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a b s t r a c t

This paper reports on the application of a simultaneous combination of ozone and a granular activated
carbon (O3/GAC) as a tertiary treatment of a wastewater generated from the activity of various food-
processing industries. Prior to the O3/GAC treatment, the wastewater was subjected to conventional
primary and secondary treatments in a full-scale wastewater treatment plant (WWTP). The effluent
from the WWTP presented high organic load (COD > 500 mg/l and TOC > 150 mg/l), which could be much
reduced by the O3/GAC treatment. Results from the O3/GAC experiments were compared with those
eywords:
ctivated carbon
ood-processing wastewater
zone
ater reuse

obtained in single ozonation, single adsorption onto GAC and sequential O3–GAC adsorption experiments.
While single processes and the sequential one showed limited capacity to remove organic matter for the
food-processing effluent (COD removal <40%), the simultaneous O3/GAC process led to decreases of COD
up to 82% at the conditions here applied. The combined process also improved the ozone consumption,
which decreased from about 19 g O3/g TOC (single ozonation process) to 8.2–10.7 g O3/g TOC (O3/GAC
process). The reusability of the GAC throughout a series of consecutive O3/GAC experiments was studied
with no apparent loss of activity for a neutral GAC (PZC = 6.7) but for a basic GAC (PZC = 9.1).
. Introduction

The food-processing industry requires great amounts of water,
ince this latter is used throughout most of plant operations such
s production, cleaning, sanitizing, cooling and materials trans-
ort, among others. As a result, food-processing industries generate

arge amounts of wastewater. Generally speaking, food-processing
astewaters can be considered as “friendly” as they rarely contain

oxic pollutants though they usually present high organic load (i.e.,
igh BOD and COD) as well as variable amounts of suspended and
issolved solids, nutrients and pathogen microorganisms. In addi-
ion, some types of food-processing wastewaters (e.g., distillery and
live-oil production wastewater) contain some low-biodegradable
ompounds that cannot be easily removed by the conventional
iological treatment methods applied in wastewater treatment
lants (WWTPs) [1,2]. Wastewater reclamation is recently gaining
reat interest as a water management option to deal with food-
rocessing wastewaters [3]. In this area, wastewater reclamation
s intended for purposes such as recovery of valuable products, sav-
ng of fresh water, reduction of wastewater discharge and disposal
osts and/or improvement of effluent quality.
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Primary and secondary biological treatment methods, aimed
to remove suspended solids, BOD and nutrients to some extent,
are the preferred treatment choice to deal with food-processing
wastewaters [4,5]. However, to guarantee a safe reuse of the treated
effluent, tertiary and disinfection treatments are also necessary.
In this sense, ozonation may be a recommended technology to be
used as an advanced treatment at WWTPs treating various types of
food-processing wastewaters as ozone reacts with a wide variety
of organic pollutants present in these wastewaters (e.g., phenolic
compounds) and it is a clean disinfecting agent leaving no residue
after its use [6,7]. Moreover, Esplugas et al. [8] found ozonation as an
economically advantageous technology for the removal of phenol
from water by comparison with other classical advanced oxida-
tion methods (O3/H2O2, UV/H2O2, UV/O3, UV/H2O2, O3/UV/H2O2,
Fe2+/H2O2 and TiO2 photocatalysis). Consequently, ozonation must
be considered as a primary candidate technology for the ter-
tiary treatment of food-processing wastewaters of phenolic nature.
However, the direct ozonation of organic compounds in wastew-
ater may lead to the formation of some recalcitrant by-products,
which further require huge doses of ozone to be fully mineralized
(i.e., converted into CO2). In order to enhance the mineralization of

such recalcitrant compounds with ozone, the literature reports on
the simultaneous use of ozone and granular activated carbon (GAC)
[9–13]. The O3/GAC method is a relatively new process in which the
GAC performs a dual role: adsorption of organic pollutants from the
wastewater and decomposition of the aqueous ozone over its sur-
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ace to yield free radical oxidizing species, which in turn, are able to
uickly mineralize recalcitrant compounds, both, adsorbed and in
olution. This treatment method has been proven useful, either as
tandalone or as part of an integrated process, for the degradation
f aqueous solutions of some compounds typically present in some
ood-processing wastewaters such as polyphenols and carboxylic
cids [11–13]. However, to our knowledge, no empirical studies
ave been published so far on the treatment of real food-processing
ffluents but one preliminary study [14].

