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bstract

The biodegradability of surfactants is a frequent and complex issue arising both at domestic as well as industrial treatment facilities. In
he present experimental study, the integrated photochemical (H2O2/UV-C) and biochemical (activated sludge) treatment of a commercial grade
onionic/anionic textile surfactant formulation was investigated. Photochemical baseline experiments have shown that once the initial pH and H2O2

ose were optimized, practically complete COD removal (CODo = 500 ± 30 mg L−1) could be achieved. Once the COD was elevated to values being
ypical for the textile fabric preparation stage, treatment efficiency was seriously retarded provided that the photochemical treatment conditions
emained constant. Moreover, a definite relationship existed between H2O2 consumption and COD removal for H2O2/UV-C advanced oxidation
f the textile surfactant. In the second part of the study, COD abatement was modeled for the biodegradation of untreated and photochemically

retreated textile surfactant formulation according to their COD fractions. Results have indicated that the readily biodegradable and rapidly
ydrolysable COD fractions of the textile surfactant solution could be appreciably increased upon exposure to an optimum H2O2 concentration
60 mM; i.e. 2.1 g H2O2 (g CODo)−1) and extended UV-C irradiation times (i.e. 90 and 120 min).

2007 Elsevier B.V. All rights reserved.
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. Introduction

The growing use of nonionic and nonionic/anionic surfactants
s strongly related to their good performance at low temperatures
ot being affected by water hardness as well as their ecotoxico-
ogical properties [1]. After use, residual surfactants and their
egradation products are discharged to sewage treatment plants
r directly to surface waters, where they become dispersed into
ifferent environmental compartments [2]. Different classes of
urfactants show different degradation behavior and toxicity
n the environment. According to the scientific literature, both
nionic surfactants as well as nonionic/anionic surfactant blends
mpart serious toxic effects to various aquatic organisms at con-
entrations ranging from 0.25 �g L−1 to 300 mg L−1 and from

.3 to 200 mg L−1, respectively depending upon the sensitivity
f the test organism [3]. Comparative studies emphasized that
or most studied surfactants biodegradability seemed to increase

∗ Corresponding author. Tel.: +90 212 285 37 86; fax: +90 212 285 65 45.
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ith increasing water affinity and to depend also on the length
f alkyl chain, the number of ethoxylate groups and the total
olecular weight [4].
An important group of textile auxiliary chemicals are non-

onic (ethoxylate) + anionic (aryl sulfonate) detergent mixtures
hat are frequently being applied in the textile preparation (scour-
ng, washing and mercerizing) stage to remove impurities from
he fabric and prepare them for the proceeding dyeing pro-
ess. They are applied at high concentrations and remain in the
xhausted process effluent, contributing to more than 30% of
he total dyehouse effluent organic pollution load (COD). Due
o the fact that effluents bearing these commercial surfactants
re not readily biodegradable, highly water soluble and usually
ow in turbidity makes them potential candidates for photochem-
cal, oxidative pretreatment, out of which the most well-known
nd well-established one is the H2O2/UV-C advanced oxidation
rocess [5,6].
With this motivation in mind, the present study aimed at
nvestigating the chemical and biochemical treatability of a
ommercial anionic/nonionic textile surfactant formulation that
s frequently being applied for the washing of textile fabric
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mailto:ubay@itu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.04.069
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Table 1
Physicochemical properties of the textile surfactant formulation

Appearance Yellowish, limpid liquid

Active ingredients Blend of an ethoxylated alcohol
and a sulfonic acid derivate in a
nonflammable, organic solvent

pH in distilled, deionized water 6.0–8.0
Original pH in textile preparation effluent 10.0–11.0
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olubility in water Highly water soluble (>10 g L−1)
haracteristic UV absorption band at λ = 224.5 nm

rior to the dyeing stage. In the first part of our study, opti-
ization experiments were performed for the photochemical

retreatment system (H2O2/UV-C at varying pH, H2O2 doses
nd initial CODs for up to 120 min irradiation), where a kinetic
elationship could be established between oxidant consumption
nd pollutant COD removal. Thereafter integrated photo-
hemical + biochemical treatability studies were conducted
sing heterotrophic biomass that was previously acclimated
o untreated as well as photochemically pretreated surfactant
ormulation. Besides, the effects of photochemical treatment
UV-C irradiation) time and initial H2O2 dose on the biolog-
cal treatment efficiency were investigated. In addition, COD
batement rates observed during the activated sludge treatment
rocess were separately modeled so that the untreated and pho-
ochemically pretreated surfactant formulation effluent could
e categorized into different COD fractions before and after
hotochemical oxidation under varying reaction conditions.

