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ABSTRACT. Surfactants are depended upon worldwide as cleaning agents. Their usage in such large quanti-
ties means that their waste and the potential for pollution are high. Many studies have been done over the
last three decades encompassing treatment, alternatives to non-biodegradable surfactants, and the environ-
mental impact. It has been found that although certain surfactants may not be directly toxic, when their
concentrations are high in soil, they can act as agents to release toxic pollutants such as polychlorinated
biphenyls (PCBs). The focus of this study is to review recent advances in the toxicology, the environmental
fate, and the treatment of selected surfactants. In addition, photolytic and photocatalytic degradation of

linear alkylbenzene sulfonate in water is presented.

1. INTRODUCTION

It is well known that surfactants pose a threat to the
aquatic environment. Surfactants are used on a large-
scale basis worldwide in everyday household use to in-
dustrial cleaning and textile manufacturing. Tables 1
to 3 outline the annual consumption of three surfac-
tants.

It is well documented that surfactants make up a
large percentage of refractory chemical oxygen demand
(COD) in municipal wastewater treatment and in tradi-
tional septic-tile bed system effluents. Other problems
that are a result of surfactant pollution include the abil-
ity of surfactants to increase the solubility of other
toxic organic compounds in soils and when adsorbed
to sludge that can have a negative impact on sludge de-
watering characteristics at municipal water treatment
plants. Two suggestions for reducing surfactant pollu-
tion include dispensing only the quantity required of
the major components for a particular wash cycle or
using environmentally friendly detergents [7]. The ob-
jective of this paper is to study the photochemical treat-
ment of surfactants in water as well as to study recent
advances and development in the treatment of surfac-
tants using advanced oxidation processes. Health ef-
fects, environmental impacts, and the treatment of lin-
ear alkylbenzene sulfonate (an anionic surfactant) and
alkylphenol ethoxylates (a nonionic surfactant group)
including their metabolic products are also discussed.

2. FATE AND ENVIRONMENTAL IMPACTS OF
SURFACTANTS

2.1. Environmental concentrations of surfac-
tants. Alkylphenol polyethoxylates are non-ionic
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surfactants used as detergents, emulsifiers, wetting
agents, stabilizers, defoaming agents, intermediates
in the synthesis of anionic surfactants, and institu-
tional and industrial surface cleaners [8]. Alkylphenol
polyethoxylates are also used in the preparation of
phenolic resins, as heat stabilizers, in polymer pro-
duction, and as antioxidants [9]. 55% of alkylphenol
polyethoxylates manufactured are used in industrial
applications other than as cleaning products, 30% are
for industrial and institutional cleaning products, and
15% are manufactured for household cleaning prod-
ucts [9]. Alkylphenol polyethoxylates have been found
in air (0-81ng/m?3), surface waters, sediment, and in
wastewaters. Tables 4 and 5 outline the concentrations
found in these environments.

Alkylphenol polyethoxylates and their metabolites
are “ubiquitous in the environment” due to their
widespread use and lack of adequate treatment [9].
Alkylphenol polyethoxylate pollution has been identi-
fied in localized areas close to the point of discharge of
sewage treatment plant effluent [10]. A Dutch study of
various surfactants in raw sewage, settled sewage, efflu-
ent and in primary removal gave the following results
shown in Table 5.

Overall, the concentration in sewage treatment
plant effluent depends on the treatment efficiency and
plant design [9]. The 90th percentile surfactant con-
centrations 1 kilometre downstream of a sewage out-
fall were studied by using information obtained on re-
lease, removal in sewer, treatment efficiency, in stream
removal and dilution in the Netherlands. For lower con-
centrations of the surfactant or soap, a higher removal
rate has been observed [1]. It has been reported that
maximum permissible concentrations (MPC) for Dutch
surface waters are 250, 110, 400, and 27 ug/L for lin-
ear alkylbenzene sulfonate, alcohol ethoxylates, alcohol
ether sulfates, and soap, respectively [12].
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Table 1. Linear alkylbenzene sulfonate consumption.

Consumption
Area Metric tonnis/year Reference
Netherlands 13,550 [1]
Western Europe 320,000 2]
North America 400,000 [3]
United States 415,000 [4]
Worldwide 1,500,000-2,000,000 [5, 6]

Table 2. Alcohol ethoxylate sulfate consumption.

Area Mefr(i)é1 igrrﬁlpet;;);ear Reference
Netherlands 3587 [1]
North America 370,000 [3]
United States 322,000 [4]

Table 3. Alcohol ethoxylate consumption.

onsumption
Area MeSric tonnljss/year Reference
Netherlands 9703 [1]
North America 256,000 [3]
United States 208,000 [4]

