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Abstract Degradation of Acid Red 88 (AR 88) azo dye in
water was investigated in laboratory-scale experiments in
presence of three metal oxide supported catalyst. Oxidation
process was monitorized in terms of colour, chemical
oxygen demand (COD) and total organic carbon (TOC)
removals. Influence of catalysts type and aqueous solution
pH were studied.
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1 Introduction

Azo dyes are used extensively in the textile industry,
photographic industry, coating industry and photochemical
applications [1]. Disperse azo dyes like Acid Red 88 (AR
88) induce a significant threat to human health and eco-
logical systems due to their widespread use, carcinogenic
characteristic of degradation byproducts (such as toxic
aromatic amines) and low biodegradability. Different
treatment methods are currently used for dyes removal
from waste effluents such us coagulation, adsorption on
activated carbon, reverse osmosis and ultra filtration, etc.
but these processes assure only the transfer from liquid
media to a solid one and lead to formation of solid waste.
Chemical oxidation is more efficient but has to be
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optimized in order to accomplish a high removal rate along
with low energy consumption. In this respect, in recent
years, ozonation is emerging as a potential process for
removal of dyes from water, since the chromophore groups
with conjugated double bonds, can be broken down by
ozone directly or indirectly forming smaller molecules and
decreasing the color of the effluents [2—4].

According to some authors [5—8] ozonation process can
be significantly improved by use of different catalysts. It
has been emphasized that catalytic ozonation comparing
with single ozonation allow the oxidation of recalcitrant
compounds and lead to a considerable chemical oxygen
demand (COD) and total organic carbon (TOC) reduction.

This study deals with the comparative investigation of
AR 88 ozonation from aqueous solutions in presence and
absence of MeO/Al,O3 (Me = Ni, Cu, Co). Experiments
were conducted to investigate the effects of catalyst type
and solution pH which is assessed in term of decolouri-
zation, TOC removal, and COD removal.

2 Experimental
2.1 Catalytic Systems

The studied catalysts (Table 1) were prepared by impreg-
nating y-Al,O; with nickel, copper or cobalt nitrate
aqueous solutions so that the metal content on the catalyst
attain 10%.

Metal content in prepared solids was controlled using an
atomic absorption spectrophotometer (Solar M5, Thermo
Electron) after a prior digestion with a microwave digester
(Ethos Sel, Milestone).

Following impregnation, catalysts were dried for 4 h at
110 °C and calcined for 2 h at 550 °C. Phase composition
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Table 1 Structural and textural properties of prepared catalysts

Sample  %Me S (m’g™")  Phase composition ~ PZC
t €

ALO3 - - 247 n()-AlL0; 7.29

Cl1 10 9.70 203 NiO, 5(y)-Al,O03 7.43

C2 10 955 215 CuO, 7(y)-Al,03 7.75

C3 10 942 223 Co304, n(y)-Al,O3  7.29

t theoretic; e experimental

was emphasized by X-ray diffraction with a Shimadzu
XRD 6000 and the specific surface area of the supported
catalysts was determined by nitrogen adsorption using a
Sorbty 1750 (Carlo Erba). In order to assess the interac-
tions of AR 88 molecules with catalyst surface DRIFT
studies were carried using a Varian 3100 Excalibur spec-
trometer equipped with a Harrick Praying Mantis diffuse
reflectance accessory. DRIFT spectra of samples were
collected in the region 4,000-500 cm™! at a resolution of
2 cm™! and the spectra of fresh catalyst were subtracted
from the spectra of catalyst with adsorbed dye. The point of
zero charge (PZC) for all samples was estimated using salt
addition method [9].

2.2 Materials

Acid Red 88 azoic dye [4-(2-hydroxy-1-naphthylazo)-1-
naphthalenesulfonic acid sodium salt, C-1. 1,658-56] was
obtained from Aldrich (Fig. 1). Nickel, cooper and cobalt
nitrates were purchased from Merk.