In our previous work, we briefly reported on the treatment of
n actual food-processing secondary effluent by means of ozona-
ion in the presence of a GAC, with promising results [14]. As part
f our continuing work, in this paper we report on the effects of
ome operating variables such as aqueous pH, the ozone dose, the
AC amount, the concentration of phenolic compounds in the efflu-
nt to be treated, the GAC particle size and the liquid recirculation
ow rate. A kinetic approach is presented and the stability of the
AC throughout some semi-batch ozonation cycles and continuous
xperiments is checked. The results of this study should contribute
o provide an empirical basis for the assessment of the O3/GAC
s an effective tertiary treatment for food-processing wastewater
eclamation.

. Experimental

The food-processing secondary effluent was collected from a
ull-scale WWTP located in Almendralejo (Extremadura, Spain).
xtremadura is a region with a large number of small and medium-
ize food-processing industries, whose activities have a great
ocial and economic impact on the area. The WWTP of Almen-
ralejo treats a mixture of wastewaters coming from various
ood-processing local facilities including wineries, distilleries and
live industries. The scheme of the treatment at the WWTP consists
f a sequence of screening, primary sedimentation and activated
ludge processes. The samples used in this study were collected
t the exit of the activated sludge settler. Immediately after their
ollection, the samples were shipped to the laboratory, analyzed
nd kept frozen in PET bottles until their use. A characterization
f this food-processing effluent was reported earlier [14] and it
s reproduced in the second column of Table 1. The methods fol-
owed and/or equipments used for the analyses are also listed in
able 1 [15,16]. From the high values of suspended solids, BOD,
OD and TOC, it is apparent that the effluent quality was not
ppropriate for reuse but needed polishing. The treatment level
chieved at the WWTP was far from good likely because of the
arge organic load of the incoming wastewater (COD > 5000 mg/l)
nd the presence of inhibitory compounds such as polyphenols. For
hat reason, a new 18,000 m3/day WWTP is projected and under
onstruction.

A commercial GAC from Chemviron Carbon (Belgium), namely
arco 12-20 mesh, was primarily used in this study. Prior to be
sed, the GAC samples were boiled in ultrapure water (Millipore
illi-Q system) for 1 h, washed repeatedly and then dried at 110 ◦C

or 12 h to be, afterwards, stored in a desiccator at room tempera-
ure. Textural characterization of GAC samples was accomplished
s reported previously [14]. Some main texture characteristics of
his GAC are moderate surface area (SBET = 710 m2/g) and micropore
olume (0.16 cm3/g) but well-developed macro- and mesoporosity
macropore and mesopore volume = 0.51 g/cm3). From the chemi-
al point of view this GAC presents a high concentration of surface

xygen groups (0.99 mequiv./g), 16.2% ash content and an almost
eutral point of zero charge (PZC = 6.3). These properties made
his GAC an a priori suitable material for adsorbing large organic

olecules usually present in food-processing effluents. In addition
o Darco 12-20 mesh, a GAC of basic character (Hydraffin P110 from
s Materials 185 (2011) 776–783 777

Lurgi: SBET = 950 m2/g; micropore volume = 0.45 cm3/g; PZC = 9.1)
was also used for the sake of comparison.

Most of the GAC promoted ozonation experiments were carried
out in semi-batch mode as reported previously [14]. The length of
each experiment was 2 h, unless otherwise specified. The reactor
consisted of two separated compartments: a glass bubble-column
(i.d. 5 cm; length = 20 cm) used as a gas–liquid contactor and a
chamber (i.d. 2 cm) where the GAC was packed as a fixed bed.
In a typical experiment, 250 ml of the food-processing secondary
effluent were loaded onto the gas–liquid column and continu-
ously recirculated through the GAC bed by means of a peristaltic
pump (Masterflex, Cole-Parmer Instrument). At the same time a
25 Nl/h flow rate of an oxygen–ozone stream was supplied to the
gas–liquid contactor through a porous plate located at its bottom.
A 301.7 model Sander ozone generator was used to produce an
applied ozone dosage between 2 and 6 g/l h. The concentrations of
ozone in the gases entering and leaving the bubble column were
continuously monitored with Anseros Ozonat GM-6000 analyz-
ers. During the course of the experiments, liquid samples were
withdrawn from the gas–liquid column at intervals by means of
a syringe and analyzed for aqueous ozone concentration [17], COD
and TOC. In addition, other parameters such as suspended solids,
BOD5, polyphenols concentration (PC) and UV254 nm absorbance
were analyzed in the effluent after experiment completion. Con-
tinuous experiments were carried out as described above but with
a continuous 0.5 l/h flow rate of the food-processing secondary
effluent provided by a peristaltic pump (Masterflex, Cole-Parmer
Instrument). For comparative purposes, single ozonation experi-
ments (without GAC) and single adsorption experiments (without
ozone) were also conducted.