2.2. Fate and environmental impacts of linear
alkylbenzene sulfonate (LAS). Linear alkylbenzene
sulfonate, the primary surfactant in liquid household
detergents, has been found both in rivers that receive
municipal effluents and in drinking water supplies. In
wastewater treatment, more than 99% of LAS is re-
moved while the remaining LAS is released into surface
waters. Organisms living near sewage outfalls poten-
tially can bioaccumulate LAS [13]. In Taiwan, less than
5% of the population’s wastewater is treated. As a re-
sult, concentrations of 135 ug LAS/L have been found
in downstream from raw sewage outfalls in the Lao-
Jie river [14]. As well, it has been documented that
LAS makes up 0-488 mg/kg of the total dry weight of
sewage sludge and may influence microbial activity of
the soils. Another study reported a mean LAS concen-
tration of 530mg/kg and a maximum of 16000 mg/kg
(dry weight) in the sewage sludge [15]. The short-term
effects of the impact of LAS on agricultural soils that
were amended by sewage sludge varied with LAS con-
centration and incubation time [6]. As well, a previous
study showed that LAS has the potential to inhibit bi-
ological activity [5]. The data suggested that a terres-
trial risk assessment based on short-term effects of
LAS completely describes the potential risk when LAS
contaminated sewage sludge is applied to agricultural
land. LAS in concentrations greater than 40-60 mg/kg
had toxic effects on reproduction and growth of soil
invertebrates [15]. Earthworms and enchytracids were
four times more sensitive to LAS than springtails and
mites. LAS is rapidly mineralized (complete degrada-

tion to CO» and water) in the aerobic part of the sludge-
amended soil [16]. The toxicity of LAS to the Collem-
bolan (Folsomia fimetaria) and the earthworm (Apor-
rectodia caliginosa) was tested and it was concluded
that neither the chemical characteristics of the LAS
nor the type of soil have a large impact on toxicity
[17]. It was also demonstrated that partial degradation
of LAS was effective in reducing the toxicity to water
fleas (Daphni magna) and fathead minnows (Pimphales
promelus) [18]. Alternatively, other researchers found
that LAS did not pose a risk to fauna, plants, and essen-
tial functions of agricultural soils as a result of regular
sewage sludge application [19]. It has been shown that
plant growth was stimulated by LAS biodegradation in
sludge-amended soil [20]. A study of the migration of
LAS in soils based on the effects of freeze-thaw and
wet-dry cycles on the formation of macropores showed
that LAS was more mobile when these macropores were
present [21]. Studies have shown that LAS is toxic to
anaerobic digestion processes. Inhibition of propionate
and acetate biodegradation occurred in the presence of
LAS [22]. A 50% inhibition of acetate degradation was
observed in the presence of 14mg/L LAS. 27mg/L LAS
was sufficient to cause a 50% inhibition in propionate
degradation [22]. The optimization of anaerobic pro-
cesses is highly dependent on understanding how sur-
factants have an effect, especially in industrial wastew-
aters with high surfactant loadings, on the degradation
of these organics.

LAS pollution can also be as a result of onsite
sewage systems that are not functioning properly. LAS
degradation exceeded 96% for an onsite system that
had been in operation for 25 years [3]. Although these
results show that LAS is fully biodegradable in onsite
sewage treatment systems, it is important to note that
the functional operation varies widely due to installa-
tion, climate, and maintenance practices. It was con-
cluded that the mechanisms of its removal were most
likely due to the biodegradation and sorption.

2.3. Fate and environmental impacts of alkylphe-
nol ethoxylates (APEOs). APEOs include nonylphe-
nol ethoxylates with varying ethoxylate chain length.
Entry into the environment is a result of anthropogenic
activity since these compounds are not naturally pro-
duced. The majority of APEOs are introduced to the
environment through wastewater treatment plant efflu-
ents in both the liquid and sludge forms and in pesti-
cide applications [9]. These compounds have also been
identified as a result of pollution from onsite systems
[23]. One study demonstrated that more than 99% of
APEOs were removed in an onsite system that had been
in use for 25 years [3]. A model has been developed
to predict the fate of alcohol ethoxylates and alcohol
ethoxylate sulfates in onsite sewage treatment systems
[24]. Other researchers concluded that APEOs degra-
dation products in biosolids might cause a negative
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Table 4. Concentrations of alkylphenols and ethoxylates in various environmental compartments in the USA and Canada
(NPE-nonylphenol ethoxylate; number stands for number of ethoxylate units; OP-octylphenol; NP-nonylphenol; STP-sewage

treatment plant); LOD-limit of detection [9].

Location and Number of NP NPE1 NPE2 NPE3 ()
environmental Samples (ug/L or (ug/L or (ug/L or (ug/L or (ug/L or ug/kg
compartment ug/kg for ug/kg for ug/kg for ug/kg for for sediment)
sediment) sediment) sediment) sediment)
Canada
STP Effluent 8 0.8-15.1 0.12-1.7
Surface Waters 38 <LOD-0.92 <LOD-7.8 <LOD-10 <LOD-0.084
Sediments 9 0.1-72 <LOD-38 <LOD-6 <LOD-1.8
USA
STP Effluent 6 0.18-15.9 8.77-78.8
16 5.5 0.8 0.15
6 0.171-37 <LOD-332 <LOD-0.673
Sediments 22 0.077-0.416 0.056-0.326 0.038-0.398 0.026-0.328 0.00156-0.007
10 6.99-13,700 26.4-13,300 16.1-3580 <LOD-45

Table 5. Average surfactant concentrations in raw, settled and treated sewage from seven Dutch sewage treatment plants
(unless noted otherwise) of LAS-linear alkylbenzene sulfonate; AE-Alcohol ethoxylate; AES-alcohol ethoxylated sulfate. (Num-
bers in parentheses indicate number of plants where data was obtained) [11].

