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ABSTRACT

Activated carbon (AC) was used to support zinc oxide to develop AC/ZnO system. ZnO was used as a
photocatalyst to impregnate the carbonaceous material. The samples studied (AC, ZnO and AC/ZnO)
were characterized by measuring iodine number, Methylene blue number, scanning electron micros-
copy, X-ray diffraction and FTIR spectroscopy. Equilibrium adsorption studies of pentachlorophenol
(PCP) from aqueous solutions by the samples studied showed that the experimental data were well
adapted to Langmuir and Freundlich models. Degradation kinetics of PCP was well described by the
pseudo-first-order model of Langmuir-Hinshelwood. Photocatalytic activity of ZnO and the hybrid
system AC/ZnO was evaluated by degradation of PCP in aqueous solution. A synergistic effect of AC
and ZnO was observed where a complete photodegradation of PCP was reached within 90 min by
AC/ZnO and about 65% using ZnO alone. Degradation of PCP was followed up by monitoring COD.
The PCP molecules were adsorbed by the AC hybrid and then efficiently degraded by the ZnO parti-

cles supported on AC.
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1. Introduction

Pollution caused by the release of toxic organic com-
pounds into aquatic resources is of increasing concern because
water is essential for humans. Due to their toxicity, organo-
chlorine pesticides are among organic pollutants of most con-
cern. Pesticides are widely used to prevent, destroy or control
pests in food and staple crops. The intensive use of pesticides
in various agricultural, household and industrial activities has
had adverse effects on the environment in soil, air and water,
as pesticides are highly toxic and carcinogenic [1].

Activated carbon (AC) is a porous material often used
to treat wastewater containing persistent organic pollutants

* Corresponding author.

that are refractory to other adsorbents [2-4]. The fact that
these toxic substances are trapped in the pores does not make
this process clean, since it is an ordinary pollution transfer
from a liquid phase to a solid phase. The idea of degrading
the adsorbed molecules in the pores of AC and consequently
regenerating AC is, therefore, an interesting remedy to this
problem. Modification of AC by nanostructured photocata-
lysts such as zinc oxide (ZnO) has been recently carried out
by various authors [5-8], as for example: (i) loading ZnO on
the surface of AC: El-Khouly et al. [5] prepared photocata-
lysts ZnO to AC through hydrothermal method at 200°C for
120 min and followed by calcination at 400°C for 180 min;
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(ii) activated carbon-supported ZnO: Muthirulan et al. [6]
prepared a zinc oxide—carbon hybrid by infiltration of a com-
mercial ZnO-ethanol suspension onto activated carbon in a
rotary evaporator; (iii) carbon xerogel as a substrate for ZnO:
FaragReham et al. [7] prepared samples by a sol-gel process
using different solvents such as an ionic liquid or isopropa-
nol; (iv) ZnO doped with carbon: Zhang et al. [8] prepared
nanorods and nanospheres of carbon-doped ZnO with large
surface area. These methods can lead to efficient degrada-
tion of organic pollutants in aqueous phase. However, they
have two main disadvantages: (i) relatively high process cost,
(ii) synthesis complexity and arduousness.

Pentachlorophenol (PCP) is a wood preservative and a
restricted use organochlorine pesticide, also used as insecti-
cide, fungicide formulations and as a pesticide and as a dis-
infectant. According to EPA [9], PCP is acutely and highly
toxic to the human health and aquatic organisms classified
as Group B2, a potential human carcinogen. It is a relatively
volatile substance which evolves from solutions or treated
products. Its olfactory threshold from water is 0.03 mg/L [10].
Various methods have been reported for the removal of PCP
in the literature with varying success, including enzymatic
oxidation, microwave in combination with hydrogen perox-
ide and sodium persulphate, biosorption [11-14].

In this work, commercial AC particles were impregnated
with a zinc oxide semiconductor (ZnO) by a simple and suit-
able method for application on an industrial scale. To illus-
trate the high photocatalytic properties of this facile route
synthesized material and demonstrate the synergistic effects
between AC and ZnO, tests were performed on pentachloro-
phenol (PCP) chosen as an organic compound model.

