbents in AOPs. One method of devel-
oping macropores in a carbon gel is to adjust the initial pH of the


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yamamoto-t@aist.go.jp
dx.doi.org/10.1016/j.jhazmat.2009.10.062

674 J. Chaichanawong et al. / Journal of Hazardous Materials 175 (2010) 673-679

solution of carbon precursors to the acidic range. Moreno-Castilla
et al. [18] synthesized carbon gels with many macropores featur-
ing micropores by using acetates of transition metals as catalysts
for the sol-gel polycondensation of resorcinol with formaldehyde.
The porous structure of the carbon gels strongly depended on the
species of metal acetate, which affects the initial pH of the solu-
tion and consequently the sol-gel chemistry. The carbon gels which
were prepared using acetates of nickel or cobalt as the catalyst pos-
sessed both macropores and micropores, whereas the carbon gels
prepared using iron or copper acetate possessed only macropores.

The surface properties of adsorbents also significantly affect
their performances. There have been several findings on the surface
modification of activated carbons or carbon gels [19-22]. How-
ever, the effect of surface modification on their performance as
adsorbents for AOPs has not been studied sufficiently.

Hence, in the present study, carbon cryogel beads (CCB) which
are a kind of carbon gel, are synthesized as a model material, and
their performance as an adsorbent in AOPs employing ozone is
examined. The enhancement effect of CCB on the ozonation of aque-
ous phenol is then examined by comparing the performance of CCB
with that of conventional activated carbon beads. The influence of
surface modification by liquid-phase oxidation on the performance
of the adsorbent is further investigated.

2. Experimental
2.1. Preparation of CCB

Aresorcinol-formaldehyde (RF) aqueous solution was prepared
in the following manner. Distilled water after ion-exchange treat-
ment was used as a solvent. The ratios of resorcinol to formaldehyde
(R/F) and resorcinol to water (R/W) were fixed at 0.5 mol/mol
and 0.25 g/cm3, respectively. Under the conditions, carbon cryogels
show developed mesoporosity by employing sodium carbonate as
a catalyst for the sol-gel polycondensation [23,24]. In this study,
to obtain macroporous carbon, Ni acetate was used as a catalyst.
The Ni content in the reactants (R+F) was fixed at 1.0wt.% [25].
All chemicals were purchased from Wako Pure Chemical Indus-
tries, Inc. (Osaka, Japan) as research grade chemicals. The prepared
RF solutions were first kept at 298 K for 1h before starting injec-
tion to effect the sol-gel polycondensation. The RF hydrogel beads
were synthesized from the prepared solutions based on the SI
method [23,25]. In the SI method, the RF solutions are injected
via a syringe pump into silicone oil which is circulated in a Teflon
tube. Monodisperse droplets of the RF solution were formed as
a result. The droplets were collected in an oil bath kept at 363K
and quickly gelled to produce monodisperse RF hydrogel beads.
The obtained hydrogel beads were washed with cyclohexane and
ethanol, respectively, and then immersed in t-butanol for 24 h (3
times). The hydrogel beads were then freeze-dried at 263 K for 24 h
under vacuum to obtain carbon precursor beads, and subsequently
carbonized at 1273 K for 4 h in an inert atmosphere to obtain CCB.

The surface of the CCB was oxidized by immersing the beads
in 1.0 mol/l (NH4)2S,0g solution for different periods of time. The
surface-modified CCB oxidized for 24 h were labeled as CCByx and
their performance was compared with virgin CCB.

Microporous activated carbon beads (G-70R), whose average
particle diameter is about 0.8 mm, were supplied from Kureha Corp.
and also used as an adsorbent after heating in an air flow at 463 K.

2.2. Characterization of carbon adsorbents

The number of acidic functional groups attached to the surface
of the CCB and G-70R was measured by NH3-TPD (temperature-
programmed desorption). The porous structure of CCB was
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Fig. 1. A batch reactor used for degradation of aqueous phenol.

observed using a scanning electron microscope (S-3400N SEM,
Hitachi Ltd., Japan) and a scanning transmission electron micro-
scope (HD-2000 STEM, Hitachi Ltd., Japan). The porous properties
of the carbon adsorbents were determined using the nitrogen gas
adsorption method. Adsorption and desorption isotherms of nitro-
gen were measured at 77K using an automatic adsorption and
desorption apparatus (BEL mini, BEL Japan Inc., Japan). All samples
were outgassed at 383 Kin a vacuum for 12 h prior to measurement.
The Brunauer-Emmett-Teller surface areas (Sggr) of the samples
were evaluated based on the adsorption isotherms. Pore size distri-
bution of the sample was determined by applying the DFT method.
Mesopore volume (Vies) and micropore volume (Vi) were esti-
mated by applying the os-plot to the adsorption isotherms. The
apparent density (0qpp) was estimated from the weight and volume
of the beads. The skeletal density (os) was measured using a helium
pycnometer (Accupyc 1330, Micromeritics Instrument Corp., GA,
USA), and the total pore volume (V;) was calculated based on the
following relationship.