Concentration Concentration Concentration Primary Total
Surfactant in raw in settled in effluent removal removal
sewage sewage
(mg/L) (mg/L) (pg/L) % %
LAS 5.2 (6) 3.7.(5) 39.1 20.3 (4) 99.1
AE 3.0 2.0 (5) 6.2 26.2 99.7
AES 3.2 1.5 (5) 6.6 29.5 99.7
Soap 28.1 9.8 (5) 1053 51.4 (5) 96.9

environmental impact in the U.S.A. as a result of
widespread biosolids application [25]. APEOs are of
environmental concern because their biodegradation
leads to more toxic and persistent compounds that
may have estrogenic activity [25-28]. Toxicological
properties are influenced by the number of ethoxy-
late (EO) units. APEOs with short EO chains (less than
four) are lipophilic and may lead to bioaccumula-
tion/bioconcentration and those with greater than ten
EO units are hydrophilic. Generally, the toxicity of
APEOs increases as the number of EO units decreases
[8]. Ekelund et al. [29] studied the bioaccumulation
of 4-nonylphenol (a primary metabolite of NPnEOs) in
marine animals and found that bioconcentration fac-
tors exceeded those previously published for fish and
mussels. The bioconcentration factor for fish was de-
termined to be 1300 (5 times greater than published
values) and 3400 for mussels (340 times greater than
published values). It was determined that the lethal
thresholds for alkylphenols in aquatic fauna decrease
with increasing Koy and the bioconcentration factor in-
creases with increasing K,y in salmon [30]. Nonylphe-
nol ethoxylates (NPEOs) and their primary degradation
products were measured in sediments in the Straight

of Georgia, B.C. near a municipal outfall. It was calcu-
lated that 30 tonnes of NPnEO (nonylphenol ethoxy-
late with n ethoxylate groups) is in the Fraser River
Delta sediment while nearly 170 tonnes in the entire
Straight of Georgia [31]. Various alkylphenol ethoxy-
late metabolites in Jamaica Bay, Long Island, New York
were found with concentrations of 0.05-30pug/g of
NPnEO and 0.007-0.040 ug/g of octylphenol ethoxylate
metabolites in sediment [32]. It has been reported that
some of the degradation products of NPEOs are not
readily biodegradable under anaerobic condition [33].
A study by Hawrelak et al. [34] on the fate of alkylphe-
nol ethoxylate primary degradation products in paper
sludge spread onto farmers’ fields showed that the con-
centration decreased by 84% over a 14-week period. An
indication of recalcitrant nonylphenol isomers was ob-
served but it was concluded that more research should
be done to assess the risk of APEOs degradation prod-
ucts in these sludges used as soil amendments.

Water treatment processes available to municipal
wastewater treatment plants are not always suitable
for the removal of surfactants at low concentrations.
The treatment of surfactants at the source of pollution
has many advantages including higher concentrations
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and the availability of more specialized treatment tech-
niques such as advanced oxidation processes.

2.4. Influential factors in surfactant toxicity. In
the literature, there are many conflicting studies as
to the toxicity of linear alkylbenzene sulfonates in
the aquatic environment. Many ecotoxicological stud-
ies have been conducted under laboratory conditions
and do not sufficiently represent the varying water
conditions in the water column. The main pathways
responsible for LAS removal in the natural environ-
ment are biodegradation, adsorption, and precipita-
tion. A study of the influence of Ca%* to the toxicity
of LAS on algae (D. magna) showed that the toxicity
of LAS increased with alkyl chain length and an in-
crease in water hardness. Concentrations of LAS ranged
from 33-335mg/L and water hardness (as CaCOj3)
was varied from 200-2000mg/L. Water hardness was
found to stress D. magna, thereby, increasing LAS
toxicity [35]. This is just one water parameter that
varies widely in the environment. The results of this
study indicated that controlled laboratory toxicologi-
cal tests were not a suitable indication of toxicity in
the aquatic environment due to these varying param-
eters. The relationship between interfacial properties
and toxicity of several surfactants (including octyl-,
dodecyl-, tetradecyl-, hexadecyl-trimethylammonium
chloride, octyl- and decyl-dimethyl-2-hyrdroxy ethyl
ammonium chloride, and LAS) on an immobilized ar-
tificial membrane was reviewed. The surfactant toxic-
ity was primarily a function of the ability of the sur-
factant to adsorb and penetrate the cell membrane of
aquatic organisms [36]. The structure-activity relation-
ship for both acute and chronic toxicity of a variety of
alcohol ether sulfates on Ceriodaphnia dubia has been
investigated [37]. Acute toxicity was found to increase
with alkyl chain length and decrease with an increas-
ing number of ethoxylate units. Chronic toxicity tests
were done using Brachionus calyciflorus. Chronic toxi-
city was found to be related to the percentage of the
molecular surface associated with atoms possessing
partial negative charges and with increasing the length
of the ethoxylate chain.