2. Experimental
2.1. Materials

Zinc oxide with a specific surface area of 220 m*/g supplied
by Sigma-Aldrich was used as a photocatalyst without phys-
ical or chemical modification (Sigma-Aldrich, Saint-Quentin-
Fallavier, France). The nanoparticles of ZnO of 25 nm in size
were used. Acetone (99.5%) was purchased from BIOCHEM
(France). All other chemical reagents used were of analytical
grade. Pentachlorophenol was provided by Acros (Sigma-
Aldrich, Saint-Quentin-Fallavier, France) with purity content
greater than 86%. Aqueous solutions of PCP at various concen-
trations were prepared from a PCP stock solution of 400 mg/L
in 160 mg/L of NaOH. Marouf et al. [15] showed that the solu-
bility of PCP in water is only 86 + 2 mg/L at 319.8 K. Working
solutions were prepared by diluting the stock solution to the
concentrations desired. Table 1 shows some properties of PCP.

2.2. Preparation of AC/ZnO hybrid

Riedel-de-Haén commercial activated carbon powder
was used to support ZnO. AC/ZnO precursor solutions were
prepared as follows: the AC/ZnO hybrid was prepared by
stirring 4.0 g of AC in 40 mL of acetone (10% v/v) in which 1 g
of ZnO was added. The mixture was mechanically stirred at
room temperature for 8 h and then centrifuged at 4,000 rpm
for 20 min using a Hettich ZENTRIFUGEN D-78532,
Tuttlingen, 6,000 U/min centrifuge. The solid fraction was
then washed with distilled water to neutral pH, filtered and

Table 1
Some properties of pentachlorophenol (PCP)

Name Pentachlorophenol (PCP)
Empirical formula CHCLO
Molecular weight (g/mol)  266.34
A, (nm) 320
Pesticide type Insecticide, herbicide, fungicide
Solubility (mg/L) 9.6 at 20°C
Molecular structure i
cl cl
cl ol

cl

then dried overnight at 110°C. Finally, the hybrid material
was heated in a muffle furnace at 400°C for 2 h with a heating
ramp of 10°C/min.

2.3. Analytical methods

The FTIR spectra of the samples studied (AC, ZnO and
AC/ZnO) were determined using the potassium bromide
pellet method and an IRprestige-21 FTIR Shimadzu spec-
trometer (Shimadzu corporation, Japan). X-ray diffraction
(XRD) was carried out using an Empyrion diffractometer,
SEM micrographs of the microparticles were obtained with
the help of a FEI quanta 200 scanning electron microscope.
The mesoporous and the microporous surface areas were,
respectively, estimated by Methylene blue adsorption and
iodine number determinations. The concentration of PCP
was measured using a Shimadzu UV/Visible spectropho-
tometer (Shimadzu corporation, Japan). PCP degradation
was estimated by chemical oxygen demand (COD) analysis
according to AFNOR NFT 90-040 and NFT 90-101 standard
procedures, respectively.

2.4. Methods
2.4.1. Adsorption

PCP batch adsorption experiments were carried out to
study adsorption isotherms on AC, ZnO and the ZnO hybrid
under magnetic stirring for initial concentration in the range
of 100-1,000 mg/L in contact with AC powder at an adsorbent
dose of 1,000 mg/L (solid/solution ratio) and a natural pH of
11. The suspensions were then stirred for a predetermined
time at constant temperature (25°C) to reach equilibrium.
The suspensions were centrifuged for 15 min at 4,000 rpm.
Absorbance measurements were carried out on separate PCP
solutions at 320 nm using a Shimadzu UV-VIS 1240 spectro-
photometer for the equilibrium concentration (Shimadzu
corporation, Japan).

The amount of the adsorbed substance (g,) was calculated
using the following equation:

(C,~-C)xV
TTw

B
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where C, is the initial PCP concentration and C, is the PCP
concentration (mg/L) at time ¢, V is the solution volume (L)
and W_is the mass of adsorbent (g).

Each experiment was carried out in triplicate and the
average values were presented with an average error not
exceeding + 3%.

2.4.2. Photocatalysis

The photoactivity of the samples was tested by degrada-
tion of PCP in water under UV irradiation at 365 nm by a 60 W
ultraviolet lamp. The experiments were conducted inside a
mirrored black box to ensure that the flasks were completely
irradiated with UV light, fully isolated in the dark. PCP
removal was also investigated in the reactor without catalyst
to observe the photolysis effect on degradation. The solution
was mixed with a magnetic stirrer during photocatalytic pro-
cessing. PCP percentage removal was analyzed as follows:

PCP % removal = (1 ;C' Jx 100% )

0

where C, and C, are the pesticide concentrations at reaction
times ¢ and 0, respectively.