. Materials and methods

.1. The textile surfactant formulation

The surfactant formulation was kindly provided by a local
yehouse and used as received. Aqueous solutions of the tested
hemical were prepared in Milli-Q water (18 M� cm and less
han 0.1 mg L−1 DOC). The nonionic/anionic textile surfac-
ant mixture is frequently being used in the textile preparation
tage and available in the form of a commercial grade formula-
ion. However, its exact content (i.e. chemical purity, molecular
eight, type and concentration of additives) was strictly con-
dential (unknown) to the end user. Hence, the treatability of

he surfactant formulation could only be evaluated in terms
f the environmental sum parameters COD and characteristic
V absorbance (at λ = 224.5 nm wavelength). Some physico-

hemical properties of the nonionic/anionic surfactant blend are
resented in Table 1.

.2. Photochemical pretreatment experiments

The H2O2/UV-C advanced oxidation experiments were
erformed at varying pH (5–12) and H2O2 concentrations

10–100 mM) for up to 120 min UV-C irradiation. The pH and
onic strength of the surfactant samples were not controlled dur-
ng the photochemical oxidation processes since the surfactant
ormulation is prepared in deionized water prior to applica-
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ion in the scouring process. The irradiation set-up was a batch
tainless steel photoreactor with a 40 W low pressure, mercury
apour sterilisation lamp that was located at the centre of the
eactor in a quartz glass envelope. The incident light flux of
he UV lamp at 253.7 nm was confirmed via H2O2 actinometry
7] every month and determined as 1.6 × 10−5 ± 0.05 Einstein
−1 s−1. The effective UV-C light path length was found as
.31 cm by using the same analytical method. During a typi-
al run, 1900 mL aqueous surfactant solution was continuously
irculated through the reactor by means of a peristaltic pump
Meterpump Systems, Aripa) at a rate of 80 mL min−1, corre-
ponding to a hydraulic retention time of nearly 24 min in the
hotoreactor. Residual (unreacted) H2O2 was traced by employ-
ng the molybdate-catalyzed iodometric method [8] during the
ourse of reaction.

.3. Biological treatment experiments

Two fill-and-draw activated sludge reactors were daily fed
ith 2000 mL untreated and photochemically pretreated surfac-

ant (COD contribution = 50%, w/w) and glucose (COD con-
ribution = 50%, w/w) solutions, making up a total initial COD
f 1000 mg L−1 in the activated sludge bioreactor(s). The opti-
ized photochemical pretreatment conditions were established

s follows: irradiation time = 60–90–120 min; initial H2O2
oses = 30 mM (1020 mg L−1) and 60 mM (2040 mg L−1);
nitial pH 10.1 ± 0.1 for an initial COD of 1000 mg L−1

±35 mg L−1) aqueous untreated, nonionic/anionic surfactant
olution. During the acclimation stage, a hydraulic reten-
ion time of 24 h and a sludge retention time of 15 days
ere imposed to obtain a good biotreatment peformance. At

he end of the acclimation period an average steady-state
ixed liquor volatile suspended solids (MLVSS) concentra-

ion of 3675 ± 299 mg L−1 was reached corresponding to an
nitial, fixed substrate to biomass concentration ratio (CODo

LVSS−1) of 0.27 g COD (g MLVSS)−1 in both bioreactors.
issolved oxygen concentration and temperature in the biologi-

al treatment experiments were kept at a minimum of 3 mg L−1

nd constant at 20 ◦C, respectively. The bioreactors were also
eriodically spiked with appropriate amounts of so-called solu-
ions “A” and “B” (applied dose = 10 mL of solutions A and

per 1000 mg L−1 COD) in order to rule out the effects of
utrient-limited conditions and to buffer the reactors for possible
H variations [9]. In order to confirm that the bioreactors were
perated well throughout the biodegradability experiments, the
OD, pH and MLVSS contents of both bioreactors were moni-

ored daily.
Respirometric tests were conducted with relevant accli-

ated biomass seeding alone to obtain the endogenous oxygen
ptake rate (OUR) level of the biomass. A nitrification
nhibitor (Formula 2533TM, Hach Company) was added to
he reactors to prevent any possible interference induced by
itrification during the respirometric tests. Samples with a food-

o-miocroorganisms (F/M) ratio of 0.27 mg COD mg MLVSS−1

ay−1 were added to the reactor and the OUR data was contin-
ously monitored. OUR measurements were performed with
n Applitek RA-1000 continuous-mode respirometer with a