The bioconcentration of alcohol ethoxylates in
fathead minnows (Pimphales promelas) was depen-
dent on alkyl and ethoxylate chain lengths [13]. The
bioconcentration factor ranged from less than 5 to
1660L/kg/day. Studies of the estrogenic potency of
alkylphenol ethoxylates and their metabolites on the
Japanese Medaka fish found that the environmental
concentrations of nonylphenol ethoxylates (NPEO1
and NPEO2) were not within the range of estrogenic
activity [38]. NPEOs are metabolized in sewage treat-
ment to 4-nonylphenol, 4-nonylphenoxyacetic acids,
4-nonylphenoldiethoxylate, and all are known to
have estrogenic effects. The metabolites escape treat-
ment and were detected in sewage treatment plant

effluents [39]. Korner et al. [40] tested the estrogenicity
of sewage treatment plant effluents and concluded that
these effluents were the major sources of estrogenic
substances in the environment. Sewage treatment plant
(STP) outfalls are a perpetual source of these types of
compounds. The presence of LAS in the environment
close to sewage treatment plant outfalls was reviewed
[41]. The concentration of LAS in sewage treatment
plant effluent was in the range of 0.02-1.0mg/L that
was in the range reported to have a physiological
impact on marine life. It was also reported that LAS
can damage fish gills, cause excess mucus secretion,
decrease respiration in the common goby, cause re-
duced settling rate, and change swimming patterns
in blue mussel larvae. LAS was found to disrupt the
ionic homeostasis of epithelial cells (these cells form
the outermost barrier between the organism and the
environment). The biotransformation of octaethylene
glycol monotridecyl ether in fathead minnows played
an important role in reducing bioconcentration po-
tential of this surfactant [42]. A review of the acute
effects of LAS on freshwater plankton and freshwater
organisms (including bacteria to crustaceans) in field
conditions revealed that LAS has a negative impact
on the survival of heterotrophic nanoflagellates and
ciliates at very low concentrations. The no-effect con-
centration was found to be lower in field tests than for
similar organisms tested under laboratory conditions
[43]. Predicted no effect concentrations (PNEC) are
often used in environmental risk assessment. PNEC
values vary widely for the same surfactant. Table 6
shows some PNECs for common surfactants.

A method for the application of risk assessment
employing ratios of predicted environmental concen-
trations (PECs) and predicted no-effect concentrations
(PNECs) to mixtures of surfactants and their metabo-
lites was proposed [45]. The two main factors influenc-
ing risk assessment of the chemical in question are con-
sideration of metabolites and/or their number [45]. Fei-
jtel et al. [46] studied the predictive exposure modeling
and concluded that to understand the fate of chemicals
in the environment, it is important to remember these
models do not fully represent the real world scenario
although they can provide important statistical distri-
butions of concentrations.

3. SURFACTANT TREATMENT

In the following section, the biodegradation of selected
surfactants is discussed. In addition, photolytic and
photocatalytic treatment of LAS in water is presented.
For comparison, its treatment using other advanced ox-
idation processes is also discussed.

3.1. Biodegradation of surfactants. Biodegrad-
ability of organic pollutants is a desired property
because of the relative ease of removal from waste
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Table 6. Predicted no-effect concentrations (ug/L); no observed effect concentrations (NOECs) and uncertainty factors for
linear alkylbenzene sulfonate (LAS), alcohol ethoxylate (AE), alcohol ethoxylated sulfates (AES), and soap [44]. Cx and EOy
represent the average number of carbons and ethoxylate groups, respectively.

PNEC based on single

Surfactant . Range of field NOECs Final PNEC Uncertainty factor
species data

LAS (C11.6) 320 250-500 250 2

AE (C13.3EO18.2) 110 42-380 110

AES (C12.5EO03.4) 400 190-3700 400 5

Soap 27 N/A 27 10

streams. Toxicity can be reduced or eliminated by
biodegradation. Often, biological organisms can com-
pletely mineralize pollutants, producing carbon diox-
ide and water. In the following, the biodegradability of
selected surfactants is discussed.

3.1.1 Biodegradation of alkylphenol ethoxylates
(APEOSs)

Jones and Westmoreland [47] conducted a study of
nonylphenol ethoxylate degradation during sludge
composting. The NPEO contaminated water was a re-
sult of washing of raw wool. This wash water typically
is ten times more concentrated than the sewage. Usu-
ally, this wash water is treated using a chemical floccu-
lation process and the sludge ends up with all of the
surfactants from the detergent. This sludge was com-
posted and it was shown that 14 weeks were sufficient
to reduce the NPEO concentration by more than 96%.
Biodegradation of branched NPEOs showed that there
was no significant difference between the biodegrad-
ability of NPEOs containing 8 to 30 ethoxylate groups
[48]. It was also demonstrated that the removal of NPEO
was greater than 90% in activated sludge processes with
no prior acclimatization, i.e., operating under plant con-
ditions [48].