3. Results and discussion
3.1. Sample characterization

3.1.1. Iodine number, Methylene blue index and Methylene
blue surface area

We followed the method described elsewhere by Nunes
and Guerreiro [16] and Bestani et al. [17].

Table 2 shows the values of iodine number, Methylene
blue index and the area available for Methylene blue.

It can be seen from Table 2 that iodine number for the
AC/ZnO system is slightly lower than that of the pure AC
but these values reflect the significant microporosity of both
materials and consequently a high surface area and also
a good liquid phase adsorption for low mass solutes. The
Methylene blue index is affected accordingly by ZnO as
shown by the values on the table. The decrease in the sur-
face area can be accounted for by pore filling by ZnO but the
appreciable surface area available for Methylene blue reflects
the presence of mesoporosity on both systems, which prom-
ises good adsorption capacity.

3.1.2. Optical properties

FT-IR spectra were recorded for the ZnO, AC and
AC/ZnO hybrid. As shown in Fig. 1, the absorption spectra

Table 2
Iodine number values, Methylene blue index and MB surface
area for AC, AC/ZnO, ZnO

Material Iodine number MB index S oy (M/8)
(mg/g) (mg/g)

AC 948 211 546

AC/ZnO 816 135 457

ZnO 98 8 299

of the AC/ZnO catalysts are due to the appearance of new
functional groups induced by thermal activation (calcination)
and by ZnO. The band around 3,400 cm™ corresponds to the
O-H stretching vibration of the hydroxyl group (OH") and
the chemisorbed water. In the AC spectrum, the intensity of
the absorption peak at 3,170 cm™ moves to higher wave num-
bers (from 3,170 to 3,393 cm™). On the surface of AC/ZnO
system, which could be attributed to an increase of the posi-
tive charge on the OH groups adsorbed on the surface of ZnO
and AC/ZnO hybrid. The same observation was reported by
Connor et al. 1999 [18] (Figs. 1a and b). The transformation
of the surface structure of AC/ZnO samples suggests that
the high temperature treatment during catalyst preparation
induced new functional groups. The band at 1,710 cm™ can
be assigned to the C=O stretching vibration of the carbonyl
group and indicates the presence of carboxylic acid or ester. In
addition, two bands occur in the 800-1,600 cm™ wavenumber
range, a band from 850 to 950 cm™can be associated with the
C-O-C structure on the surface of the AC/ZnO hybrid. The
1,555 cm™ band may be attributed to the stretching vibration
C=C and indicates the presence of an aromatic ring. The latter
two bands are structured in FTIR of AC/ZnO hybrid and in
ZnO confirming the interaction between AC and ZnO [19,20].
The band at about 400-500 cm™ in Figs. 1b and c is associated
with the stretching vibration of nanosized Zn-O [19,21].

For all samples obtained, the 1,020 cm™ band can be
accounted for by the C-O stretching vibration and can be
assigned to phenols, aromatic ethers, lactone groups and
epoxide structures [19].

Morphology and microstructure of the prepared sam-
ples were examined by scanning electron microscopy (SEM)
and XRD. Scanning electron micrographs are shown in
Fig. 2. It can clearly be seen that the ZnO nanoparticles pres-
ent a hexagonal-pyramid and the particles are agglomerated
(Fig. 2a). The AC surface is very clean, irregular and porous
(Fig. 2b). Small ZnO conglomerates (Figs. 2c and d) are scat-
tered among large and small AC particles and many of them
are not covered. The ZnO particles are surrounded by AC
particles in an inhomogeneous and scattered manner, which
may suggest that most part of ZnO particles is deposited
inside the AC pores. This result is also corroborated by XRD
analysis (Fig. 3).

Regardless of the location of ZnO, the photocatalytic pro-
cess is favorable because ZnO particles can receive UV light
enabling photodegradation of the pollutant [22].
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Fig. 1. FTIR spectra for samples (a) AC, (b) AC/ZnO, and (c) ZnO.
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Fig. 3. XRD patterns of AC, ZnO and AC/ZnO.