3. Results and discussion

3.1. Comparison between single ozonation, single adsorption
onto GAC and GAC-promoted ozonation (O3/GAC) experiments

Fig. 1 shows temporal COD (left graph) and TOC (right graph)
profiles during the course of single ozonation, single adsorp-
tion, sequential O3–GAC adsorption and O3/GAC experiments. It
is clearly seen that not the sequential but the simultaneous use of
ozone and GAC enhanced the degradation of the food-processing
effluent. Thus, for example, the percentage of COD removed after
2 h of treatment was about 35% by single ozonation, 40% by single
adsorption and only 25% by a sequential O3–GAC process compris-
ing single ozonation for 20 min followed by single adsorption onto
GAC for 100 min. The low COD and TOC removal efficiencies of this
sequential process are likely due to the fact that partial ozona-
tion of the effluent leads to the formation of polar by-products
which are hardly adsorbable onto the GAC. A similar behavior
was previously observed when using the GAC Darco 12-20 for the
adsorption of a pre-ozonated solution of the pharmaceutical com-
pound sulfamethoxazole [18]. In contrast, about 65% COD removal
was achieved by the O3/GAC process.

The single ozonation experiment proceeded with relatively fast
removal of COD and TOC during the first 20 min, henceforth COD
and TOC removal rates were drastically slowed down. This suggests
that ozone was able to quickly react with some organic compounds
present in the food-processing effluent. In fact, polyphenols and
other UV254 nm absorbing compounds, which are known to read-
ily react with ozone, were almost fully removed from the effluent

by single ozonation (removal >95%). However, some other efflu-
ent constituents and reaction by-products were quite refractory to
ozone.

Regarding the single adsorption onto the GAC, the COD and TOC
temporal profiles in Fig. 1 are very much alike to each other, show-
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Table 1
Characterization parameters of the food-processing effluent used in this work before and after O3/GAC treatment.

Parameter Before treatment After treatmenta Analytical method and/or equipment

pH 6.1 ± 0.5 6.3 ± 0.3 (6–9)b pH-meter (Radiometer Copenhagen HPM82)
�, mS/cm 1.4 ± 0.8 1.5 ± 0.7 Conductivity-meter (Hanna HI9033)
TSS, mg/l 321 ± 36 30 ± 10 Gravimetric method [15]
VSS, mg/l 220 ± 21 18 ± 8 Gravimetric method [15]
COD, mg/l 522 ± 55 97 ± 14 (<125) Photometric method (Dr Lange cuvette tests) [15]
BOD5, mg/l 150 ± 100 15 ± 10 (<25) Respirometric method (Oxitop® WTW system)
TOC, mg/l 171 ± 12 39 ± 13 TOC analyzer (TOC-VCSH Shimadzu)
TIC, mg/l 27 ± 6 57 ± 9 TOC analyzer (TOC-VCSH Shimadzu)
PC, mg/lc 26 ± 5 2 ± 2 Folin-Ciocalteau method [16]
P-PO4

3− , mg/l 3.0 ± 0.2 2.0 ± 0.4 (0, 4–5) Photometric method (Spectroquant test)
TN, mg/l 16.8 ± 1.1 9.7 ± 0.9 (<10) Photometric method (Spectroquant test)
N-NH4

+, mg/l 14.0 ± 0.8 8.8 ± 0.7 Photometric method (Spectroquant test)
UV254 nm

d 0.40 ± 0.03e 0.05 ± 0.01e Spectrophotometer (ThermoSpectronic He�ios �)

Nomenclature: � = conductivity; TSS = total suspended solids; VSS = volatile suspended solids; COD = chemical oxygen demand; BOD5 = biological oxygen demand; TOC = total
organic carbon; TIC = total inorganic carbon; PC = polyphenols concentration; P-PO4