The biodegradation of NPEOs and LAS (among other
organic compounds) in sludge-amended soils was also
studied [16, 49]. It was concluded that nonylphenol
ethoxylates are mineralized in aerobic soil compart-
ments [16]. It was also determined that as the concen-
tration of NPEO (2 ethoxylate groups) was increased in
sludge amended soil, the relative maximum mineral-
ization rate decreased and resulted in an increase in
lag times [49]. Biodegradation of alkylphenol ethoxy-
lates (APEOs), alkyl ethoxylate sulfates (AESs), LAS, and
primary metabolites in activated sludge treatment was
also reviewed [4]. Alcohol ethoxylates (AE) and alco-
hol ethoxylate sulfates (AES) were removed with an ef-
ficiency of 98% and 97%, respectively. Trickling filter
treatment resulted in removal efficiencies for AE, AES
and LAS to be 79-99.7%, 69.7-98.2%, and >99%, re-
spectively. AE removal during activated sludge treat-
ment was reported at >99% based on measured lev-
els in the influent sewage and the treated effluent [50].
It was estimated that biodegradation was responsible

for greater than 98.7% of the removal and the remain-
der adsorbed to the biomass. During winter operation,
the biodegradation was responsible for greater than
97.2% of AE removal [50]. It was suggested that the
alkyl chain length of alcohol polyethoxylates controlled
the biodegradability rates and pathways [51]. The half-
lives of APEOs in acclimated sewage treatment plant
sludges for ultimate biodegradation were one to four
weeks [52]. Anaerobic degradation of alcohol sulfates
was dependent on the surfactant to biomass ratios.
Low surfactant to biomass ratio was important for ef-
ficient biodegradation. In addition, processes that re-
sult in acidification of the wastewater prior to anaer-
obic treatment improve degradation and allow for a
higher surfactant to biomass ration without causing in-
hibition [53].

Biodegradation of alcohol ethoxylates from in-situ
surfactant washing in soil by native soil microbes was
also studied [54]. In-situ surfactant washing is a pro-
cess for cleaning contaminated soil and ground wa-
ter systems. For example, a site of soil contaminated
with polychlorinated biphenyls (PCBs) can be injected
with a surfactant solution to enhance the mobility of
the PCBs and, therefore, the biodegradation. This ulti-
mately leaves the surfactant in the soil. The study was
conducted in order to assess the ability of native soil
microbes to degrade the surfactant. It was found that
alcohol ethoxylate is readily biodegradable by indige-
nous groundwater and soil microbes under laboratory
conditions. The rate of surfactant degradation was en-
hanced by adding nutrients including nitrogen, phos-
phorus, and oxygen.

3.1.2 Biodegradation of linear alkylbenzene
sulfonate (LAS)

The importance of sludge adaptation and mass transfer
in the biodegradation process of LAS in activated sludge
treatment was studied [55]. A model was developed to
analyze the effects of adsorption and biodegradation
kinetics on the fate of LAS in batch experiments with
activated sludge adapted to different initial LAS con-
centrations. It was shown that in batch experiments,
the mass transfer kinetics were sufficiently slow so
that equilibrium was not reached and, therefore, the
long-term biodegradation of LAS was limited by the
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increasing availability of LAS from the unavailable LAS
over time. LAS removal during activated sludge treat-
ment was greater than 99% while in a trickling filter was
72.2-98.6% [4]. A pilot scale trickling filter was built to
test a model for chemical fate in trickling filters. LAS
removal was between 19-58% under various operating
conditions. The experimental data obtained was suc-
cessfully fitted to the model within a specified range
of influent LAS concentrations [56]. A study of the
biodegradation of LAS in sewage-contaminated ground-
water over a range of dissolved oxygen concentrations
concluded that the rate of biodegradation increased
with increasing alkyl chain length [57]. Removal rates
were found to be two to three times higher in labo-
ratory experiments than those in field tests. Doi et al.
[58] investigated the sorption and biodegradability of
LAS in three soil types below an onsite sewage system
drain field. It was concluded that the rate of ultimate
biodegradation of LAS decreased with increasing dis-
tance vertically below the surface of the ground. Per-
cent mineralization of LAS was found to be 49.8% and
83.4% during test periods of 45 or 59 days, respectively.
The applicability of a model developed to predict the
fate and transport of surfactants in onsite wastewa-
ter treatment systems was reviewed. The model takes
into account the adsorption and biodegradation on the
transport of surfactants through the treatment system.
It was found that the model under-predicted the LAS
concentrations in groundwater downgradient from the
disposal field. This is a result of anoxic conditions in the
groundwater beneath the disposal field. It was also de-
termined that the biodegradation of LAS was faster un-
der fully oxygenated laboratory conditions than that of
in the field [24]. The primary degradation of LAS in soil
columns under water-saturated conditions was close to
100% while mineralization only occurred up to 9% [59].

3.1.3 Biodegradation of ditallowdimethyl ammonium
chloride (DTDMAC)

The biodegradation of ditallowdimethyl ammonium
chloride, a cationic surfactant by activated sludge has
been studied [60]. DTDMAC is commonly used as a
fabric-softening agent. The biodegradation of DTDMAC
was determined in semi-batch activated sludge reac-
tors. It was found that extended periods of aeration en-
hanced degradation rates. Although metabolites of DT-
DMAC were observed, they did not persist in the sludge.
It was concluded that DTDMAC removal was a result
of sorption, precipitation, and biodegradation mecha-
nisms.

3.2. Treatment of surfactants using various ad-
vanced oxidation technologies and separation tech-
niques. In this section, the treatment of selected sur-
factants including alkylphenol ethoxylates (APEOs), al-
cohol ethoxylates (AEs), and linear alkylbenzene sul-

fonate (LAS) by advanced oxidation processes includ-
ing TiO» /UV, wet air oxidation, sonochemical degrada-
tion, foam fractionation, and electrochemically gener-
ated coagulant treatment is discussed.