XRD analysis of the AC/ZnO system (Fig. 3) shows the clear
and well-defined peaks at 31.6°, 34.3°, 36.2°, 47.5° and 56.5°
which are indexed as hexagonal wurtzite structure of ZnO and
a peak at 26.62° could be characteristic of typical graphite car-
bons indicating that the AC/ZnO system was successfully syn-
thesized without damaging the crystalline structure of ZnO in
the coating process of carbon and zinc oxide [6,23].

3.2. Photocatalytic activity of PCP
3.2.1. Adsorption
3.2.1.1. PCP adsorption kinetics

This study was carried out in order to determine the
adsorbent-adsorbate contact time required to establish
adsorption equilibrium and possibly the apparent order of
the rate of removal.

Fig. 4 shows the amounts of PCP adsorbed by the mate-
rials studied as a function of time (Q, is the amount adsorbed
at time t). The percentage of removal of PCP substance first
increases with time and then stabilizes at equilibrium attained
after 20 min for all materials. Fabre et al. [24] reported that
adsorption of PCP by activated carbon reached equilibrium
after 20 min contact time. Stirring of the mixture in the dark
must be carried out for a period of at least 30 min before irra-
diating the mixture.

3.2.1.2. Adsorption isotherms

Adsorption isotherms are important for the determina-
tion of the maximum adsorption capacity and the characteri-
zation of newly developed adsorbents [25]. Batch adsorption
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Fig. 4. Adsorption kinetics of PCP on AC, AC/ZnO, ZnO.

tests at constant temperature were carried out for the concen-

tration range 26.63 to 372.88 mg/L (0.1 to 1.4 mmol/L). Fig. 5

depicts the adsorption isotherms for the systems studied.
The Langmuir model in its nonlinear form is expressed as:

o - KbC,
“"57(1+1<c ) )

L™~ eq

where C_ is the solute residual equilibrium concentration,
Q.. is the amount of solute adsorbed per unit mass of adsor-
bent at equilibrium, b is the maximum adsorption capacity of
adsorbent, K; is the Langmuir constant, function of adsorp-
tion energy,

whereas the Freundlich model in its nonlinear form is
given by Eq. (4) as:

Qads = KFC;;” (4)

where K, is the Freundlich constant related to the amount
adsorbed at equilibrium 1/n: the Freundlich constant related
to adsorption intensity reflecting the degree of linearity of the
isotherm. The value of # is an indication of the favorability of
adsorption [26].

The Langmuir model was fitted applied to the data AC
and AC/ZnO systems whereas the Freundlich model to ZnO
(inset) as depicted in Fig. 5. The results are summarized in
Table 3.

The following conclusions can be drawn from PCP
adsorption study on the materials investigated:

e PCP adsorption isotherms on AC and AC/ZnO systems
are of Langmuirian type characteristic of monolayer cover-
age corroborating what has been reported elsewhere [27].

¢ The Freundlich model was found to describe correctly
adsorption of PCP on the ZnO photocatalyst, applicable
generally to non porous or macroporous materials. The
value of n being lower than 1 indicates that adsorption is
unfavorable.

¢ In the case of AC, AC/ZnQO, the Freundlich exponent n
being greater than 1 characterizes an S-type adsorption
isotherm according to the classification proposed by
Giles et al. [28], which suggests that PCP was favorably
adsorbed by the materials studied. However, as the con-
centration of the solute increases, multilayer adsorption
could occur.
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Fig. 5. PCP adsorption isotherms on AC, AC/ZnO, ZnO - Non-
linear Langmuir models applied to AC and AC/ZnO systems —
Nonlinear Freundlich model to ZnO (inset).

Table 3
Langmuir and Freundlich constants for the adsorption of PCP on
AC, AC/ZnO, ZnO

Material =~ Langmuir constants Freundlich constants
b a R? n K, R?
(mg/g) (L/g) (mg'" L g™)
AC 139.48 0.091 090 3.62 36.96 0.48
AC/ZnO 1237 0105 098 3.3 28.37 0.49
ZnO 6622  0.013 0.056 0.87 0.198 0.98

® The decrease in the adsorption of PCP on ZnO might be
due to the reduced availability of adsorption sites.