azardous Materials 146 (2007) 453–458 455

P
w
R
m
f
f
l
p
m
G

2

m
r
I
w
l
1
i
m
“
t
o
λ

p
p
c
1
M
[

3

3

3

p
C
g
c
t
w
D
s
n
a
d
d
r
t
i
a
e
p

F
c

w
a
l
o
d
e
t
e

3

H
f
(
i
[
a
t
(

existed between COD removal and H2O2 consumption for
CODo = 500 mg L−1. According to the photochemical exper-
iments conducted at varying initial H2O2 concentrations,
approximately 2.3 g H2O2 is needed to remove 1 g of COD
I. Arslan-Alaton et al. / Journal of H

C connection. Model simulations and parameter estimations
ere done using the AQUASIM software program developed by
eichert et al. [10]. Using the obtained OUR data, the biotreat-
ent of untreated and photochemically pretreated surfactant

ormulations could be modeled and biochemical process kinetics
eaturing stoichiometric constants were established (unpub-
ished data). The soluble COD fractions of the untreated and
hotochemically pretreated surfactant formulation were deter-
ined using the glucose comparison method developed by
ermirli et al. [11].

.4. Analytical methods

Sample aliquots were collected against photochemical treat-
ent time for up to 120 min and analyzed for COD by the closed

eflux titrimetric method according to a procedure described in
SO 6060 [12]. Prior to analyses, residual (unreacted) H2O2
as destroyed with enzyme Catalase made from Micrococcus

ysodeikticus (100181 AU mL−1; 1 AU (activity unit) destroys
�mol H2O2 at pH 7.0 and STP, Fluka grade) to prevent its pos-

tive interferences with some analytical (COD, UV absorbance)
easurements. Changes in the UV absorption bands one being

characteristic” for the nonionic surfactant (λ = 224.5 nm) and
he other one selected as λ = 254 nm (i.e. the main emission band
f the UV-C light source) were followed on a Perkin-Elmer
25 model double beam UV–vis spectrophotometer in 1 cm-

ath length quartz cuvettes and presented for the photochemical
retreatment of the surfactant solution under the following
onditions: CODo = 930 mg L−1, H2O2,o = 985 mg L−1 and pHo
0.1. During the biological treatability experiments, pH and
LVSS were measured in accordance with Standard Methods

13].

. Results and discussion

.1. Optimization of photochemical pretreatment conditions

.1.1. Effect of pH
pH usually has no dramatic effect on the H2O2/UV-C

rocess kinetics [14,15]. The effect of initial pH on the
OD removal via photochemical treatment was investi-
ated in the range of pH 5–12 and at a relatively low COD
ontent (CODo = 500 ± 25 mg L−1; H2O2,o = 1020 mg L−1;
= 120 min). COD abatement rates followed first-order kinetics,
hereas H2O2 consumption fitted well to zero-order kinetics.
uring advanced oxidation, the pH decreased down to neutral-

lightly acidic pHs (5.6–6.8) since the reaction solutions were
ot pH-buffered. A decrease in pH indicated the formation of
cidic oxidation products, i.e. carboxylic acids [16,17]. The
ecrease was followed by a slight increase to around 7.0–7.5
ue to the purging effect of the formed CO2 during sample
ecirculation. However, purging did not significantly contribute
o COD abatement (<5%). Experimental results presented

n Fig. 1 revealed that the highest COD removal rate was
chieved at pHo 10, although generally speaking, the treatment
fficiency was not seriously affected by pH until the reaction
H was increased to pHo 12. The dissociation of H2O2, a

F
s
a
i

ig. 1. Effect of pH (5–12) on COD and H2O2 abatement rates during photo-
hemical treatment of surfactant solution (H2O2,o = 1020 mg L−1).

eak acid (pKa = 11.8), to HO2
−, starts to become dominant

t pHs > 10–11 so that COD abatement slowed down at pH
evels > 10. This phenomenon is a well-established consequence
f the enhanced H2O2 at extremely alkaline pH (not shown
ata). Due to the fact that the original pH of fabric preparation
ffluent is around 10–11, the initial reaction pH was adjusted
o 10 ± 0.1 for all forthcoming photochemical pretreatment
xperiments.