2.3 Ozonation Procedure

Ozone was generated from dried air by an ozone generator
(COM-AD-01, Anseros). Ozone concentration in gas phase
was determined by iodometric method. Concentration of
dissolved ozone was determined by the indigo method [10].
Ozonation tests were performed in a column glass reactor
by bubbling the ozone/air mixture in the solution at a
volume stream of 20 L/h through a sintered glass filter
fixed at the bottom (Fig. 2). In a typical catalytic ozonation
test, 2 g/L of catalyst and 800 mL of synthetic solution of

OH

N=N

o O

Fig. 1 Chemical structure of AR 88 (Apn.x = 505 nm)

SO;Na
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Fig. 2 Experimental installation used for catalytic ozonation AR 88

AR 88 (C = 500 mg/L) were mixed under stirring and
thermostatic control. At given intervals, 6.0 mL of samples
were taken from the reactor and were immediately centri-
fuged at 6,000 rpm for 10 min to completely remove
catalyst particles.

2.4 Analytical

Concentrations of AR 88 samples were determined by
measuring the absorbance of the solutions at 505 nm using
a Helios o (Unicam) spectrophotometer. Total organic
carbon (TOC) was measured using a (HiPerTOC, Thermo
Electron) equipment and COD was measured by standard
method [11].

The mean oxidation state of carbon (MOC) (MOC val-
ues oscillate between —4 and +4) was calculated from the
values of TOC and COD using equation:

COD
MOC=4-15—.
TOC

3 Results and Discussions
3.1 Catalyst Characterization and Surface Properties

From the Table 1 it can be seen that after impregnation and
calcination the surface of obtained catalysts decrease
comparing with bare alumina. Surface decrease is observed
mainly for nickel based catalyst (18%) and to a lesser
extent for copper (9%) and cobalt (12%) catalysts and can
be most probably attributed to oxides crystallites formation
which partially plug the support pores. In all diffractograms
of prepared catalysts (Fig. 3) peaks of y-Al,O3; and of
supported metallic oxides can be seen.

Low resolution of characteristic peaks of nickel oxide
suggests a high dispersion of active component on the
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Fig. 3 X-ray powder diffraction patterns of prepared catalysts
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Fig. 4 Plots of ApH versus initial pH for alumina and prepared
catalysts

alumina surface. On the contrary for cooper and cobalt
catalysts higher peaks suggest that the size of crystallites
increase. The PZC values of catalysts and support are also
presented in Table 1 and were obtained by plotting ApH
(changes in pH after addition of solid catalyst into NaNO;
solution) against initial pH (Fig. 4). Only minor shift in
PZC values of catalyst compared with PZC of alumina
(~7.5) was observed and it can be explained by similar
values of PZC for all oxides involved [12-14].

From the adsorption data (Fig. 5) it can be seen that
irrespective of working pH alumina and nickel and cobalt
based catalysts (C1, C3) present a moderate adsorption
capacity in contrast with cooper based catalyst (C2) prob-
ably due to the formation of surface complexes. Moreover
C1 catalyst shows the lowest adoption capacity from all
tested solids.

Also it was found that sorption equilibrium data are well
fitted with the Freundlich model in logarithmic form as
follows:

log g. = log K¢ + %log C.
Ky (mgl_””/L“"g) and n (dimensionless), related to
adsorption capacity and adsorption intensity, respectively,
are presented in Table 2. From these data it is obvious that
adsorption capacity of solids increase as the solution pH
decrease and C2 catalyst has a superior adsorption capacity
towards other catalysts.

DRIFT spectra (Fig. 6) reveal several bands which are
assigned as follow: the band 1,615 and 1,502 cm~ ! cor-
responds to the aromatic ring stretching vibration and
1,047 cm™" band to ring C—H plane bending vibration and
a relatively broad band at 1,209 cm~! which can be
assigned both to C—O or C-N stretching vibration.

