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Abstract

Photodegradation of methylene blue (MB) was studied on ZnO in presence of home-made biochars
prepared by different methods. MB photodegradation was performed under UV-visible irradiation to verify
the scaling-up of ZnO-AC hybrid materials. It was verified that oxygenated surface groups on carbon were
photochemically active in the photodegradation of MB and a synergy effect between both solids has been
estimated from the first-order apparent rate-constants. This effect enhances the photoactivity of ZnO up to
a factor about 2.5 and the difference in photoactivity in the binary materials was associated to the surface

properties of AC.

Introduction

The study and develop of novel advanced oxi-
dation processes (AOP’s) for the remediation of
polluted water [1] is an important challenge for sci-
ence. Regarding to dyes and azo-dyes, an important
quantity of the total world production of these mol-
ecules is released in textile effluents [2]. Different
technologies for the removal of dyes are adsorption,
bio- and chemical degradation methods including
AOP’s as heterogeneous photocatalysis. Since het-
erogeneous photocatalysis emerged as an efficient
method for purifying water and air [3-5] several at-
tends such as ion doping or metal depositions have
been used to increase the photoefficience of semi-
conductors [3, 6, 7] with TiO, and ZnO two of the
most studied. Another way to possibly increase the
photoactivity of semiconductors consists of adding
an inert co-adsorbent [8-11] such as activated car-
bon (AC). Our groups have reported a synergy ef-
fect between AC and TiO, or ZnO in the photocata-
lytic degradation of model pollutants such as phenol
[9], 4-chlorophenol [10-13] and 2-propanol [6]. This
effect has been ascribed to a contact interface that
promotes an efficient diffusion of pollutants from
AC to photoactive semiconductor and also is able to
introduce changes in the surface of the semiconduc-
tor by the photo-assistance of oxygenated functional
groups on the AC surface [6, 10-12]. Photocatalysis
by semiconductors and adsorption with activated

* Corresponding author. E-mail: jmatoslale@gmail.com

carbon (AC) have received an increase attention for
the degradation of different dyes [14-16]. Thus, the
objective of this work is to study the photodegrada-
tion of methylene blue (MB) as a model dye under
UV-visible irradiation of ZnO in presence of differ-
ent biochars characterized by different texture and
surface functionalities.

Experimental

Methylene blue (MB) was analytical grade and
purchased from Aldrich. A standard ZnO was provid-
ed by the American Chemical Association. Biochars
denoted as activated carbons (AC) were prepared by
different methods. In summary, the biochars were
prepared by physical activation of the sawdust of a
soft wood (7TabebuiaPentaphyla) under CO, flow at
800 °C or by pyrolysis under N, flow at 1000 °C by 1
h. These AC were denoted ACc.500 and ACyo-1000, T€-
spectively. Chemical activation by impregnation with
5% (w/w) of ZnCl, and H;PO, following activation
under N, flow at 450 °C by 1 h and was also per-
formed and the biochars were denoted ACiy3pos.50, and
ACycn.s%- The following photocatalysts ZnO/ACcqp,
ZnO/ACys, ZnO/AC,,cpn, and ZnO/ACyspos Were ob-
tained with the relative amount semiconductor: AC,
expressed in mass, i.e. 10:1, by mixing about 62.5 mg
ZnO with 6.3 mg AC in 125 mL of deionized H,O
and this slurry was vigorously stirred for 20 min at
room temperature, filtered and dried by 2 h at 100 °C.
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Textural characterization was performed by N, ad-
sorption-desorption isotherms at 77 K in a Micromer-
itics ASAP-2020 instrument. BET method was used
to obtain the surface area. Surface pH (pHpzc) of
bare biochars, ZnO and mixture of solids were ob-
tained by the drift method [17] by comparing the pH
measured after 48 h stirring (to achieve the equilib-
rium of charges) with that of initial buffer solutions.