3.2.1 Treatment of surfactants with TiO> combined
with ultraviolet light (UV)

In the last 20 years, the potential for usage of pho-
tocatalysts for organic pollutant destruction has been
realized [61-68]. An ideal photocatalyst is chemically
and biologically inert, easily recovered, and reusable.
Titanium dioxide fits this profile and, hence, has been
tested extensively in the treatment of a wide variety of
organic contaminants.

The treatment of alcohol ethoxylates and nonylphe-
nol ethoxylates in batch reactors was investigated [72].
Experimental conditions were as follows: 0.1% w/v TiO»
catalyst, 2000 mg/L surfactant, and irradiation with a
400W black light lamp. It was found that NPEO more
easily degraded than AE. NPL,EO (where n = 2,5 or
12) degradation in a batch reactor with Degussa P25
TiO2 and a 1500 W UV lamp in an NPLEO solution with
a concentration of 0.1 mM was monitored by measur-
ing CO2 evolution, dissolved organic carbon, and par-
ticulate organic carbon [70]. The reaction pathway in-
volved a hydroxyl radical attack on the ethoxylate chain
and on the benzene ring. The rate of reaction was de-
pendent on adsorption of the surfactant to the tita-
nium dioxide surface. Horikoshi et al. [71] studied the
degradation of NPEO in a cylindrical reactor where ti-
tanium dioxide was immobilized on a fiberglass cloth.
The photocatalytic degradation of sodium dodecylben-
zene sulfonate (SDS), a linear alkylbenzene sulfonate
with 12 carbon atoms in the alkyl chain, was investi-
gated [72]. The degradation of LAS using Degussa P25
TiO2 combined with UV light at 365nm was tested
in batch mode. The setup included the UV lamp out-
side of the reactor placed symmetrically over top of
the 500 mL Pyrex reactor. Various optimization param-
eters were tested including pH, temperature, SDS and
TiO2 concentration. SDS concentrations tested were in
the range of 4.4-13.8mg/L and TiO» concentrations
from 5-32mg/L. It was found that the optimum pH
was 3. As the temperature increased (up to 45°C), the
rate increased. The optimum TiO; concentration was
8 mg/Lfora10.8mg/L SDS solution. The photocatalytic
degradation of SDS under similar conditions has also
been studied [64]. The concentrations used were 0.01
and 0.1 mM (34.8 and 348 mg/L) and 2.0 g/L Degussa
P25 TiO»,. Based on the results obtained of interme-
diate compounds formed during degradation, mecha-
nisms for SDS degradation were proposed. The first
proposed mechanism involved radical attack of the
aromatic ring. The second mechanism proposed in-
volves radical attack to the alkyl chain. Photocatalytic
degradation rates of two compounds, sodium benzene
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sulfonate (BS) and sodium dodecylsulfate (DS) were
compared to the degradation of SDS to determine how
the degradation mechanism occurs. Studies of interme-
diate compounds led to the conclusion that the aro-
matic and alkyl groups competitively adsorb to the tita-
nium dioxide surface and degrade. The rate influencing
steps for degradation of SDS were suggested by Hidaka
et al. [64] as follows:

1. surfactant adsorption on TiO, surface,

2. electron-hole pair formation or radical forma-
tion,

3. rate limiting steps included ring opening, perox-
ide, carboxylic acid, or aldehyde formation,

4. complete mineralization to H>O and CO».

In our own research, the degradation of a commer-
cial LAS containing LAS homologues with alkyl chain
lengths varying from 10-14 carbon atoms was investi-
gated. The commercial name of this product is Biosoft
D40 and is manufactured by the Stepan Company
(Northfield, Illinois, USA). Degradation was achieved us-
ing H»O» combined with UV light at 254 nm, Degussa
P25 TiO»/UV at 365 nm, and UV alone at 254 nm. For the
photocatalytic experiments, Phillips PLS 9W/10/UVA
(Microlites Scientific) 365 nm lamps were used as the
light source. For the photolysis experiments, a Phillips
PLS TUV/PL-59 W with a nominal wavelength of 254 nm
was used. All experiments were completed in 1-litre
batches in 1.4L beakers. During the experiments, the
beakers were completely covered with aluminum foil
to reflect light back into the reaction mixture. The re-
action solutions were sufficiently stirred to minimize
the mass transfer limitation of oxygen transfer to the
liquid. The LAS concentration used in all experiments
was approximately 152 mg/L and was analyzed using
the MBAS (methylene blue active substances) according
to the Standard Methods for the Examination of Water
and Wastewater [73]. A series of experiments (repeated
in triplicate) were completed to determine the optimum
concentration of TiO, for degradation of Biosoft D40.
Our results indicate that 3.0 g Degussa P25 TiO» is opti-
mum for the degradation of Biosoft D40 for the exper-
imental conditions. Initial rates were uses as the opti-
mization parameter for all experiments. The optimum
LAS degradation was found at 3.0g/L TiO» at an ini-
tial rate of 1.7mg LAS/L minute. Above 3.0 g TiO>, the
degradation rate decreases as a result of the light block-
ing effect of the additional titanium dioxide. Figure 1
illustrates the results of the TiO, optimization experi-
ments in terms of the initial rate of reaction.