Of particular interest for our work is the presence of
prominent bands at 1,353 cm™' (assigned to phenolic
group) and 1,298 cm ™' only for C2 catalyst. The band at
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200+ pH=25 P AlO 40 pH = 11
—=—Aly03 ——Al2Y3
1204 o1 —=—Aly03
160+ ——C1 -~ ——C1
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Fig. 5 Adsorption isotherms for prepared catalysts at three pH values
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Table 2 Isotherm parameters from adsorption equilibrium data of
AR 88 on prepared catalysts and alumina

Solid sample Kg n r
pH =25
ALO; 15.6 1.1 0.99073
C1 17.8 0.60 0.99622
C2 58.3 0.84 0.9951
C3 16.4 0.5 0.95682
pH = 6.5
Al,O5 8.6 3.03 0.95932
Cl1 10.7 3.7 0.97416
C2 18.7 32 0.99842
C3 9.4 35 0.99167
pH =11
Al,0O4 35 4.2 0.98357
Cl1 5.3 4.5 0.99501
C2 5.7 4.8 0.95398
C3 7.04 35 0.97932

1,298 cm ™! is characteristic for the phenol group involved
in the adsorption process as it is also emphasized in the
study of Bandara et al. [15]. Also it can be observed that
intensity of bands at 1,615 and 1,502 cm™! decrease sig-
nificantly with pH increase. These experimental findings
together with the high pk, value for AR88 (10.7) [16] allow

us to assume that below pH = 7.5 adsorption occur by
means of negative ions of dye onto positive sites of alu-
mina surface:

+H* +H*
=A-O =AI-OH = Al—OH,"
R—O0SO; + =Al—OH," ——= R—0SO;—AI= + H,0

R—OSO;H + = Al—OH,* R—OSO3;H—AI=+ H,0

R—0S0; H—Al= R—0SO;—Al= + H'

Adsorption is weaker in case of Cl and C3 catalysts
comparing with alumina probably due to covering of sup-
port surface by nickel and respective cobalt oxide and less
affinity of these oxides for AR 88 molecule. For C2 catalyst
adsorption is stronger comparing with alumina and seems
to occur through —SO3;H and —OH groups resulting in
complex formation on solid surface.

3.2 Catalytic Activity
3.2.1 Influence of Catalyst Type

Dye removal from aqueous solutions in absence and in
presence of prepared catalysts can follow simultaneously

Fig. 6 DRIFT spectra of AR8S pH=2.5 pH=6.5 pH=11
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several possible routes such as: (1) adsorption on the
catalyst surface; (2) direct oxidation by molecular ozone in
the bulk solution; (3) oxidation by radicals formed from
ozone decomposition at high pH; (4) oxidation in the bulk
solution by radicals formed from catalytic ozone decom-
position; (5) oxidation on the catalyst surface.

From the experimental tests it can be seen that all three
catalytic systems are able to achieve complete decolouri-
sation of AR 88 from the bulk solution and on catalyst
surface. Moreover from our previous studies [17] in similar
condition it can be emphasized that for the selected
experimental parameters the oxidation process is chemi-
cally controlled.

Assessing the performance of prepared catalysts it can
be seen from Fig. 7 that reaction time for complete dye
removal is considerable longer (~40 min) for single
ozonation comparing with catalytic ozonation (~ 20 min).
From the experimental data previously presented it seems
that catalytic ozonation process occur differently for

1.0 1
0.8 1 —=— NC
—— C1
o)
Q 0.6 1 — C2
© —— C3
0.4 4
0.2 1
00 T T T T T T T T
0 10 20 30 40
Time, min

Fig. 7 AR 88 oxidation in the presence and absence of catalytic
systems (pH = 6.2, T =295 K, C.y = 2 g/L., Cargs = 500 mg/L,
0, =20 L/h)

prepared catalysts. C2 catalysts appear to be the most
active among the others. However adsorption data reveal
that a large amount of dye is adsorbed on catalyst surface
thus, in this case, dye removal is completed trough a
combined process: adsorption followed by oxidation on
solid surface and in bulk solution. Moreover, after com-
plete oxidation of dye molecules, a change in reaction
mechanism in terms of ozone decomposition and radical
formation on catalyst surface may occur. These assump-
tions are in accordance with a study which emphasizes that
oxidation byproducts desorbs from cooper based catalyst
surface [18]. Conversely, C1 catalyst exhibit a low
adsorption capacity and, more important, ozone decom-
position capability as shown in our previous work [17]
therefore it can be assumed that dye molecules are oxidized
mainly by means of hydroxyl radicals formed on catalyst
surface or direct ozonation. C3 catalyst is less active than
C1 catalyst however the reaction route probably is similar
considering the low adsorption capacity of this solid as
resulted from adsorption data.