The experimental set-up under UV-visible irra-
diation consists in an open to air batch photoreactor
[18] of about 200 mL cylindrical flask made with
Pyrex with a bottom optical window of 6 cm in di-
ameter. [rradiation was provided using a 250W Hg
lamp (LHg) UV. Irradiation was filtered by a circu-
lating water cell (thickness ca. 2.0 cm) to remove
IR beams and prevent any heating of the suspen-
sion. The photocatalytic tests were performed at
25 °C under stirring using 62.5 mg of ZnO and/or
6.3 mg AC in 125 mL of methylene blue (MB), [12.5
ppm (39.1 pmol/L) initial concentration]. The sam-
ples were maintained in the dark for 60 min in order
to complete adsorption at equilibrium and then the
suspension was irradiated. After centrifugation MB
aliquots were analyzed using an UV-spectrophotom-
eter Perkin Elmer, Lambda 35 at 664 nm and the
MB concentrations were estimated using a standard
calibration curve. Tests were done by triplicate and
the reproducibility of results was better than 3%.

Results and Discussion
Characterization of AC

Table 1 shows a summary of the BET surface
area (Sger) and pHpzc of AC, ZnO, and the hybrid
ZnO/AC photocatalysts. Most of biochars showed
high BET surface areas (Sggr). It can be seen
from the SEM micrography in Fig. 1 that ZnO is
a non-porous material with a mean size of ZnO
particles in the micrometer range. This is in agree-
ment with the very low surface area of ZnO, about
6 m’g!. For the hybrid ZnO/AC materials, Sggr
decreases one order magnitude with respect to the
biochar. This fact can be attributed to a strong inter-

action between both solids [7]. It can be seen from
Table 1 that biochars prepared at high temperature
(ACcoz-800 and ACyy.1000) developed basic pHpzc while
biochars prepared by chemical activation at 450 °C
(ACzyc1p-5 and ACypos.se,) showed acid pHpyc sug-
gesting the presence of different oxygenated func-
tional groups (basic and acids) on the surface of AC.
This fact has been already verified by our group in
previous works regarding the photoproduction of
hydrogen [7] and 4-chlorophenol [10-13]. We have
found that functional surface groups in ACc¢q;.500 are
mainly basic such as cyclic ethers (-C—O—C-) and
quinones (C=0) [13, 19]. For the case of ACspoa.sv,
[6] the main functional surface group was carboxyl-
ic acid (-COOH). It should be remarked the presence
of phosphates in the FTIR spectra in the ACyspos [11,
13, 20]. As expected, ZnO presented a basic surface
pH and with the exception of the ZnO/ACyspoq the
ZnO/AC binary material are characterized by basic
surface pH. This basic surface pH promotes an effi-
cient dispersion of ZnO particles on the surface of
AC as can be clearly seen in the SEM micrography
from Fig. 1 where the mean size of ZnO particles are
clearly smaller than that observed on the bare ZnO.
This fact has been already reported by our group
for the TiO,/AC binary materials [10] and it was as-
cribed to a stabilization of the zeta potential of the
semiconductor by contact with basic AC [21].

Table 1
Summary of BET surface area (Sggr) and
surface pH (pHpzc)

Sample Sger (M%.g™1) pHpzc
ACco2-500 943 8.5
ACxr-1000 644 8.9
ACrncisv 689 6.0
ACuspos-sy, 247 4.0
Zn0O 6 9.1
Zn0O/ACcoa-500 92 9.0
7Zn0/ACns-1000 65 9.2
Zn0O/AC s, 69 7.8
7Zn0/ACrzpos-sos 28 6.6

Fig. 1. SEM micrographs of ZnO (left) and ZnO—ACco, (right).
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Adsorption in the Dark and Photodegradation
of MB

Figure 2 shows the kinetics of adsorption in the
dark of MB on AC, ZnO and ZnO/AC. It can be seen
that most of adsorption occurred within 30 min but
to ensure the equilibrium of adsorption a period of
60 min of adsorption in the dark was selected prior
to the photodegradation experiments. MB adsorbed

values after 60 min are summarized in Table 2. It
can be seen that there are no additive effects in the
adsorption capacities of ZnO and AC after they are
mixed. This can be easily verify from adsorption
values in Table 2 obtained after achieve the equi-
librium of adsorption. This is in agreement with a
strong interaction between ZnO and AC previously
reported by our group for ZnO/AC [6] and TiO,/AC
[9] binary photocatalysts.

