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Abstract In this study the treatment efficiency of dif-
ferent ultraviolet (UV)-enhanced ozonation processes for
degradation of two surfactants, sodium dodecylbenzene
sulfonate [200 mg/L or 0.3 critical micelle concentration
(CMO)] and a nonylphenol ethoxylate with 40 oxyethylene
units (200 mg/L. ~0.5 CMC), were investigated in labo-
ratory-scale experiments at ambient temperature. The
absorbance band of the aromatic ring of the surfactants was
monitored during the oxidation process. The reduction in
chemical oxygen demand (COD) and total organic carbon
(TOC) of the surfactant solution was evaluated. The results
showed that a combination of UV irradiation and ozonation
was considerably more efficient than the individual pro-
cesses (at least two times more efficient in terms of COD
and TOC reductions). The synergistic effect of ozonation
and UV irradiation was particularly pronounced when
medium-pressure UV irradiation was used. By adding
alkali to the solution, the efficiency of the UV-enhanced
ozonation increased with respect to COD reduction but
decreased with respect to TOC reduction. This indicates
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partial oxidation with lower degree of mineralization of the
surfactants.
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Introduction

Surfactants are used in a wide range of household and
industrial applications. Their total consumption in 2003 was
8,600,000 tons, with the majority being anionic and nonionic
surfactants [1]. Such extensive use leads to considerable
discharge of these compounds into the environment. It is
therefore necessary to minimize their environmental impact,
and the biodegradability and aquatic toxicity of surfactants are
matters of considerable concern today [2].

The harmful effects of anionic surfactants on the envi-
ronment have been reported and critically discussed else-
where. They can cause serious environmental pollution
with toxic effects on living organisms. Because of their
extensive use, a considerable amount of anionic surfactants
is released into the environment, causing serious pollution
of surface waters [3].

Discharge of alkyl phenol surfactants into sewers is often
restricted. These restrictions were established because alkyl
phenol polyethoxylate surfactants are biodegraded to alkyl
phenols with zero, one or two oxyethylene groups, which
tend to adsorb onto sewage sludge and accumulate to con-
centration up to 1,000 ppm. These hydrophobic residues are
much more toxic than the original surfactant, with maximum
accepted concentration in the low ppb range. The discharge
limit for other surfactants (in natural waters) is typically set
at 2 mg/L [4, 5].
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Many methods have been developed for extraction and
removal of anionic and nonionic surfactants from water
by both physical-chemical approaches (adsorption on
activated carbon, coagulation/precipitation, filtration,
etc.) and biological techniques. Various destructive
techniques (oxidation, gamma irradiation, etc.) have also
been applied for removal of surfactants from waters [3].
However, few research papers have been devoted to the
subject of degradation of surfactants by ozonation
(Table 1) [6-12]. Chemical oxygen demand (COD)
removal up to 95% and total organic carbon (TOC)
removal up to 76% can be obtained by degradation of
anionic and nonionic surfactants using oxidation based on
ozonation. The oxidant dosage, pH, duration, and chem-
ical structure of the surfactants are the most important
parameters affecting the degree of degradation. While the
surfactants themselves show little toxicity, their break-
down products, such as alkyl phenols, adsorb readily to
suspended solids and are known to exhibit toxic and
carcinogenic effects.

The main goal of this research is to study treatment of
wastewater containing high concentrations of two surfac-
tants with low biodegradability using advanced oxidation
methods based on ozonation. Ozonation alone and in
combination with low- and medium-pressure UV irradia-
tion have been investigated.

Materials and Methods
Materials

Sodium dodecylbenzene sulfonate (SDBS) and nonylphe-
nol ethoxylate with 40 oxyethylene units, NPEO40 (Igepal
CO-890), were obtained from Sigma—Aldrich. The chem-
ical structures and the most important physical-chemical
properties of these surfactants are listed in Table 2. Other
chemicals, purchased from Merck, were of analytical
grade.

Oxidation of Surfactants

Ozone was produced from dry, purified oxygen (99.99%)
in a commercial ozone generator. The ozone generator was
from Green Technology Co., Iran and had a capacity of
10 g/h. The oxygen flow rate was controlled at 0.08 L/min
for all experiments using a flow controller (Besta model
LZB-3WB, Taiwan). The ozone-oxygen mixture was
introduced from the reactor bottom via a porous gas dif-
fuser. The concentration of ozone gas in the reactor inlet
and outlet was measured by an ozone analyzer (Orbisphere
model 3600, Switzerland). The inlet ozone concentration
was 55 g/m® under this condition.
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Batch experiments on surfactant degradation were con-
ducted in a 2-L Pyrex glass reactor (inside diameter 12 cm,
height 15 cm). A UV-C low-pressure lamp (TUV PL-S
9 W; Philips) equipped with a quartz tube was located
vertically at the center of the reactor and immersed in the
surfactant solution. A schematic diagram of the experi-
mental setup is provided elsewhere [17]. The incident UV
photonic flux inside the reactor was measured by hydrogen
peroxide actinometry and was 2.4 x 10~* Einstein/s [18].
A medium-pressure UV-C lamp (UVOX 150 W, Arda)
was also tested as a source of UV irradiation. The
O3 + UV reactions were performed at ambient tempera-
ture, and no lamp cooling was provided. The laboratory
temperature was 27 £+ 1 °C.