Another series of LAS degradation experiments
were carried out to determine the optimum concentra-
tion of HoO» required for the destruction of the LAS
compound. The 1L stirred batches were irradiated with
UV light at 254nm for a period of 90 minutes. As in
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Figure 1. Optimization of TiO» Concentration. Treatment
of LAS with TiO2-UV365nm. Each data point on this graph
represent the averages of the initial rate of three trials at
each TiO2 concentration. Co = 152 mg/L LAS.
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Figure 2. Optimization of H»O> Concentration; Treatment
of LAS with Hp O2-UV254nm. Each data point on this graph
is the average of three trials at each hydrogen peroxide
concentration. Co = 152mg/L LAS.

the TiO; experiments, the initial rate was used as the
optimization parameter. All hydrogen peroxide experi-
ments were carried out in triplicates. A stock H>O> (50%
w/v) was used and the required amount was added im-
mediately prior to turning on the UV lamp (254 nm).
The optimum concentration of H»O» was found to be
1560 ppm. A reaction time of less than 5 minutes was
required for the destruction of the initial LAS com-
pound. At the optimum concentration of hydrogen per-
oxide, the initial rate was 10.2 mg LAS/L.min. There was
some variability in the initial rates. It was suspected
that this was a result of active species still present af-
ter taking the sample. Every effort was made to analyze
samples as quickly as possible. Figure 2 shows the re-
sults of these experiments.

Figure 3 shows that UV light at 254nm is success-
ful in degrading LAS although it is not an efficient
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Figure 3. Degradation of LAS with UV-254nm. C, = 138
mg LAS/L. No TiO2 or H2O2 was present in the system.

process since it takes 5 hours to degrade approximately
80% of the initial compound. The use of a high-energy
lamp as the means for degradation is not cost effective
as a result of the time and energy required. Of the ad-
vanced oxidation processes tested, hydrogen peroxide
combined with UV light at 254 nm was the most effec-
tive method based on the calculated initial rates for the
destruction of the initial compound LAS.

3.2.2 Wet air oxidation of surfactants

In a study of the applicability of wet air oxidation (WAO)
for various organic pollutants, the basics of this process
have been outlined [74]. WAO is suitable for the treat-
ment of organic or inorganic pollutants dissolved in wa-
ter. WAO is dependent on high temperatures and pres-
sures operating in the range of 174-320°C and 2.17-
20.7 MPa, respectively. At high enough temperatures
and pressures, the solubility of oxygen increases and
provides the driving force for oxidation. The source
of oxygen was either compressed air or pure oxygen.
The high pressures are required to keep the water in
a liquid state. WAO provides the same oxidative ability
as flame combustion but at much lower temperatures.
Mantzavinos et al. [75] studied the WAO of LAS and its
effects on the biodegradation of LAS. The experiments
were semi-batch with 1000 mg/L LAS at 473K, O par-
tial pressure of 1.3 MPa and a reaction time of 40 to 390
minutes. It was found that although LAS was easily oxi-
dized by WAO to compounds that do not act as surfac-
tants, unoxidized LAS was more readily biodegradable
than that of the treated LAS. Biodegradability of LAS
decreased with increasing the degree of oxidation. The
WAO of LAS at 1600 mg/L, temperatures ranging 180-
240°C and pressures ranging from 3.05 to 6.55 MPa pro-
duced by-products that included low molecular weight
VFAs (volatile fatty acids) such as formic and acetic
acids, sulfonated aromatics, and sulfate. For a reaction
time of 120 minutes at 1.5 MPa O, partial pressure, in-
creasing the temperature gave an improvement in LAS

removal from 79% to 100% and COD removal from 23%
to 70%. Increasing the pressure was found to have lit-
tle impact on TOC and COD removal. In another study,
a semi-batch WAO of LAS at temperatures of 453 and
473K and total pressures of 2.8 and 3.3 MPa with areac-
tion time of 40-390 minutes has been investigated [77].
In agreement with the results of a previous study, LAS
was readily degraded to smaller molecules that did not
behave as surfactants. TOC removal only reached 50%
because of the resistance of small organic acids to fur-
ther oxidation [75].

3.2.3 Sonochemical degradation of surfactants

Vinodgopal [78] studied the ultrasound (363 kHz) in-
duced degradation of nonylphenol ethoxylate. Ultra-
sonic degradation is a result of ultrasound-induced
cavitations. Acoustic cavitation involves the formation,
growth, and implosion of very small gas bubbles. The
implosion of the bubbles results in near adiabatic heat-
ing of the gas and vapour inside the bubble. High lo-
cal temperatures and pressures are referred to as hot
spots. These conditions can result to the homolysis
of water molecules to produce H* and °*OH radicals.
The attack of the surfactant molecules by the radicals
and thermal decomposition are the main pathways of
degradation. The rates of degradation are dependent
on the initial surfactant concentrations. The degrada-
tion of alkylphenol ethoxylates by ultrasound is depen-
dent on the surfactant concentration being below the
critical micelle concentration since micelles effectively
shielded surfactant monomers from H* and *OH radi-
cals [79].