.1.2. Effect of H2O2 dose
The “critical” effect of the initial H2O2 concentration on

2O2/UV-C advanced oxidation is controlled by two important
actors, namely the fraction of UV-C light absorbed by H2O2
εH2O2 = 19.6 M−1 cm−1) and the free radical (•OH) scaveng-
ng effect that becomes dominant upon “H2O2 overdosing”
18,19]. Fig. 2 displays the relationship between COD removal
nd H2O2 consumption during photodegradation of the surfac-
ant formulation effluent at varying initial H2O2 concentrations
10–100 mM).

From Fig. 2 it is clear that a kinetic relationship
ig. 2. Relationship between mg L−1 COD removal and mg L−1 H2O2 con-
umption during photodegradation of the textile surfactant solution for 80 min
t varying initial H2O2 concentrations (10–68 mM; i.e. 0–2300 mg L−1). Exper-
mental conditions: CODo = 497 mg L−1; pHo 10.1.
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or the H2O2 concentration range of 0–917 mg L−1. When the
pplied H2O2 dose exceeds 917 mg L−1, H2O2 starts to act
s a •OH scavenger according to the following basic reaction
20,21]:

H2O2 + •OH → HO2
• + H2O

with kH2O2,
•OH = 1.2 − 4.5 × 107 M−1 s−1 (1)

.2. Photochemical pretreatment under real textile
reparation conditions

After process optimization, the initial COD of the reaction
olution was increased to around 1000 mg L−1, i.e. a COD value
eing typically encountered in textile fabric preparation stage
ffluent. UV224.5 and COD abatement rates during photochemi-
al pretreatment at an initial concentration of 30 and 60 mM are
resented in Fig. 3. According to Fig. 3(a), 40% of the character-
stic UV absorbance removal occurred during the first 10 min of
dvanced oxidation, implying that the original molecular struc-
ure of the surfactant formulation was cleaved during the very
arly stages of advanced photochemical oxidation. However,
nly 61% UV absorbance removal was obtained in total at the
f the treatment period. This observation may also be attributed
o the low UV absorption band of the sample solution and the
act that at wavelengths less than λ = 250 nm most aliphatic com-

ounds (and/or oxidation end products) absorb UV light so that
he absorption band of the remaining surfactant cannot be dis-
inguished from the oxidation intermediates that also absorb UV
ight. The overall COD removal efficiency increased consider-

ig. 3. UV224.5 (a) and COD (b) abatement rates during photochemical
retreatment of simulated nonionic/anionic surfactant formulation effluent
CODo = 953 mg L−1; H2O2,o = 30 mM (1.12 g H2O2/g CODo) and 60 mM
2.24 g H2O2/g CODo); pHo 10.1).
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ig. 4. COD abatement rates during biological activated sludge treatment of
ntreated and photochemically preteated textile surfactant solution. The photo-
hemical pretreatment and biotreatment conditions are given in the text.

bly (from 47 to 67%) when the initial H2O2 dose was increased
o its optimum specific value, namely 60 mM (≈2.1 g H2O2 (g
ODo)−1, however, was not sufficient to remove the amount
xpected according the the proposed relationship established
or CODs ≤ 500 mg L−1.

.3. Effect of photochemical pretreatment on the ultimate
iodegradability and COD fractionation of the textile
urfactant

After optimization of the photochemical pretreatment condi-
ions and increasing the original COD of the surfactant solution
o 1000 mg L−1 (i.e. to a COD being typical for the textile prepa-
ation stage effluent), integrated photochemical + biochemical
reatment of the nonionic/anionic textile surfactant formula-
ion effluent was undertaken. Fig. 4 depicts COD abatement
ates obtained during biotreatment of untreated and pho-
ochemically pretreated (experimental conditions: pHo 10.1;

2O2,o = 30 and 60 mM; t = 60, 90 and 120 min) textile surfac-
ant solution. As is evident in Fig. 4, the highest biochemical
OD removal efficiency was obtained for biotreatment of the
0 min-photochemically pretreated surfactant formulation efflu-
nt (60 mM H2O2 + UV-C; pHo 10.1) and surfactant effluent
ot being subjected to pretreatment at all (untreated). It should
e noted here that the Turkish Standards set for the discharge
f treated textile wastewater into receiving water bodies (lakes,
ivers or creeks) is 200 mg L−1 in terms of total COD. As is obvi-
us from the figure, this discharge limit could only be reached
or the surfactant effluent being subjected to integrated photo-
hemical + biological treatment. In the case of only biologically
reated surfactant formulation effluent the final soluble COD also
ell just below 200 mg L−1, however, considering that a COD
f around 30–40 mg L−1 originating from the suspended solids
atter and escaping from the activated sludge treatment clarifier