Wastewater Analysis

The oxidation of surfactants by Oz and O3 4+ UV was
performed using a 1-L solution containing specified con-
centration of surfactant. Solutions were prepared with
distilled water to minimize interferences. The initial con-
centration of both surfactants was 200 mg/L. Based on
CMC values of surfactants (Table 2), the initial concen-
tration of 200 mg/L is almost 0.5 CMC of NPEO40 and 0.3
CMC of SDBS. A magnetic stirrer was used to mix the
solution at maximum speed of 1,000 rpm (104.72 rad/s).
Samples were withdrawn from the solution at various time
intervals and analyzed immediately for assessment of
degradation by means of UV spectra and COD and TOC
determinations. UV spectra of surfactant solutions at dif-
ferent time intervals were scanned over the range
200-400 nm using a PerkinElmer Lambda 25 spectropho-
tometer. The calibration curves for SDBS and NPEO40
have been obtained using standard quartz cuvettes with a
path length of 1 cm. The absorbance of both surfactant
solutions was almost zero in the range 500-700 nm. The
absorbance values at /,,,x = 223 nm over a wide range of
SDBS and NPEO40 concentrations showed linear corre-
lation (+* > 0.99) even for absorption values greater than 1.

The pH and conductivity of the solutions were checked
using a dual pH/conductivity meter (model S47; Mettler
Toledo).

The COD, which is a measure of the concentration of all
compounds that can be oxidized by the Cr,O3~ anion in
acidic media, gives the degree of decay of pollutants and
intermediates produced during the surfactant degradation.
Complete removal of the surfactants is expected to repre-
sent the most effective reduction in COD. The COD
determination was carried out using oxidation with potas-
sium dichromate in sulfuric acid and heating for 2 h at
150 °C according to Hach method no. 8000, and the
analysis was conducted by the procedures described in
standard methods [19, 20]. Exact mass balance and
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Table 2 Physical-chemical properties of the surfactants used

9
Igepal CO-890

NPEO40

o
CoH,g

SO, Na*

2" 25

SDBS

Chemical name
Linear formula (C,H40),,-C sH2,0, n = 40
M, =~ 1,982 g/mol

0.15-0.3 mM [13, 14]

Molecular weight
CMC value

Nonylphenol ethoxylate (NPEO40)

Sodium dodecylbenzene sulfonate (SDBS)
C1s8H3003S

M, = 326 g/mol

2.4 £+ 0.3 mM [15, 16]

mineralization rate calculations based on TOC measure-
ments are helpful to assess the efficiency of the oxidation.
The TOC tests were carried out by a colorimetric method
using a DR/2500 spectrophotometer according to Hach
method no. 10128. Both COD and TOC can be used to
evaluate the extent of the oxidation reaction. COD mea-
sures the change in the parent structure, and TOC deter-
mines the fraction converted to CO, and H,O
(mineralization). In addition, the COD/TOC ratio can be
used as a measure of the mean oxidation number of carbon
(MOC), see Eq. 1 [21, 22]. A decrease in the COD/TOC
ratio of an organic compound indicates partial oxidation
with oxygen being incorporated into degradation products.
A(COD/TOC) can be calculated from Eq. 2 [23, 24].

MOC = 4 — 1.5 x (CODyy,/TOC), (1)
N COD\ _ (CODijisia  CODripa 2)
TOC a TOCinitial TOCfinal .

Results and Discussion

Effect of UV Irradiation Alone

In the present study, two control experiments were sepa-
rately carried out to test the effect of UV irradiation on the
degradation of the anionic surfactant SDBS and the non-
ionic surfactant NPEO40. The changes in the UV region of
the spectra and the change in COD at different time
intervals up to 60 min for medium-pressure UV irradiation
of these two surfactants were monitored (see Supplemen-
tary Material). The trends and results for both surfactants
were almost the same. Both the anionic and the nonionic
surfactants have one aromatic ring in the chemical struc-
ture. The wavelength of maximum absorption of both
surfactants appear at A, = 220-225 nm. The UV spec-
tral region of SDBS shows only small changes after
60 min, and there is no decline in COD. There is a more
pronounced change of absorbance at Ay,x = 223 nm for
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NPEO40, but the COD removal is only 7-8% after 60 min
of UV irradiation (see Supplementary Material). This
shows that both surfactants are photolytically stable and
that UV radiation alone cannot degrade them significantly.