3− = phosphate concentration expressed as phosphorous; TN = total nitrogen; N-
NH4

+ = ammonium concentration, expressed as nitrogen; UV254 = absorbance at 254 nm.
a The treatment consisted of rapid sand filtration followed by O3/GAC treatment at the conditions indicated in Fig. 1.
b Values in brackets are those typically required for treated wastewater according to the BREF on the food, drink and milk industries (EU IPPC Directive).
c Polyphenol concentration is expressed as equivalent gallic acid.
d A quartz cell of 1 cm path length was used to measure UV absorbance.
e The sample was diluted five times with ultrapure water before UV-analysis.
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ate = 2 l/h; GAC amount (if used) = 5 g; GAC particle size (if used) = 1.0–1.25 mm;
zone dosage = 4 g/l h.

itions applied, the GAC showed limited capacity to remove COD
rom the effluent, with residual COD above 50% (i.e., >250 mg/l)
fter 2 h. The kinetic behavior of COD sorption onto the GAC was
odeled using the pseudo-first order approach given by Eq. (1):

dqt

dt
= k(qe − qt) (1)

here qe and qt are the adsorption capacities of the GAC at equilib-
ium and at a time t, respectively, and k stands for the pseudo-first
rder rate constant. Table 2 summarizes the kinetic parameters
btained from a non-linear regression analysis of data in Fig. 2.
t can be seen that the equilibrium adsorption capacity drastically
ecreased with the amount of GAC, which means that the GAC could
ot be efficiently used to remove organic compounds from the sec-
ndary effluent by adsorption to a great extent. On the other hand,
ncreasing pH did not favour the adsorption of organic compounds
f the food-processing effluent onto the GAC, as both the adsorp-
ion capacity and the pseudo-first order rate constant decreased
ith pH.

From Fig. 1 it can also be seen that the rates of COD and
OC degradation in the O3/GAC experiment were, at any reac-
ion time, greater that those for the single ozonation and the
ingle adsorption experiments. During the first minutes of the
3/GAC experiment, ozone reacted in a fast kinetic-regime with

he ozone-reacting substances present in the food-processing efflu-
nt as no dissolved ozone was found in solution (see Fig. 3). At
he same time, the readily adsorbable compounds reached the
urface of the GAC and become adsorbed. As can be seen in
ig. 3, after the first 10–20 min of reaction, ozone started to accu-
ulate in solution, being able to reach the surface of the GAC
here could be chemisorbed and decompose through a series

f complex reactions to yield secondary oxidants, including sur-
ace free radicals and hydrogen peroxide [19]. In addition, it has
een postulated that aqueous hydroxyl radicals are eventually
enerated as well, either through direct ozone–GAC reactions or
hrough the indirect O3–H2O2 reaction [19–21]. To assess whether

r not aqueous hydroxyl radicals were generated in the case-
tudy, an O3/GAC experiment was carried out in the presence of
mM tert-butanol, which is frequently used in research studies to

cavenge aqueous hydroxyl radicals formed from ozone decompo-
ition. It was found that the rate of TOC degradation was lowered
s Materials 185 (2011) 776–783 779

down to a noticeable extent when tert-butanol was added to
the effluent. Thus, TOC conversion after 2 h of the O3/GAC treat-
ment decreased from 53% (in the absence of tert-butanol) to 39%,
which confirmed the presence of aqueous hydroxyl radicals. These
highly oxidizing species would react in a non-selective manner
with organic compounds, thus improving COD and TOC degra-
dations. The fact that ozone decomposed over the GAC can also
be inferred from Fig. 3, where it can be seen that, in the experi-
ments carried out at pH 6, the concentration of dissolved ozone
was lower in the O3/GAC experiment than in the single ozonation
experiment.

