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Abstract 
 
This paper deals with the degradation kinetics of an anionic surfactant (sodium dodecyl sulfate, SDS) under UV and UV-H2O2 
advanced oxidation process (AOP). Experiments were performed in a batch reactor which emits monochromatic light centered at 
253.7 nm. The photon flux of the UV reactor was 1.9(±0.1)×10-4 Einstein/L-min. Under direct UV, only 45% SDS degradation was 
observed at a fluence of 40.65 J/cm2 for initial SDS concentration of 0.35 mM. The apparent fluence-based pseudo-first order rate 
constant was found to be 1.77(±0.24)×10-5 cm2/mJ. However, very fast degradation (almost 100%) was observed for UV-H2O2, 
process at a fluence of 0.45 J/cm2. The apparent fluence-based rate constant in this case was found to be about 450 times higher 
than direct photolysis. Further, using a probe compound (para chlorobenzoic acid) competition kinetics study was performed to 
determine the second order hydroxyl radical rate constant for SDS. The rate constant thus obtained was 8.18 (±0.26)×109 M-1 s-1. 
Effects of different operating parameters like H2O2 concentration, initial SDS concentration and water quality parameters, including 
pH (7 - 12), alkalinity (0 - 10 mM HCO3

-) and nitrate concentration (0 - 1 mM as NO3
-), were investigated. The observed rate 

constants were influenced by all the studied parameters and these parameters were optimized for field application. Degradation of 
SDS was also carried out in municipal wastewater. In conclusion, UV-H2O2 AOP is an efficient treatment method for SDS in 
environmental matrices.  
 
Key words: direct photolysis, hydroxyl radical rate constant, scavenging effect, sodium dodecyl sulfate, wastewater 
 
Received: May, 2017; Revised final: November, 2017; Accepted: January, 2018; Published in final edited form: June 2019 
 

 
1. Introduction 

 
Surfactants are long chain fatty acids with 

cleansing or solubilization properties. These contain 
both polar group (either charged or uncharged) and 
nonpolar hydrocarbon chain of 10 - 20 carbon atoms. 
There are four different types of surfactants such as 
anionic, cationic, non-ionic and amphoteric. The 
predominant classes of anionic surfactants are 
branched alkylbenzenesulfonate (ABS), linear 
alkylbenzenesulfonate (LAS) and linear alkyl sulfate. 
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An example of linear alkyl sulfate is sodium dodecyl 
sulfate (SDS).  

Surfactants are commonly used in various 
industries such as textile, fibre, dye, personal care 
product, paint, polymer, pharmaceutical, mining, and 
pulp-paper, along with being used for domestic 
activities (Kitinya et al., 2017; Rivera-Utrilla et al., 
2012). After usage, surfactants are discharged into 
sewage treatment plants, creating beds of foam that 
appear near sewage outlets. Surfactants are harmful to 
fauna and flora in surface waters. For example, their 
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persistent presence in surface water even at toxic 
levels produces several pathological, physiological, 
and biochemical adverse effects on aquatic life. They 
cause break-down of chlorophyll–protein complex, 
cell death by damage to the cell membrane and 
delayed metabolism or growth rate (Onder et al., 
2007). As per United States Environmental Protection 
Agency (USEPA), surfactants should not exceed an 
upper limit of 1.0 mg/L for class SW-1 waters (for salt 
pans, shell fishing, mariculture and Ecologically 
Sensitive Zone). Thus, the removal of surfactant is 
essential for the protection of water quality. 

Surfactants-bearing wastewater can be treated 
by various physico-chemical methods like coagulation 
(Abbasi and Taheri, 2018; Beltran-Heredia et al., 
2011; Bobirica et al., 2014; Mahmoud and Ahmed, 
2014), adsorption (Kyzas et al., 2013; Raval and 
Desai, 2012; Yakout and Nayl, 2009), reverse osmosis 
(Kowalska, 2012; Zenouz, 2009), and chemical 
oxidation (Betianu et al., 2008; Lin et al., 1999; Orbeci 
et al., 2017). Each of these methods have certain 
advantages and disadvantages; whereas in general, 
treatment of wastewater with high surfactant 
concentration is difficult by any of the above methods. 
For example, reverse osmosis system is expensive to 
install and operate.  

In coagulation process, large amounts of sludge 
are generated. While adsorption is widely used for 
removing organics from wastewater; this process 
results in only phase transfer of pollutants, instead of 
their elimination. The methods like coagulation, 
reverse osmosis and adsorption produces concentrated 
surfactant-bearing solutions which again requires 
treatment. On the other hand, biological process is 
eco-friendly as well as low cost treatment option 
particularly for low concentration of surfactants.  For 
anionic surfactant removal, aerobic biological process 
is much more effective than anaerobic process but 
main problem is the high concentration of surfactants 
in wastewater particularly from industries. In 
aerobically digested sludge, their concentration is in 
the range of 100–500 mg/kg whereas anaerobically 
digested sludge contains an average of 1000–30000 
mg LAS /kg sludge dry weight. When sludge contains 
40-60 mg LAS /kg sludge dry weight, surfactants can 
affect the reproduction and growth of soil 
invertebrates and earthworms (Aonyas et al., 2016).  