Vi = 1 - l
Papp  Ps

The macropore volume was then estimated from the equation
below.

(1)

Vinac = Ve — Vines — Vmic (2)
2.3. Liquid-phase adsorption of phenol using carbon adsorbents

20mg of CCB, CCBox and G-70R were added to 40ml of
phenol aqueous solutions at different initial concentrations
(12.5-400 ppm), and the mixtures were shaken in a water bath at
303 K for 4 days. The equilibrium concentration of phenol was then
measured using a UV-vis spectrophotometer (UV-2450, Shimadzu
Corporation) at a wavelength of 270 nm. The spent carbon adsor-
bents after the liquid-phase adsorption of phenol were regenerated
by washing in ethanol at 298 K for 21 h.

2.4. Ozonation of aqueous phenol in the presence of carbon
adsorbents

Fig. 1 shows the batch reactor used for the degradation of
aqueous phenol by simultaneous use of ozone with the car-
bon adsorbents. The experimental conditions are summarized in
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Table 1

Experimental condition for degradation of aqueous phenol.
Parameter Condition
Initial concentration of phenol (Co) [mg/1] 200, 400
Volume of phenol solution [cm?] 200
Reaction temperature [K] 303
Flow rate of 03/0, into a reactor [cm?/min] 500
Weight of carbon adsorbent [g] 0.5

Table 1. Ozone-containing oxygen gas was introduced to the solu-
tion using a porous glass bubbler which was placed at the bottom of
the reactor. The average ozone concentration in aqueous solution
was adjusted to 10 mg/1. The mixture was agitated using a magnetic
stirrer at a stirring rate of 200 rpm. The transient changes in phenol
concentration were then measured using a high performance liquid
chromatograph (HPLC, LC-10A, Shimadzu Corporation) equipped
with a UV detector. Total organic carbon (TOC) concentration was
measured by a TOC analyzer (Sievers 900, GE Analytical Instru-
ments Inc.). To study the effect of adsorption of phenol on the
ozonation, the transient change of aqueous phenol by adsorption on
the carbon adsorbent was measured using the same experimental
apparatus without supplying ozone.

3. Results and discussion
3.1. Porous properties of carbon adsorbents

Fig. 2(a) shows optical microscope images of CCB: they possess
a perfectly spherical shape with a mean diameter of about 1 mm.
As shown in Fig. 2(b) and (c), CCB consist of interconnected pri-
mary nanoparticles. The size of the particles ranges from several
tens to hundreds of nanometers. The interconnection of the primary
particles results in the formation of a unique network with many
mesopores and macropores present between the nanoparticles.

Fig. 3 shows adsorption and desorption isotherms of nitrogen
on carbon adsorbents at 77 K, and the corresponding pore size dis-
tributions obtained by analysis of the isotherms. According to the
IUPAC definitions, the isotherms of nitrogen on CCB and CCByx are

(a)

(NN ]
300nm

HD-2000 200kV x100k TE

U
HD-2000 200kV x100k ZC

800

600

400

q[em’ (STPYg]

200

p/p 0 [']
10.0 T T T T T TTTTT
L P (b)
—— CCB
80 — |- cCB,, —
r | —%— G-70R 7

3

dv,/dlog(dp) [em /(g nm)]