These assumptions are further supported by the evolu-
tion of TOC and COD with reaction time presented in
Fig. 8. Hence for C2 catalyst two phases in the oxidation
process can be observed: a rapid decrease of TOC and
COD values followed by removal of organic substrate
which account for large amount of dye adsorbed on catalyst
surface and oxidation in bulk solution and/or on solid
surface. C1 and C3 catalysts show a steady decrease of the
two parameters meaning that adsorption process of dye
molecules on catalyst surface play a minor part. Also it can
be observed that in absence of prepared solids TOC and
COD parameters present a very slow decrease therefore
single ozonation process act mainly on chromophores
groups of dye molecules and have a low effect on oxidation
byproducts.

Regarding the extent of TOC and COD removal it can
be noticed that mineralization process is relatively slower
even in presence of catalytic systems comparing with
oxidation degree of organic substrate.

Fig. 8 TOC and COD variation a 10] b
during the ozonation processes ' 10— "=
in presence and in absence of 0.9 09 N \
catalytic systems (pH = 6.2, TN — .
T=295K, Cog =2 g/L, S %8 - o 081 \« W\ -
CARSS = 500 mg/L, 8 0.7- —— o 07 1 L\ Y ‘
0, = 20 L/h) e - QO N\
8 0.6- —v— 8 0.6 4 'Y N\
F 05/ O o051 \ N
T AN
0.4 044 4+ NC -2 C2 N
03] ¢ C1 v C3 —
0.3 T T T T T T 1 T T T T T T T 1
0 10 20 30 40 60 70 80 0 10 20 30 40 50 60 70 80
Time, min
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Fig. 9 Variation of MOC with reaction time in AR 88 ozonation
process (pH = 6.2, T =295 K, C.y =2 g/L, Cargg = 500 mg/L,
Q, =20 L/h)

From different studies [19-21] it is clear that that an
accumulation of oxidation-refractory organics occur during
the ozonation processes. This behavior it is emphasized by
the changes in the MOC (mean oxidation state of carbon)
from the initial to the final step of the oxidation processes
(Fig. 9).

This parameter is adimensional and ranges between —4
for the minor oxidation state of carbon (CH,) and +4 for
the major oxidation state (CO,) and give information about
the nature of the organics from measurements of TOC and
COD. As it can be expected MOC values increase during
the oxidation process due to a change in oxidation state of
carbon of dye molecule and the formation of different
oxygenates compounds (mainly carboxylic acids) with high
mean oxidation states of carbon. Carboxylic acids start to
decompose thus MOC values reach a plateau after about
50 min. At this point, the incorporation of oxygen into the
molecules (increasing the MOC value) and the removal of
carboxylic acid (decreasing the MOC value) seem to

balance each other. Lower MOC values obtained in the
case of cooper based catalytic system comparing with
nickel and cobalt based catalysts can be explained by the
rapid adsorption process which induce a “delay” in the
change of organic compounds oxidation state. In the case
of single ozonation the low level of MOC values can be
attributed to slower rate of dye removal (when dye mole-
cule is oxidized MOC increase) and to low concentration of
carboxylic acid accumulated in the system (Fig. 10).

3.2.2 Influence of pH

The role of pH on the color removal was assessed in a pH
range from 2 to 11. As seen in Fig. 3 enhancement of
oxidation process in absence of catalysts in alkaline
aqueous solutions may occur as a result of ozone trans-
formation in hydroxyl radicals (Fig. 3a).

In presence of solid catalysts dye removal rate is similar
regardless of pH value (Fig. 3b, c¢). In order to explain this
similarity for C2 catalyst it must take in account that for
whole pH range adsorption of dye molecule on catalyst
surface play an important role and oxidation process occur
by direct ozonation on catalyst surface and in bulk solution.
Even that at basic pH a fraction of ozone is transformed in
hydroxyl radicals this is compensated in acid media by
higher oxidation potential of ozone (2.07 V comparing
with 1.24 V in alkaline media). As for C1 catalyst this
behavior can be attributed to a high ozone decomposition
capacity for all considered pH values. A slightest decrease
in activity can be observed at very basic pH probably as a
result of hydroxyl radicals depletion in non selective
reactions.