3.2.2. Photodegradation studies
3.2.2.1. Analysis of UV absorption spectra

To elucidate the photocatalytic degradation process of
PCP on AC/ZnO, UV-Vis detection was performed during
photoirradiation. The UV/Visible spectra used to iden-
tify the intermediates are shown in Figs. 6 and 7. Fig. 6
depicts the spectrum of PCP degraded by the UV method
(without a catalyst). The spectrum of PCP shows two
characteristic bands in the ultraviolet region stemming
from the benzene ring at 220 and 250 nm, respectively,
for PCP concentrations ranging from 10 to 100 mg/L and
a large band at 320 nm for concentrations within the
100-1,000 mg/L range [29]. Fig. 6 shows that the absor-
bance of PCP at 320 nm decreases with an increase in the
absorbance of phenol detected at 270 nm [30] under UV
irradiation. Other bands appear between 200 and 240 nm
confirming the photocatalytic dechlorination of PCP until
all Cl atoms were separated from the benzene ring at the
end of the process. Dechlorination resulted in the forma-
tion of phenol and other intermediary substances during
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Fig. 6. Schematic illustration of PCP degradation by photolysis.

PCP photolysis. Unfortunately, the presence of highly
toxic polychlorinated dibenzo-p-dioxins and polychlori-
nated dibenzofurans in the intermediates reveals that this
photocatalytic degradation of PCP under UV alone was
negligible. When the AC/ZnO hybrid used was as a pho-
tocatalyst (Fig. 7), the 320 nm absorption band decreased
sharply after irradiation for 30 min, while the 270 nm
bands disappeared. This indicates that the degradation of
PCP did not end after dechlorination. The benzene ring
continued to divide and transform into smaller molecu-
lar compounds. As the irradiation time increased, the PCP
absorption bands between 200 and 240 nm were strongly
weakened without no new band appearing, unlike pho-
tolysis process. This shows that intermediate aromatics
were completely degraded to CO, and H,O as reported in
several studies [31,32]. In addition, total degradation of
PCP by AC/ZnO photocatalyst in 30 min is similar to that
obtained in 120 min on ZnO only (Fig. 7). Moreover, it can
be noted that a catalyst with a large surface area may offer
more active adsorption sites.

3.2.2.2. Kinetics of degradation

The result of the photocatalytic degradation of PCP is
shown in Fig. 8. It is first observed that direct photolysis can
only reach 10% after a 60 min irradiation time because of
the very low photon energy [30]. A dark adsorption period
of 30 min was chosen to obtain the adsorption equilibrium.
However, after 120 min irradiation time of the solution, PCP
degradation was about 98% in the presence of pure ZnO. On
the other hand, the AC/ZnO system completely degraded
PCP within 90 min under UV irradiation. Obviously, the
AC/ZnO sample exhibited much higher photocatalytic
activity than commercial ZnO and UV alone, which can be
attributed to the fact that there was more available surface
area for pollutant adsorption and light [8,33,34].

The results of the photocatalytic degradation of PCP are
illustrated in Fig. 9.

According to the published works [26,35-37], photodeg-
radation kinetics of organic pollutants can be described by
first order reaction whose rate is expressed by Eq. (5):

ac
TR

x C )

——PCP

—=— Photolysis
7h
ZnO (2h)

—+— AC/ZnO
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Fig. 7. Schematic illustration of PCP degradation by ZnO,
AC/ZnO and photolysis at room temperature and concentration
of 133.17 mg/L (0.5 mmol/L) and natural solution pH (10.5-11).
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Fig. 8. Percentage removal of PCP vs. time for the conditions:
UV irradiation alone, on AC/ZnO and ZnO, at room temperature
and concentration of 186.44 mg/L (0.7 mmol/L) and natural solu-
tion pH (10.5-11).
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Fig. 9. Photodegradation of PCP in the presence of AC/ZnO,
ZnO and UV alone, at room temperature and concentration of
186.44 mg/L (0.7 mmol/L) and natural solution pH (10.5-11).

where r: photocatalytic degradation rate (mg/L min);
K., apparent degradation rate constant (min™); C: solute

concentration (mg/L); t: irradiation time (min).
Integrating Eq. (5) yields:

m& ok i ©)
C
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Fig. 10. Kinetics of PCP photodegradation using AC/ZnO, ZnO
and UV alone.