Fig. 3. (a) Adsorption and desorption isotherms of nitrogen on carbon adsorbents at
77 K (closed symbols: adsorption; open symbols: desorption), and (b) corresponding
pore size distributions.
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Fig. 2. (a) CCB, (b) SEM image of porous structure, (c) STEM images of primary nanoparticles: bright field image (left) and dark field image (right).
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Table 2
Properties of the carbon adsorbents.
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Sample Number of regeneration Sper [m?/g] Vinic [cm3/g] Vines [cm3/g] Vinae [cm3/g] peqr® [NM] AFGP [x10-¢ mol/(g m2)]
CCB Original 598 0.18 0.27 3.22 283 1.24
1 179 0.01 0.18 3.48 21.6 NM¢
2 156 0.01 0.17 3.49 20.2 NM
3 145 NDd 0.18 3.49 20.2 NM
CCBox Original 422 0.11 0.31 3.45 283 13.10
1 420 0.11 0.29 3.49 24.7 NM
2 382 0.10 0.31 3.46 23.1 NM
3 321 0.07 0.12 3.68 24.7 NM
G-70R Original 1281 0.51 0.05 ND 1.5 0.24
1 979 0.38 0.05 ND 1.5 NM
2 835 0.33 0.04 ND 15 NM
3 775 0.30 0.04 ND 1.5 NM

The peak pore diameter of the pore size distribution.

Not measured.

a
b Density of acidic functional groups. AFG is calculated by dividing the adsorbed amount of NH3 with the BET specific surface area.
C
d

Not detected.

classified into Type II, which are observed with macroporous mate-
rials allowing for unrestricted monolayer-multilayer adsorption to
occur at a relatively high pressure range (p/po ~ 1) [26]. In the SEM
image (Fig. 2(b)) and the STEM images (Fig. 2(c)), it can be seen that
CCB possess large amount of macropores. In contrast, the isotherm
of nitrogen on G-70R is classified into Type I, showing a very small
external surface area and the enhanced adsorbent-adsorbate inter-
actions in micropores of molecular dimensions. It is clear that both
CCB and CCByx possess a broad pore size distribution that ranges
from large mesopores to macropores as expected, whereas the G-
70R shows a fairly sharp pore size distribution in the range of
micropores. The porous properties of the carbon adsorbents are
summarized in Table 2. The BET surface area and the volume of
micropores of CCB are smaller than those of G-70R. Interestingly,
the BET surface area and the volume of micropores of CCB decrease
as a result of surface modification, whereas mesopores and the
number of acidic functional groups significantly increase, probably
because the micropores are partially enlarged by the introduction
of the acidic functional groups.

3.2. Adsorption characteristics of carbon adsorbents

Fig. 4 shows the effect of immersion time of carbon adsor-
bents in (NH4),S,0g solution on the number of acidic functional
groups introduced. The number of acidic functional groups signifi-
cantly increases at the early stage of the liquid-phase oxidation and
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Fig. 4. Relation between oxidation time and amount of acidic functional groups
introduced to CCB and G-70R.[(NH4),S,0g] = 1 mol/l, oxidation temperature = 298 K.

slightly increases with the increase in immersion time after 24 h.
The amount of acidic functional groups on the carbon adsorbents
per unit BET surface area (Sggr) were estimated and are summa-
rized in Table 2. Since the amount of acidic functional groups on
CCBox is significantly larger than those on virgin CCB and G-70R,
the introduction of acidic functional groups to the carbon surface
by the liquid-phase oxidation can be confirmed.

Fig. 5 shows the liquid-phase adsorption characteristics of the
carbon adsorbents. All adsorption isotherms of phenol can be fitted
by the Freundlich equation, which involves multilayer sorption of
heterogeneous surfaces, i.e.:

q=KkpCl/n 3)

where g and C denote the equilibrium adsorption capacity and
concentration of adsorbate in the solution at equilibrium. Kr and
1/n are Freundlich parameters, which are related to the adsorption
capacity and the heterogeneity of the adsorption sites, respectively
[27,28].

The Freundlich parameters are summarized in Table 3. The
amount of phenol adsorbed on G-70R, which shows the largest
Sger, was larger than those on CCB and CCByy. The difference in the
amount of adsorbed phenol on CCB and G-70R can be attributed
to the difference in specific surface areas. However, it should be
noted that the amount of adsorbed phenol on CCByy is almost half
as much as that on CCB, although the Sggr of CCBox is about 80%
of that of CCB. The predominant reason for this is the decreased

400 T T ] T I T
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0 100 200 300 400
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Fig. 5. Liquid-phase adsorption isotherm of phenol on carbon adsorbents at 303 K,
solid line: Freundlich plot.
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Table 3
Freundlich parameters.