3.2.3 Ozone Consumption

Ozone consumption related to dye removal it is difficult to
evaluate due to simultaneously oxidation of dye molecule
and resulted byproducts particularly in catalytic processes.
Thus, in this work, oxidation process efficiency in terms of

(7]
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Fig. 10 AR 88 oxidation in the presence and absence of catalytic systems at different pH values (T' = 295 K, C¢y = 2 g/L, Q, = 20 L/h): a

notcatalytic, b catalyst CI1, ¢ catalyst C2
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mgO; consumed per mg of COD or TOC removal was
estimated. The mass balance of ozone can be assessed as
follow:

e ozone consumption

n f(; (C03,in - CO;,out)dt - CO;aqV
%

(0.C.) =

e specific ozone consumption

n f(; (CO3,in - CO;,out)dt - CO;aqV .
(Ccop, — Ccop)V ’

n f(; (C();Ain - COngut)dt - C03aqv
(Croc, — Croc)V

where (O-C.) stand for ozone consumption (mgOj3),
(S.0.C)cops (5.0.C.)toc represent the specific ozone
consumption (mgO; consumed per mg of COD or TOC);
n s the gas flow rate; Co, ;, and Co, oy are the concentrations
of ozone in the gas inlet and outlet, respectively; Co,,q is the
concentration of ozone in solution; Ccop,, Croc, and Ccop,
Croc represent COD and TOC values at time 0 and t
respectively; V is the reaction volume.

Concentration of ozone in solution attains rapidly a
steady state for all experimental tests and varies signifi-
cantly with pH value (Fig. 11). Also lower values of Co,4q
can be observed for catalytic test (mainly for C1 catalyst).
Ozone consumption (O-C.) is similar for all tests as can be
seen in Table 3. Nevertheless, in absence of catalysts, a
large amount of ozone is consumed in first 40 min of
reaction time and in presence of catalysts a more equili-
brated consumption can be observed. Conversely, S.0.C.
shows a different pattern. For single ozonation S.O.C. is
considerably higher both in terms of COD and TOC
removal especially for S.O.C. due to low mineralization
degree of organic substrate. C2 catalyst present the lowest

(S.0.C)cop =

(S.0.C.)roc =

3.5

Cojs mg/L

4 6 8 10
Time, min

Fig. 11 Concentration of dissolved ozone at different pH values for
catalytic and non catalytic tests

Table 3 Ozone consumption and specific ozone consumption in
absence and presence of catalysts

Ozone consumption NC Cl1 Cc2 C3
0-C.(mgO3) total 295.07 294.5 286.7 289.6
0-C.(mg03) (040 min) 204.9 182.9 179.7 188.4
0-C.(mg0O3) (40-70 min) 90.17 111.6 107 101.2
S.0.C.(mgO5/mg COD) 3.01 0.71 0.63 0.84
S.0.C.(mgO3/mg TOC) 132.47 23 3.38 7.35

specific ozone consumption in terms of COD removal
while C1 catalyst show the lowest specific ozone con-
sumption in terms of TOC removal which is in good
agreement with MOC evolution.

4 Conclusions

In this study, degradation of AR 88 azo dye in water was
investigated using ozone as oxidant agent and three cata-
lytic systems. The obtained results show that single
ozonation and catalytic ozonation are efficient processes
for removal of dye molecules. However single ozonation
represent a poor alternative for removal of TOC and COD
comparing with oxidation in presence of catalysts. This
aspect is very important since TOC and COD removal
represent a real challenge in water treatment processes.
Moreover it was emphasized that ozone consumption is
very high (3.01 mgO3;/mg COD and 132.47 mgOs/mg
TOC) for not catalytic ozonation and considerably low in
presence of catalysts (C2:0.63 mgOsz/mg COD and
3.38 mgO3/mg TOC). Adsorption processes seems to play
an important role in catalytic processes mainly in the case
of C2 system and to a lesser extent for C1 and C3 catalyst.
The order of efficiency, considering the degree of deco-
lourization is as follows: NC < C3 < C1 < C2. In the case
of catalytic processes TOC removal range from 24 to 64%
and COD removal from 53 to 68%.
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