Ozonation Alone

Ozone is one of the strongest oxidants, with high oxidation
potential (2.1 V). It can react with organic pollutants in
water and decompose them [25]. Here, we investigated the
effect of ozonation alone for degradation of the two sur-
factants. The changes in the UV spectral region and in
COD for SDBS and NPEO40 show that greater degradation
and decomposition can be obtained by ozonation in com-
parison with UV irradiation (see Supplementary Material).
The COD reduction reached 42% and 17% after 60 min for
ozonation of SDBS and NPEO40, respectively. This shows
that SDBS is more susceptible to ozone degradation than
NPEO40, indicating that the chemical structure of the
surfactant and probably its initial concentration play an
important role. Moreover, the UV absorption peak
(Amax = 223 nm) decreases with increasing ozonation
time.

UV-Enhanced Ozonation

Ozonation in combination with low- and medium-pressure
UV irradiation was studied for degradation of SDBS and
NPEO40. Ozonation of 200 mg/L. NPEO40 solution under
UV irradiation with 9 W low-pressure UV-C lamp (Fig. 1)
or 150 W medium-pressure UV-C lamp (Fig. 2) was
investigated. Both figures show a stronger decrease in the
absorption peak at A, = 223 nm and a more significant
decrease of COD than obtained in separate ozonation or
UV irradiation experiments. The synergistic effect of
ozonation and UV irradiation is particularly pronounced
when medium-pressure UV irradiation is applied. A COD
reduction of 77% is obtained after 60 min with this
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Fig. 1 Changes of the UV 2.5
spectral region and in COD for

200 mg/L. NPEO40 by

O3 + UV (low pressure, 9 W, 2
[0;] = 55 g/m’, inlet

flow = 0.08 L/min)
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Fig. 2 Changes of the UV 2.5
spectral region and in COD for

200 mg/L NPEO40 by

O; + UV (medium pressure, 2
150 W, [03] = 55 g/m’, inlet

flow = 0.08 L/min)

15

Absorbance

200 220

procedure. Similar results were obtained with SDBS. The
reduction in COD for UV-enhanced ozonation of 200 mg/L
SDBS solution under 9 W low-pressure UV-C lamp and
150 W medium-pressure UV-C lamp were 43% and 71%,
respectively.

A mechanism of light-induced decomposition of ozone
in aqueous solution has been proposed (Egs. 3, 4) involv-
ing homolysis of the ozone molecule and subsequent
generation of hydroxyl radicals by reaction of atomic
oxygen with water. The hydroxyl radicals may combine to
form hydrogen peroxide, which again can be converted to
hydroxyl radicals by UV irradiation (<330 nm) (Egs. 5, 6).
However, the intermediate hydroxyl radicals have a higher
oxidation potential (2.8 V) than ozone and UV [25-27].
We here propose that they react with the surfactant to
produce organic radicals and that this reaction is a critical
event in the degradation of the compounds (Eq. 7).

Saws

€00 #mo 0,1)

8 8 BB HE S
//

w
(=]
8

240 260 280 300 320
Wavelength (nm)

O3 + lv<310nm — O, + O(1D) (3)
O(1D) + H,0 — OH' + OH' 4)
03 + Hy0 + /v — Hy0, + 05 (5)
H,0, + iv — OH + OH (6)

(7)

OH' + Surfactant — degradation products 7

Effect of Alkali on Surfactant Degradation

It is known that ozone will generate hydroxyl radicals in
the presence of sodium hydroxide (Eq. 8) [27]. The effect
of sodium hydroxide on the UV, ozone, and UV + ozone
degradation of SDBS and NPEO40 was studied, and the
results in terms of reduction in COD and TOC are collected in
Tables 3 and 4. Changes in pH and conductivity occurring
during the degradation are also given in the tables.
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Table 3 Changes in pH, conductivity, COD, TOC, and MOC after 60 min

System* pH initial — final ~ Conductivity (pS/cm) ~ COD reduction (%) TOC reduction (%) A($32) MOC (mg/L)
UVip 59 — 398 44.49 — 84.3 1.48 3.97 0.099 —1.937
UV, + NaOH 11.75 - 11.7 5.87 — 5.41 (x10%) 19.90 4.75 0.850 —0.142
O3 5.9 - 3.35 452 — 205 42.15 23.47 0.927 —0.309
0O; + NaOH 11.75 - 11.7 5.98 — 4.34 (x10%) 60.64 26.65 1.673 1.092
O3 + UV 59 - 3.12 44.49 — 346 70.93 69.82 0.142 —1.562
O3 + UV, + NaOH  11.75 — 11.55 5.87 - 3.92 (x10%) 78.60 13.63 2.716 2.657
O3 + UVy, 59 - 3.18 452 - 320 43.43 20 1.113 —0.030
O3 + UV, + NaOH 11.75 — 11.69 5.98 - 4.4 (x10% 60.73 15.90 1.925 1.470