Sample Times of repetitive adsorption Freundlich parameter 2 [-]
1n[-]  Kr[mg/g]

CCB 1st 0.31 333 0.97
2nd 0.21 26.8 0.97
3rd 0.24 13.6 0.88
4th 0.21 12.7 0.68

CCBox 1st 0.32 16.7 0.95
2nd 0.39 11.9 0.99
3rd 0.45 8.9 0.96
4th 0.28 13.3 0.99

G-70R 1st 0.55 18.5 0.95

r2: correlation coefficient in the fitting by the Freundlich equation.

interaction of aqueous phenol with the surface of CCBx. It was pre-
viously reported that functional groups such as carboxyl (-COOH),
ketone (-CO-), lactone (-CO-0-), ether (-O-) and phenolic (-OH)
groups could be introduced to the carbon surface by the liquid-
phase oxidation using the same chemical as that we used in this
study [29]. These acidic functional groups are believed to increase
the polarity of the carbon surface, resulting in the enhancement of
water adsorption in preference to phenol. The adsorption of water
molecules is thus considered to interfere with phenol molecules
accessing the adsorption sites [13,30-32]. Thus, the adsorption
capacity of carbon adsorbents strongly depends not only on the
porous structure but also on the surface properties.

To further study the surface property of CCB, the effect of repet-
itive regeneration of CCB and CCBox on liquid-phase adsorption
isotherms of aqueous phenol was examined, as shown in Fig. 6.
It is noteworthy that the adsorption capacity of CCB after regenera-
tion significantly decreases, whereas that of CCByx hardly changes,
even after repeating regeneration three times. This is because the
irreversible adsorption of phenol on CCByx can be prevented by the
introduction of acidic functional groups to the surface of CCB [20].
As summarized in Table 2, the significant decrease in the micropore
volume of CCB is attributed to the irreversible adsorption of phenol
or reaction products on the micropores. Based on these results, it
can be concluded that the regeneration efficiency can be increased
by the surface modification of CCB. Although the acidic functional
groups can prevent the irreversible adsorption of phenol, they also
limit the accessibility of phenol molecules to the adsorption sites
[30-32].

3.3. Ozonation of aqueous phenol in the presence of carbon
adsorbents

To investigate the adsorptive-concentration effect of carbon
adsorbents on ozonation, removal of aqueous phenol was first
examined using carbon adsorbents alone and ozone alone, respec-
tively. The ozonation of aqueous phenol in the presence of carbon
adsorbents was then examined using the same reactor. Fig. 7 shows
the transient changes in concentration of aqueous phenol and the
reaction rate during the treatment. The closed symbols and open
symbols respectively correspond to the changes in the concentra-

Table 4

Rate constant of phenol degradation.
Carbon adsorbents k [min—1] 2 [-]
Only ozone 0.094 0.98
CCB 0.253 0.99
CCBox 0.106 0.98
G-70R 0.224 0.99

k: removal rate constant of phenol by ozonation.
12: correlation coefficient.
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Fig. 6. Effect of repetitive regeneration on liquid-phase adsorption isotherms of
phenol on (a) CCB and (b) CCBox at 303 K, solid line: Freundlich plot.

tion of phenol when using carbon adsorbents alone and the case
of simultaneous use of ozone with carbon adsorbents. As shown in
Fig. 7, the adsorptive-concentration of aqueous phenol on carbon
adsorbents is correlated to their liquid-phase adsorption charac-
teristics. In the case of simultaneous use of CCB with ozone, the
removal efficiency is greater than the case of using CCBox.

The removal rate constant is determined by fitting the measured
data to the following Eq. (4),

dc,

—— = kCon 4)
where Cpy, t, and k respectively denote the concentration of phenol,
treatment time and removal rate constant of ozonation. Here, we
assume that the reaction order of the ozonation is equal to one.

As summarized in Table 4, the removal rate constant of ozona-
tion when using only ozone is estimated to be 0.094 min~!. In the
case of simultaneous use of CCB with ozone, the removal rate con-
stant of ozonation can be increased to 0.253 min~1, whereas in the
case of simultaneous use of CCB,x with ozone, the rate constant
was 0.106 min~!, and it was almost the same as that when using
only ozone. This is because the adsorptive-concentration of phe-
nol hardly occurred on CCByx, as can be assumed from the results
shown in the previous section. In the case of simultaneous use of
G-70R with ozone, the rate constant is 0.224min~!. When CCB
or G-70R is used during ozonation, the rate constant is approxi-
mately twice as large as that when using ozone alone. This indicates
that degradation of phenol can be enhanced by the adsorptive-
concentration effect of CCB or G-70R. It is also confirmed that
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Fig. 7. Transient changes in concentration of aqueous phenol during ozonation
at 303K; closed symbols: carbon adsorbent only, open symbols: carbon adsor-
bent +ozone. Cp =200 mg/1.