Table 1 shows a complete characterization of the food-
processing effluent before and after a treatment comprising rapid
sand filtration and O3/GAC treatment. As can be seen not only
COD and TOC but also other quality parameters such as BOD,
polyphenols, suspended solids, UV-absorbance and nutrients were
reduced to some extent. In brackets in the third column of Table 1
are also typical quality parameters of food-processing wastewater
after treatment according to the Best Practice Reference Document
(BREF) on the food, drink and milk industries produced in response
to the EU Directive on Integrated Pollution Prevention and Control
(IPPC Directive). It can be seen that the treatment performance was
high enough to obtain an effluent complying with the required dis-
charge limits. Another important aspect of ozonation technologies
is the amount of ozone consumed to achieve the required treat-
ment objective as it is the most important factor in determining
the treatment cost. Thus, in an ozonation process aimed to miner-
alize organic compounds, the ozone consumption can be defined
as the average amount of ozone consumed per unit mass of TOC
removed in the whole reaction time (i.e., tf = 2 h). It can be calculated
by means of Eq. (2):

�O3 =
Fg

∫ tf

0
(CO3,i − CO3,o)dt

V(TOC0 − TOCtf
)

(2)

where Fg is the gas flow rate; CO3,i and CO3,o are the concentrations
of ozone at the reactor inlet and outlet gas streams, respectively;
and V stands for the volume of food-processing effluent. By applying
Eq. (2) to data of single ozonation and O3/GAC experiments it was
found that �O3 decreased from 18.8 to 8.2, which means that the
O3/GAC process made a much more efficient use of ozone than the
single ozonation process.

3.2. The O3/GAC process: influence of variables

A few series of O3/GAC experiments were carried out under dif-
ferent process conditions to study the effect of some variables such
as pH, the ozone dose applied, the amount of GAC, the concentration
of polyphenols in the food-processing effluent, the recirculation
flow rate and the GAC particle size. Table 3 provides a summary list
of the variables studied and the results obtained in terms of average
degradation of COD, TOC, PC and BOD5 and ozone consumption.

3.2.1. Effect of pH
The effect of pH on the O3/GAC process performance was studied

in the range 4–9. Despite the fact that pH is usually a key variable in
wastewater ozonation processes [22], in our O3/GAC experiments
this variable did not exert noticeable influence on the degradation
level of the food-processing effluent, though minor improvements
in COD and TOC conversions were noticed at pH 9, as can be seen in
Table 2. At this point it should be kept in mind that the removal of

organic matter from the food-processing secondary effluent by the
O3/GAC process was due to the contribution of three processes: (i)
direct ozonation in the gas–liquid column; (ii) adsorption onto the
GAC; and (iii) free-radical oxidation promoted by GAC. The overall
effect of pH on the process performance must consider the indi-
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Table 2
Pseudo-first order kinetic parameters for the COD adsorption of the food-processing secondary effluent onto the GAC.

GAC amount (g) pH qe (mg/g) k × 102 (min−1) R2

2 15.2 ± 1.6 3.31 ± 0.86 0.927
5 6 10.8 ± 0.1 7.35 ± 0.28 0.998

20 3.0 ± 0.1 9.27 ± 0.76 0.990
5 4 12.5 ± 0.1 7.52 ± 0.33 0.998

0.2 3.77 ± 0.17 0.998
0.6 2.29 ± 0.32 0.982

P PC0 = 25 mg/l; T = 20 ◦C; pH = 6; R = 2 l/h; w = 5 g; Dp = 1–1.25 mm.
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rocess conditions (unless otherwise specified): COD0 = 522 mg/l; TOC0 = 171 mg/l;

idual effects over each of these contributions. On one hand, high
H would accelerate single ozonation in the gas–liquid column as
zone reacts with the hydroxide ion to decompose into hydroxyl
adicals [23]. On the other hand, as shown in Fig. 2, high pH did not
avour the adsorption of organic compounds of the food-processing
ffluent onto the GAC used in this work. Finally, the effect of pH
n the transformation of ozone into secondary oxidants over the
AC surface is controversial, with the literature reporting on dif-

erent mechanisms depending on the aqueous pH and the surface
cidity/basicity of the GAC [19]. As can be seen in Fig. 3, in our
xperiments the concentration of dissolved ozone at the entrance
f the GAC bed decreased with the pH. Therefore, at low pH there
as more dissolved ozone available to be transformed into sec-

ndary oxidants than at high pH. Accordingly, in the case studied,
t is most likely that low pH also favoured the degradation of organic
ompounds on the GAC bed. Regarding the amount of ozone con-
umed, a little less amount of ozone was consumed (per unit of TOC
emoved) at pH 4 and 6 than at pH 7 and 9 (see Table 3). This is likely
ue to the fact that at low pH the contribution of single adsorption
o TOC removal is favoured.