Oxidation of a 200 mg/L SDBS solution

* UVpp = 150 W medium-pressure UV-C irradiation, UV, = 9 W low-pressure UV-C irradiation, [NaOH] = 1 g/L, [O3] = 55 g/m3

Table 4 Changes in pH, conductivity, COD, TOC, and MOC after 60 min

System* pH initial — final  Conductivity (uS/cm)  COD reduction (%) TOC reduction (%) A(%) MOC (mg/L)
UVip 5.92 —» 3.98 2.69 — 36.9 8.21 1.96 0.284 —0.466
UV, + NaOH 11.77 — 11.69 573 - 4.9 (x10% 2.36 0 0.158 2.645
(033 592 — 3.87 2.69 — 45.1 16.71 3.7 0.420 —0.126
0O; + NaOH 11.77 - 11.7 5.73 — 3.84 (x10%) 71.94 44.19 1.571 1.715
O3 + UV, 5.92 —» 3.44 2.69 — 103.7 77.42 64.27 1.015 0.985
O3 + UV, + NaOH  11.77 — 11.52 573 — 3.23 (x10%) 77.36 24.06 2.191 —0.403
O3 + UV, 592 - 3.77 2.69 — 48.2 16.49 2.39 0.304 —0.082
O3 + UV, + NaOH 11.77 - 11.66 573 — 3.51 (x10%) 88.16 59.95 2.198 2.656

Oxidation of a 200 mg/L NPEO40 solution

* UV = 150 W medium-pressure UV-C irradiation, UV), = 9 W low-pressure UV-C irradiation, [NaOH] = 1 g/L, [O3] = 55 g/m3

30; + OH™ + H" — 20H + 40, (8)

The decrease in pH and the increase in conductivity
obtained are consistent with degradation of the large sur-
factant molecules into smaller fragments. However, the
effect of NaOH on the surfactant degradation is not
straightforward. With respect to COD there is a trend
towards an increase in COD reduction. The powerful
ozone + medium-pressure UV treatment becomes even
more effective in the presence of alkali. The situation is
different when it comes to TOC reduction. For both SDBS
and NPEO40 the ozone + medium-pressure UV treatment
is less efficient in the presence of alkali. The high A(COD/
TOC) values obtained by addition of alkali indicate partial
oxidation of the surfactants rather than complete mineral-
ization. The results are consistent with incorporation of
oxygen into the degradation products [24].

The differences found in TOC and COD reduction for
O3 + UV,,, treatment in the absence and presence of
NaOH are noteworthy and reflect that the TOC and the
COD values provide different information. COD measures
the change in the parent structure, whereas TOC gives the
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fraction converted to CO, and H,O (mineralization). In
contrast to TOC, which often barely decreases with time,
COD supplies information on the magnitude of the oxi-
dation steps and can be used for kinetic studies [25, 28].

One may note that addition of alkali to the medium-
pressure UV 4 ozone treatment results in approximately
the same slight increase in efficiency in terms of COD and
the same strong decrease in efficiency in terms of TOC for
the two surfactants. This implies that the degradation
mechanisms are similar despite the fact that one surfactant
is negatively charged and the other is uncharged.

We believe that the reason why addition of alkali to the
reaction medium results in lower TOC reduction compared
with the situation without alkali is that the high pH triggers
a less useful decomposition of the hydrogen peroxide
generated by the UV + ozone treatment, see Eqs. 3-5. It is
known that, at high pH, hydrogen peroxide is not decom-
posed into the reactive hydroxyl radicals but is instead
transformed into the perhydroxyl anion, HOO™. The per-
hydroxyl anion is a strong nucleophile, useful as a reactive
species in nucleophilic substitution reactions, but it does
not have the oxidizing power of the hydroxyl radical. Thus,
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the complete oxidation of the surfactants, mineralization,
occurs less readily at high pH.

Conclusions

The combination of medium-pressure UV irradiation and
ozone is found to be very efficient for degradation of both
the anionic surfactant SDBS and the nonionic surfactant
NPEOA40, as seen by very large decreases in COD and TOC
values in a relatively short time. There is clearly a syner-
gistic effect behind the degradation, as neither the UV
treatment nor ozonation alone is very efficient. It is likely
that the hydroxyl radical, formed in situ during the process,
is the main oxidizing species. At high pH the efficiency in
terms of TOC reduction goes down, most probably because
the hydrogen peroxide generated in the UV 4 ozone
treatment then converts into the perhydroxyl anion, which
does not decompose into the hydroxyl radical.
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