Table 2
Adsorption in the dark(Adsg.) of MB, first-order apparent rate-constants (k,y,),
square linear regression factor (R?), photocatalytic activity relative to ZnO (¢nor0)°

Sample Adsdal—k?1 (umol) kapr 10_3 (min-l) RZ d)photob
ACco2-300 2.203 1.20 0.9605 0.01
ACz-1000 2.208 4.50 0.9838 0.05
ACyzuci-59 0.327 0.80 0.9336 0.01
ACi3p04-5% 0.660 0.78 0.9831 0.01
ZnO 0.985 93.2 0.9177 1.0
ZnO/ACco2-500 2.342 152.3 0.8397 1.6
ZnO/ACna-1000 2.210 146.0 0.8102 1.6
ZHO/ACanl2_5% 1.221 2294 0.9734 2.5
ZnO/AChspossy 0.769 27.8 0.9743 0.3
*After 60 min adsorption in the dark. *Gyhoto = (Kapp-i/Kapp-rioz)-
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Fig. 2. Kinetics of MB adsorption in the dark: (a) — Biochars; (b) — ZnO/AC materials.

Figure 3 shows the kinetics of MB photodegra-
dation under UV irradiation. Direct photolysis (not
shown) was previously verified [16, 18] and it was
negligible in the same experimental conditions.
Therefore, it can be concluded that the MB disap-
pearance showed in Fig. 3 is due to the photodegra-
dation of the dye. It must be point out that the pres-
ent biochars are lightly photoactive in agreement
with previous results from Bandosz [22], Velasco
[23], and our group [24]. It can be seen from Fig.

3 that time required for total disappearance of MB
is clearly shorter in presence of biochars suggest-
ing an important synergy effect between both sol-
ids. Assuming a first-order reaction mechanism [4],
the linear regressions of the kinetic data from Fig. 3
was performed to estimate the first-order apparent
rate-constants (k,,,). Table 2 contains a summary of
the kinetic results obtained for the MB photodegra-
dation. The first-order apparent rate-constants per-
mits to estimate the photoactivity relative to ZnO
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defined by the expression: ¢ = (Kypp-iKapp-zno). It
can be seen from k,,, values in Table 2 that with the
exception of ZnO/ACyspossy, the others ZnO-AC
hybrid materials have higher photoactivity than
that obtained on ZnO alone and this enhancement
was up to about 2.5 times higher on ZnO/AC,,.
cn-sw. It 18 interesting to point out that no correla-
tion between the MB adsorbed in the dark and the
photoactivity was detected indicating that besides
the texture the surface functionalities of AC play
an important role upon the photoactivity of ZnO. In
previous works of 4-chlorophenol photodegrada-
tion [10-13] our group have showed that oxygen-
ated functional groups in the biochar framework

play a double role in photocatalytic degradation
of 4-chlorophenol. First, biochars play the role of
electron carriers that could inhibit the recombina-
tion of photoelectrons to improve the photoactivity
of the semiconductor. Second, under UV irradia-
tion several functional groups on carbon’s surface
are able to excited electrons from 7z to 7* orbital
and then being injected into the conduction band
of the semiconductor [16]. This phenomenon has
been described by our group as a photo-assisting
process on TiO,/AC photocatalysts [6, 7, 24] and
therefore further analysis must be performed in or-
der to verify this same behaviour on the present
ZnO/AC hybrid photocatalysts.
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Fig. 3. Kinetics of MB photodegradation: (a) — Biochars; (b) — ZnO/AC materials.
Conclusions [5]. O. Legrini, E. Oliveros, Chem. Reviews 93

MB photodegradation was study under UV irra-
diation of binary ZnO/AC materials. A clear increase
in the photocatalytic activity of ZnO was detected
and it was verified that biochars were intrinsically
photoactive and the enhancement in the photocata-
lytic activity of ZnO was estimated from the first-or-
der apparent rate-constants in the MB photodegra-
dation. The photocatalytic activity of ZnO enhances
up to a factor about 2.5 and it was associated to the
specific oxygenated functional groups on biochars
surface besides the textural properties.
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