.2.2. Effect of the ozone dose
The effect of the ozone of dose applied was investigated by vary-

ng the ozone concentration in the inlet gas so that the ozone dose
as in the range 4–12 g O3 per litre of food-processing effluent

reated. As it is apparent from Table 3, the increasing ozone dose

ed to higher COD and TOC removals, with minor effect on PC and
OD5 removals. On the other hand, the increase in the ozone dose

ed to a less-efficient use of ozone as the ozone consumption rose
ith the ozone dose. Therefore, very high ozone doses cannot be

ecommended from a practical point of view.

able 3
ummary results of average process performance of the O3/GAC treatment of the food-pr

Variable COD removal (%) TOC removal (%)

pH = 4 62 64
pH = 6 64 53
pH = 7 56 61
pH = 9 69 73
O3 dose = 4 g/l 50 55
O3 dose = 8 g/l 64 53
O3 dose = 12 g/l 72 70
w = 2 g 50 34
w = 5 g 64 53
w = 20 g 82 77
PC0 = 25 mg/l 72 70
PC0 = 40 mg/l 64 52
PC0 = 60 mg/l 65 60
R = 1 l/h 62 50
R = 2 l/h 64 53
R = 5 l/h 72 64
Dp = 0.8–1.0 mm 69 70
Dp = 1.0–1.25 mm 64 53
Dp = 1.6–2.0 mm 58 56

omenclature: PC0 = polyphenol concentration; R = recirculation liquid flow rate; w = amo
rocess conditions (unless otherwise specified): COD0 = 522 mg/l; TOC0 = 171 mg/l; PC0 = 2
Fig. 4. Evolution of dimensionless residual COD with time during the course of
O3/GAC experiments. Effect of the amount of GAC ((�) 2 g; (�) 5 g; (�) 20 g).
Process conditions: T = 20 ◦C; pH = 6; recirculation flow rate = 2 l/h; GAC particle
size = 1.0–1.25 mm; ozone dosage = 4 g/l h.

3.2.3. Effect of the amount of GAC
In order to study the effect of the amount of activated carbon,

a series of O3/GAC experiments were carried out using different
amounts of GAC in the bed from 2 to 20 g. As can be seen in Table 3
this variable exerted a strong influence on the removal of COD and

TOC achieved within the process. Obviously, at least part of this
improvement must be due to the increase of the organic matter
uptake by GAC (i.e., adsorption) when rising the GAC amount. In
addition, a higher GAC amount is also expected to lead to faster
ozone decomposition over the GAC surface. Fig. 4 shows the influ-

ocessing effluent for 2 h.

PC removal (%) BOD5 removal (%) �O3 (g O3/g TOC)

93 62 8.6
94 76 8.2
98 67 10.0
97 57 10.1
95 76 7.5
94 76 8.2
97 80 10.7
93 71 9.6
94 76 8.2
94 76 8.6
97 80 8.2
94 76 9.7
98 76 10.0
95 NM 8.5
94 76 8.2
94 NM 9.6
91 NM 8.7
94 76 8.2
94 NM 9.1

unt of GAC; Dp = GAC particle size; NM = not measured.
5 mg/l; T = 20 ◦C; applied O3 dose = 8 g/l; pH = 6; R = 2 l/h; w = 5 g; Dp = 1–1.25 mm.
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Fig. 5. Determination of the apparent pseudo-first order rate constants for the

this GAC. Contrary, TOC conversion decreased from 56.7% (first run)
up to 47.6% (fourth run) when using Hydraffin P110. The literature
reports that the GAC acts as a promoter of ozone decomposition
rather than a catalyst itself [19]. Thus, the GAC surface can be
modified as a result of the reaction, thus decreasing its ability to
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nce of the GAC amount on the kinetics of COD removal by the
3/GAC process. If compared with Fig. 2, it can be concluded that the
AC amount played an important role in the oxidation of organic
atter. Thus, in Fig. 2 it can be seen that increasing the GAC amount

rom 2 g to 5 g resulted in a significant improvement of the COD
ptake by GAC but this did not further increase noticeably when

ncreasing the GAC amount up to 20 g. In the O3/GAC process, how-
ver, the GAC amount exerted a strong positive influence on the
OD removal over the whole range studied, as shown in Fig. 4.