Fig. 10 shows the Langmuir-Hinshelwood pseu-
do-first-order model applied to photodegradation of PCP
under UV, irradiation and in the presence of AC/ZnO and
ZnO materials is illustrated in Fig. 11. It can be seen that the
curves are linear with a determination coefficient close to
unity, representing a good linear fit. Thus, the catalytic pho-
todegradation of PCP follows pseudo-first-order kinetics in
agreement with the Langmuir-Hinshelwood theory [26]. The
concentration of PCP under direct photolysis alone decreased
only slightly which proved inefficient and can be ignored.
The pseudo-first-order constants of PCP photodegradation
are 0.0177 (R* = 0.977) for AC/ZnO and 0.0109 (R* = 0.935) for
Zn0O alone, with a removal percentage of 97% and 65% after
90 min of irradiation for the AC/ZnO and ZnO alone, respec-
tively. Obviously, the AC-ZnO system has much higher pho-
tocatalytic activity than pure ZnO, which is mainly due to the
synergistic effect of carbon and ZnO in the aqueous suspen-
sion. Amorphous carbon is known to have a low work func-
tion (3.5-4.0 eV), which is the minimum amount of energy
required by an electron to escape from a solid surface [34].
The AC/ZnO system showed good adsorption capacity for
PCP. After irradiation, pentachlorophenol-free water was
obtained with this system, indicating that PCP can, there-
fore, be concentrated on the surface of photoactive AC/ZnO,
where it is photochemically degraded.

3.2.3. Degradation follow-up by COD measurements

Degradation was followed up by COD which reflects
the degree of mineralization of an oxidizable substance [38].
In the case of total mineralization of the PCP solution, carbon
dioxide and hydrogen chloride would be obtained according
to the following reaction [39,40]:

C,H.Cl+70,—*-6CO, + HCl + 2H,0 )

Figs. 11 and 12 depict the COD removal and In(COD,/
COD) evolution as a function of time.

It can be observed that the system AC/ZnO was more
efficient in terms of COD abatement than ZnO alone as 93%
of initial COD was removed as compared with 40% obtained
after 60 min irradiation time using ZnO alone. These results
are in agreement with those monitored by UV-Vis spec-
troscopy. Mineralization using ZnO was slow as after 3-h

250
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Fig. 11. cod removal vs. time on ZnO alone and AC/ZnO system.
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Fig. 12. In (COD,/COD) as a function of time on ZnO and
AC/ZnO system.

irradiation time, only 60% of COD was removed. This is one
of the drawbacks of heterogeneous catalysis [41]. Mohamed
[42] reported that COD remained high even after complete
decomposition of phenol. This can be accounted for by the
presence of intermediates such as hydroquinone, catechol
and hydroxyhydroquinone. The combined process was
much more interesting since all pollutants present in the
solution could be eliminated after 1 h of treatment. Small
residual COD using the hybrid system as compared with
that with the photocatalyst alone may be explained by the
existence of more intermediates in solution for the second.
This seems difficult to explain without considering that
in the case of hybrid a higher amount of PCP would have
turned into oligomers [43], which preferentially adsorbed
on AC/ZnO to be later degraded and not contributing any
further to pollution in solution. The hybrid system gives
better results for conversion of pentachlorophenol or reac-
tion intermediates.

4. Conclusion

This work aimed at studying the degradation of penta-
chlorophenol by carbon-doped ZnO in the presence of UV
radiation. It was observed that the complete photodegrada-
tion of PCP with AC/ZnO only required 90 min to be com-
pared with the 65% photodegradation using pure ZnO. The
AC/ZnO system approximately showed 1.5 times higher
photocatalytic activity than pure ZnO. These observations
can be attributed to a strong absorption of visible light, a high
surface area compared with undoped ZnO and the fact that
a large-area photocatalyst can offer more active adsorption
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sites. Moreover, activated carbon doping may prevent aggre-
gation and coalescence of ZnO nanoparticles at high tem-
perature, photocorrosion of ZnO under UV irradiation and
recombination of photogenerated charges. The absence of
toxic polychlorinated dioxins and furans in the intermediates
reveals favorably that this photocatalytic degradation of PCP
on the AC/ZnO material is an efficient and environmentally
friendly method for removing highly toxic halogenated aro-
matic compounds.

In perspective, to reduce the costs associated with waste-
water treatment, sunlight should be considered as a free
energy source for photocatalysis processes.
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