s also expected to contribute to the total effluent COD, it is not
dvisable to rely on mere biochemical treatment to comply with
he discharge consents. The photochemical pretreatment con-
itions required for that purpose were established as follows:
2O2,o = 60 mM; t = 90 or 120 min; pHo 10.1). Besides, COD

emoval increased with increasing H2O2 dose; however, the

OD remaining after photochemical pretreatment for 120 min
ight be less biodegradable than the COD obtained after 90 min.
able 2 summarizes the different COD fractions obtained for
ntreated and photochemically pretreated surfactant formulation
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Table 2
COD fractionation for untreated and photochemically pretreated surfactant formulation effluent (COD prior to photochemical pretreatment = 967 ± 30 mg L−1)

COD fraction → Effluent ↓ Total COD
(mg L−1)

Total
biodegradable
COD (mg L−1)

Readily
biodegradable
COD (mg L−1)

Adsorbable
COD (mg L−1)

Rapidly
hydrolysable
COD (mg L−1)

Slowly
hydrolysable
COD (mg L−1)

Untreated (direct biotreatment) 500 484 20 (4)a 165 102 (20)a 197 (39)a

Pretreated (30 mM H2O2; 120 min) 500 468 5 (1)a 68 82 (16)a 313 (63)a

Pretreated (60 mM H2O2; 60 min) 462 433 68 (15)a 10 37 (8)a 318 (69)a

Pretreated (60 mM H2O2; 90 min) 332 305 45 (14)a 41 180 (54)a 39 (12)a
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retreated (60 mM H2O2; 120 min) 293 266 3

hotochemical pretreatment conditions are given in the table.
a Percentage of total COD.

ffluent. Table 2 more clearly indicates that significant biosorp-
ion of the parent compound (surfactant) occurs but this effect
ecreases with increasing irradiation time and initial H2O2 con-
entration. From the table it is also evident that the readily
iodegradable COD content increased from 4% to 14–15% for
hotochemically pretreated surfactant formulation at an initial
2O2 dose of 60 mM and an UV-C irradiation time of 60 and
0 min. More interesting is the effect of photochemical pretreat-
ent on the rapidly and slowly hydrolyzable COD fractions; the

apidly hydrolyzable COD appreciably increased with increas-
ng pretreatment time and oxidant dose, whereas the slowly
ydrolyzable COD decreased rapidly in parallel to this observa-
ion completely disappearing after 120 min UV-C treatment with
0 mM H2O2, revealing that photochemical pretreatment had a
ignificantly positive effect on the ultimte biodegradability of
urfactant formulation. On the other hand, 120 min H2O2/UV-C
retreatment in the presence of 30 mM H2O2 had an adverse
ffect on the biodegradability of the surfactant formulation; the
eadily biodegradable and rapidly hydrolyzable COD fractions
ropped down to levels being lower than those obtained for the
ntreated samples. The initial soluble inert COD fraction which
as 3% of the total (untreated) COD remained constant for the
hotochemically preteated textile surfactant solution. In sum-
ary, the highest readily biodegradable COD was obtained for

n initial H2O2 dose of 60 mM and 60 min photochemical pre-
reatment, the lowest slowly hydrolysable COD for an initial

2O2 dose of 60 mM and 120 min photochemical pretreatment,
hereas the highest rapidly hydrolysable COD was found for

n initial H2O2 dose of 60 mM and 60 min photochemical pre-
reatment (Table 2).

. Conclusions and recommendations

The present paper addresses the chronic problem of
iologically-difficult-to degrade and in some cases even toxic
extile industry chemicals by describing an experimental
tudy undertaken to investigate the integrated photochemical
H2O2/UV-C) and biological (activated sludge) treatment of an
nionic/nonionic surfactant formulation (a mixture of an ethoxy-
ated alcohol and a sulfonic acid derivate) commonly used in the
extile preparation (scouring, washing and mercerizing) stages.

he main purpose of the present study was to establish and
ptimize a photochemical (oxidative) treatment system that is
apable of reducing the slowly biodegradable (hydrolysable)
OD content of the surfactant formulation to improve its ulti-

[

)a 31 200 (68)a 0 (0)a

ate biodegradability. Results have indicated that the national
ischarge requirements being set for the textile dyeing and
nishing industry can only be achieved when integrated chem-

cal + biological treatment is realized. Moreover, the combined
reatment approach gives only satisfactory results provided that
he photochemical treatment conditions (H2O2 dose and UV-C
rradiation time) have been carefully optimized.
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