.2.4. Effect of the concentration of polyphenols in the effluent
The removal of polyphenols from food-processing effluents is

n important issue as, in general, they show low biodegradation
evel while ozone has a great potential for removing them from

astewater [6,7,13]. In this work, the influence of polyphenols
oncentration was studied by carrying out various experiments in
hich the effluent was enriched with gallic acid. No appreciably

ffect of this variable, in the range here studied, was observed as
educed from results depicted in Table 3. Thus, COD, PC and BOD
emovals after 2 h of treatment were almost the same for all the
xperiments with different initial PCs. Minor variations in the TOC
emoval were also noticed.

.2.5. Effects of the GAC particle size and the recirculation liquid
ow rate

As described above, the O3/GAC process, as applied in this work,
omprised two heterogeneous processes: a gas–liquid process in
he bubble column and a liquid–solid adsorption-reaction process
n the GAC bed. In order to assess whether mass-transfer effects
ontrolled the process kinetics, two series of experiments were
arried out at different GAC particle size and recirculation liquid
ow rate. As can be seen in Table 3, the decreasing particle size

ed to higher organic matter removal rates, which suggests that
he solid–liquid process was controlled by mass transfer. Also, the
oncentration of dissolved ozone was the lowest when using GAC
articles in the 0.8–1.0 mm size range, also indicating that the dif-
usion of ozone through the GAC pore network towards the active
ites was favoured, that is, internal diffusion resistance developed
or ozone transport. The recirculation liquid flow rate also affected
he degradation rate. Thus, as shown in Table 3, the increasing
iquid flow rate led to higher COD and TOC removals, which is a
onsequence of the heterogeneous-nature and hydrodynamics of
he process: a higher liquid flow rate decreased the external diffu-
ion resistances and allowed a larger amount of ozone to reach the
AC bed, thus enhancing the solid–liquid reaction. Neither the GAC
article size nor the recirculation liquid flow rate had significant

mpact on the ozone consumption as can be seen in Table 3.

.3. Kinetic approach

As can be appreciated in Figs. 1 and 4 the O3/GAC process com-
rised two kinetic stages following apparent first-order kinetics:
n initial stage of rapid disappearance of COD and TOC followed by
slower kinetic stage. Accordingly, Eq. (3) was proposed for COD
epletion:

rCOD = kCOD1 COD1 + kCOD2 COD2 (3)

Fig. 5 shows the pseudo-first order kinetics plots where it can
e seen that experimental data fitted well the proposed kinetic
odel. Table 4 shows the values of the apparent rate constants com-

uted for various pHs. The values of kCOD1 were noticeably higher

han those calculated from data of single ozonation experiments
kCOD1 = 4.0 × 10−4 s−1 at pH = 6), suggesting a strong contribution
f adsorption onto GAC to the overall COD removal in the first stage
f the O3/GAC process. The lower value computed for kCOD1 at pH
than at pH 4 or 6 can be explained by the negative effect of pH on
ozonation of the food-processing secondary effluent in the presence of the GAC
at different pHs ((©) pH 4; (�) pH 6; (�) pH 9). Process conditions: T = 20 ◦C; recir-
culation flow rate = 2 l/h; GAC amount = 5 g; GAC particle size = 1.0–1.25 mm; ozone
dosage = 4 g/l h.

COD adsorption onto the GAC used in this work. Regarding the sec-
ond stage, kCOD2 for the O3/GAC process was great by comparison
with that for the single ozonation process (kCOD2 = 3.3 × 10−5 s−1

at pH = 6), specially at high pH, at which the decomposition of ozone
over the GAC was favoured.

3.4. Activated carbon reusability

In order to assess the reusability of the GAC, a series of exper-
iments was conducted using several times the same sample of
GAC in various repetitive O3/GAC experiments. The experiments
were conducted with two GAC of different PZC: Darco 12-20 mesh
(PZC = 6.7) and Hydraffin P110 (PZC = 9.1). Fig. 6 shows the TOC
conversions achieved in four consecutive 1-h semi-batch experi-
ments. No loss of activity was observed for Darco 12-10 mesh, as
TOC conversion was almost identical for all the experiments with
43210

Run

Fig. 6. TOC conversion achieved in repetitive O3/GAC experiments reusing the
GAC process conditions: T = 20 ◦C; pH = 6; recirculation flow rate = 2 l/h; GAC
amount = 5 g; GAC particle size = 1.0–1.25 mm; ozone dosage = 4 g/l h.
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Table 4
Apparent pseudo-first order rate constants for the ozonation of the food-processing secondary effluent in the presence of the GAC.