3.2.4 Foam fractionation of surfactants

Foam fractionation is accomplished by sparging air to
produce tiny bubbles that collect surfactant molecules
as they rise to the top of the liquid and produce foam.
The thin liquid film between the air bubbles is sta-
bilized by the adsorbed surfactant. The liquid drains
form this thin liquid film due to gravity [80]. Foam
fractionation was used as a method for the treatment
of sodium dodecylsulfate contaminated water and pro-
vided 90% recovery [80]. Wungrattanasopon et al. [81]
studied foam fractionation to remove tert-butylphenol
by using sodium dodecylsulfate and confirmed Thara-
piwattananon’s results [80] of 90% surfactant recovery.

3.2.5 Electrochemically generated coagulant treatment
of surfactants

Electrochemically generated coagulants are formed by
passing an electrical current through an iron or alu-
minum electrode (anode) that in turn releases Al3* or
Fe?* as a result of electron consumption. Hydrogen
gas forms at the cathode. Depending upon the pH,
aluminum oxide or iron oxide flocs form and float to



Vol. 06

Health effects, environmental impacts, ... 123

the surface carrying the contaminants. The removal of
nonylphenol ethoxylates with electrochemically gener-
ated aluminum and iron coagulants using aluminum
and carbon steel electrodes with a current density of
10 A/m? was tested and it was found that the longer
the ethoxylate chain, the more hydrophilic the NPEO,
therefore, the less tendency to adsorb the flocs leading
to lower removal rates [82]. Removal rates of NP4EO (4
EO groups) were between 40 and 80% and for NP16EO
(16 EO groups) 30 to 50%.

3.2.6 Fenton's treatment of surfactants

The Fenton reaction is as follows:
Fe?* + HyO» — Fe3* + *OH + OH™ (1)

Generated hydroxyl radicals react with organic
compounds and ultimately degrade them to carbon
dioxide and water. The enhancement of the biodegrad-
ability of the NPEO with Fenton’s treatment has been
studied [83]. The COD of NPEO was 1000mg/L used
with 1000 mg/L hydrogen peroxide with an HpOp /Fell
equal to one. Batch aerobic experiments followed to
test the biodegradability of the partially oxidized so-
lution. It was concluded that Fenton’s pretreatment
reduced biodegradability with low hydrogen peroxide
dosages and increased the biodegradability at higher
H>0> dosages. Lin et al. [84] found optimum operat-
ing conditions for treating 10 mg/L LAS to be 90 mg/L
FeSO4, 60mg/L hydrogen peroxide with a reaction time
of 50 minutes at pH 3 to achieve greater than 95% re-
moval. A first order kinetic model was fitted to the ex-
perimental results. Final treatment with a chemical co-
agulant was found to be highly beneficial in removing
small iron oxide flocs formed during the reaction.

3.2.7 Photo-Fenton treatment of surfactants

Photo-Fenton treatment involves the irradiation of a so-
lution containing hydrogen peroxide and ferric ions in
order to degrade organic pollutants. The ferric ions act
as a catalyst for the generation of hydroxyl radicals. A
simplified photo-Fenton reaction is as follows:

Fe’" + Hy0, — Fe3* + *OH + OH~ ()
Fe3* + H,0 -2 Fe2* + H* + *OH 3)
The photo-Fenton degradation of an alkylphenol
ethoxylate (trade name Igepal CA 520) has been studied,
in which a UV source of 365 nm was used. 60% removal

was achieved in six hours. Exposure to sunlight for 24
hours resulted in 90% removal [85].

3.2.8 Ozonation of surfactants

First order reaction rates were observed with respect to
NPEO concentration for degradation of NPnEOs (n = 4-

30) in dilute solution [86]. A linear relationship was ob-
served between first order rate constants and a num-
ber of ethoxylate groups. It was concluded that the
high O3 concentrations do not enhance mineralization
but low concentrations of O3 were sufficient to en-
hance the biodegradability of NPnEOs. The treatment
efficiency of ozonation of sodium dodecylbenzene sul-
fonate (SDS) with varied pH and organic loading was
investigated [87]. It was determined that alkaline con-
ditions were favored since hydroxyl radicals were pref-
erentially formed and were the main route of degrada-
tion. Ozonation was only able to partially remove SDS
and COD but was concluded that ozonation followed
by biodegradation might enhance the overall removal
of COD.

4. CONCLUSION

Surfactants play a major role in our society. Ultimately,
their usage in such large quantities means that their
ultimate fate is highly important. It has been demon-
strated that greater than 90% of many surfactants are
removed in traditional biological wastewater treatment
processes. The remainder can remain adsorbed to the
biosolids at end up on agricultural land via reuse pro-
grams. Many methods of surfactant degradation and
removal have been discussed in this study and it has
been shown that the treatment of surfactant containing
wastewaters at the source is a viable option. Degrada-
tion of linear alkylbenzene sulfonate at the source of
pollution using Degussa P25 TiO»> combined with UV
light (365 nm), hydrogen peroxide combined with UV
light (254 nm) or UV light (254 nm) alone are potentially
successful methods of reducing surfactant pollution.
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