the adsorption rate of phenol can be related to the average pore
size of the carbon adsorbent. By applying the Diinwald—-Wagner
equation [33] to the results shown in Fig. 7, the intra-particle diffu-
sion coefficient of phenol in CCB, CCByx and G-70R was estimated
as 8.11x 10711, 7.70 x 10~ and 5.93 x 10~ 11 m?/s, respectively.
Since diffusion of phenol or reaction products in CCB, which possess
many macropores, is likely to be easier than in G-70R, it conse-
quently leads to an increase in removal efficiency. Here, it should
be noted that the catalytic effect of the nickel oxide contained in CCB
is negligible, since the particle size is quite large (60 nm <average
diameter < 100 nm) and the particles are almost entirely encapsu-
lated by the matrix of the carbon gel.

The transient changes in TOC concentrations during the ozona-
tion are shown in Fig. 8. In the case of the ozonation in the presence
of CCB or G-70R, the TOC concentration could be reduced to less
than 25 ppm by the treatment for 120 min. On the other hand, in the
case of the simultaneous use of CCBox with ozone, the TOC concen-
tration at the treatment time of 120 min was about 100 ppm, which
was almost the same as the result of using only ozone. The order
of enhancement of the carbon adsorbent on ozonation is CCB> G-
70R > CCByy, and is the same as that of the degradation of phenol as
summarized in Table 4. It has been reported that the intermediate
products such as benzoquinone, catechol, hydroquinone, etc. could
be generated during the degradation of phenol by advanced oxida-
tion process [6]. In the case of ozonation in the presence of CCB or
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Fig. 8. Transient changes in TOC concentration during ozonation of aqueous phenol
at 303 K. Cp =200 mg/l.

G-70R, the intermediate products could be effectively removed by
adsorption on CCB or G-70R. In contrast, the intermediate products
hardly adsorbed on CCBx. Consequently, the final concentration of
TOC in the case of using CCByx with ozone is almost the same as
that in the case of using only ozone. Based on the results, we con-
clude that degradation of phenol or TOC can be enhanced by the
adsorptive-concentration effect of CCB or G-70R.

Fig. 9 shows the effect of surface modification and repetitive
regeneration of CCB on ozonation of aqueous phenol. The removal
efficiency of phenol gradually decreases with an increase in the
number of times of regeneration when CCB are used. This is proba-
bly due to the irreversible adsorption of phenol or reaction products
formed by degradation of phenol on micropores of CCB. On the
other hand, when using CCBx, the removal efficiency of phenol was
lower than that when using CCB. However, the decrease in removal
efficiency is significantly smaller. This result confirms that surface
modification of CCB is effective in preventing irreversible adsorp-
tion of phenol or reaction products. However, the acidic functional
groups attached to the surface of CCB interfere with the adsorp-
tion of phenol molecules to the adsorption sites. To improve the
removal efficiency of phenol, further study is needed to determine
the optimum conditions for surface modification of CCB.
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Fig. 9. Effect of surface modification on degradation of aqueous phenol during
ozonation at 303 K and its regeneration. Co =400 mg/l.
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4. Conclusions

Ozonation of aqueous phenol was examined by the simulta-
neous use of ozone and carbon adsorbents with different porous
structures and surface properties. The removal efficiency of phe-
nol by the simultaneous use of ozone with carbon adsorbents was
higher than that when using ozone alone, confirming the clear
adsorptive-concentration effect of the adsorbents. CCB showed a
higher enhancement effect than G-70R due to the presence of
macropores. The surface of the CCB was modified by liquid-phase
oxidation using (NH4),S;Og solution. The regeneration efficiency of
phenol could be increased by surface modification of CCB, whereas
the amount of phenol adsorbed on CCBs decreased as a result of
surface modification. Although the removal efficiency of phenol
by simultaneous use of ozone and surface-modified CCB (CCByx)
changed little after repetitive regeneration, the removal efficiency
was lower than when using CCB as adsorbents.

The authors believe that a high-performance water treatment
process can be developed by simultaneous use of macroporous car-
bon adsorbents with ozone. The enhancement effect that results
from using porous adsorbents on water treatment has potential for
use in other AOP systems employing UV or ultrasound, and will be
examined in future studies.
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