pH 4 pH 6 pH 9

kCOD1 × 104 (s−1) kCOD2 × 104 (s−1) kCOD1 × 104 (s−1) 4 4 4

7.5 ± 0.5 0.5 ± 0.1 8.0 ± 0.2

Process conditions (unless otherwise specified): COD0 = 522 mg/l; TOC0 = 171 mg/l; PC0 = 2
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Fig. 7. TOC conversion achieved in continuous single ozonation (�), single
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dsorption (�) and O3/GAC experiments (�). Process conditions: T = 20 ◦C; pH = 6;
ecirculation flow rate = 2 l/h; GAC amount (if used) = 5 g; GAC particle size (if
sed) = 1.0–1.25 mm; ozone mass flow rate (if applied) = 1 g/h; wastewater residence
ime = 30 min.

ecompose ozone. Results in Fig. 6 demonstrate that the basic GAC
ydraffin P110 is more prone to deactivation than the slightly acidic
arco 12-20 mesh.

.5. Continuous experiments

Finally, continuous-mode single ozonation, single adsorption
nd O3/GAC experiments were conducted for 4 h with a wastewa-
er residence time of 30 min. Fig. 7 compares the TOC conversion
hroughout these experiments. It can be seen that steady-state TOC
onversions were achieved in single ozonation (about 20%) and
3/GAC (about 35%) experiments, while in the adsorption exper-

ment TOC conversion reached a maximum value (about 18%) from
hich it decreased dramatically up to almost zero as a result of GAC

aturation. In the O3/GAC experiment the GAC saturation was pre-
ented because of the oxidation of adsorbed products by surface
ree radicals generated from the decomposition of ozone over the
AC.

. Conclusions

This work shows that the O3/GAC process is a promising
dvanced oxidation method for the treatment of secondary food-
rocessing effluents in order to reduce their organic load to a
inimum, making them suitable for reuse. The method combines

he benefits of ozone, a strong oxidizing chemical, and the adsorp-
ion capacity of activated carbon. In addition, ozone decomposes
ver the GAC surface to yield free radical species like the hydroxyl
adical, which are able to quickly mineralize organic compounds
resent in the effluent. The advantages of the O3/GAC over direct

zonation are both higher organic matter degradation and lower
zone consumption. This work verified the positive effects of the
zone dose and the GAC amount on the COD and TOC degrada-
ion levels while pH and the initial concentration of polyphenols
n the food-processing effluent did not exert noticeable influences.

[

[

kCOD2 × 10 (s−1) kCOD1 × 10 (s−1) kCOD2 × 10 (s−1)

0.8 ± 0.1 5.0 ± 0.1 1.3 ± 0.6

5 mg/l; T = 20 ◦C; O3 dosage = 2 g/l h; pH = 6; R = 2 l/h; w = 5 g; Dp = 1–1.25 mm.

From a kinetic point of view the process was mass-transfer con-
trolled as the GAC particle size and liquid flow rate had negative and
positive effects, respectively, on the degradation level. COD degra-
dation followed apparent first-order kinetics with two stages: the
first stage of rapid COD removal mainly due to direct ozonation
and adsorption of organic compounds onto the GAC and a second
stage, somewhat slower, where COD removal was due to a free-
radical mechanism triggered by the decomposition of ozone over
the GAC. Through a series of repetitive experiments, no apparent
deactivation of a neutral GAC (PZC = 6.7) but a basic GAC (PZC = 9.1).
The stability of the neutral GAC was also observed in continuous
experiments.

The results of this research call attention to the O3/GAC treat-
ment as a feasible technology to be considered for full-scale
operations, taking into consideration the following aspects: (1)
the continual raising of quality standards for treated wastewater,
which will make necessary the adoption of advanced treatment in a
near future; (2) the ease of implementation of the O3/GAC technol-
ogy because of the more widespread use of ozone and GAC in water
and wastewater treatment; (3) the lower ozone dosage required to
achieve the treatment objective would make the process econom-
ically advantageous over ozonation and other AOPs; and (4) the
low GAC deactivation and its in situ regeneration through ozone
oxidative treatment would extend its lifetime compared with con-
ventional GAC filters.
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