Due to this fact, many researchers have 
explored advanced oxidation processes (AOP) for 
degradation of surfactants. In AOPs non-selective 
hydroxyl radicals are generated which can oxidize 
organic contaminants to mineral end products. 
Furthermore, AOPs can be used as a pre-treatment for 
highly concentrated wastewater to increase the 
biodegradability of recalcitrant organics.  

AOPs generally used to degrade various 
recalcitrant pollutants include photochemical process 
(Ghaderpoori and Dehghani, 2016; Olmez-Hanci et 
al., 2011; Paphane and Ramirez, 2013; Sanz et al., 
2013), photocatalytic processes (TiO2/UV) (Czech, 
2012; Samadi et al., 2014; Shahbazi et al., 2014) and  
 

photo-Fenton processes (Chitra et al., 2014; Ono et al.,  
2012). However, the application of most of these 
processes remain limited due to high operational costs. 
Fenton process requires lower pH and continuous pH 
adjustment. Addition of iron in wastewater also 
creates problem of sludge disposal. In photocatalytic 
process, uniform UV irradiation is required. 
Therefore, to overcome such limitations of surfactant 
removal from wastewater, in the present study we 
propose to use a treatment of homogeneous UV-H2O2 
AOP as a more efficient option to completely degrade 
one of the most widely used anionic surfactants - SDS. 
Previously, Sanz et al. (2013) have studied UV-H2O2 
AOP for the pre-treatment of anionic surfactant (linear 
LAS) to enhance their biodegradability and 
temperature effect on the degradation of surfactant. 
However, detailed reaction kinetics or influence of 
different operating parameters for field application of 
degradation of anionic surfactant by UV-H2O2 AOP 
have not been yet reported. Hydroxyl radicals 
generated during a UV-H2O2 process are highly 
reactive to organic molecules (Zepp et al., 1992) and 
hence this process is expected to effectively degrade 
SDS.  

The objective of this study is to evaluate the 
effectiveness of UV/H2O2 AOP for degradation of 
anionic surfactant SDS in wastewater at different 
operating conditions. In particular, the specific aims of 
this study are as follows: (1) to determine fluence-
based reaction rate constants for the process; (2) to 
optimize H2O2 concentration; (3) to determine second 
order hydroxyl radical rate constant with SDS; (4) to 
identify influence of initial SDS concentration and (5) 
to examine the effects of water quality parameters, 
namely pH, alkalinity, nitrate concentration, and 
wastewater matrix on SDS degradation.  

The goal of the work is to degrade concentrated 
surfactant solutions generated from industrial sources 
or from waste streams emanating from adsorption, 
coagulation-flocculation, and/or reverse osmosis 
treatment systems to a point where biological 
processes can treat the transformation products.  
 

2. Material and methods 
 

2.1. Materials 
 

Acridine orange II (ACO) (MP Biomedical, 
France), glacial acetic acid and sodium dodecyl sulfate 
(SDS), toluene and H2O2 (Merck, India), were used as 
received. All other chemicals used in this study were 
of high purity and used without further purification. 
 

2.2. UV Reactor 
 

All experiments were conducted using batch 
UV reactor (M/s. Lab Tree, India) system which emits 
monochromatic light cantered at 253.7 nm. The UV 
reactor comprises of eight U.V. bulbs, fitted in a heavy 
metal enclosure with a highly polished stainless-steel 
reflector. The schematic diagram of the reactor is 
shown in Fig. 1.  
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Fig. 1. Top view and schematic diagram of the UV Reactor 
 

The UV photon flux was measured and 
monitored throughout the experiments by using 
potassium ferrioxalate actinometry (Hatchard and 
Parker, 1956). The photon flux and fluence of the UV 
reactor was 1.9(±0.1)×10-4 Einstein/L-min and 
113(±5.7) mJ/cm2-min, respectively. 

 
2.3. Analytical methods 
 

Anionic surfactant was determined using a 
simple, rapid and reliable spectrophotometric method 
(Adak et al., 2005). Acridine orange (ACO) was used 
as ion pairing agent with anionic surfactant. 10 mL of 
anionic surfactant solution (concentration in the range 
of 3.5×10-4 to 2.1×10-2 mM of SDS) was taken into a 
25 mL separating funnel. Then, 100 μL glacial acetic 
acid and ACO (5 x10-3 M) were added; followed by 
addition of 5 mL toluene. The mixture was shaken for 
1 min, and then it was allowed to separate the phases. 
The aqueous layer was discarded and the toluene layer 
was collected in cuvette. The absorbance of the 
toluene layer was measurement at 467 nm. The limit 
of detection of this spectrophotometric method is  
1.4×10-3 mM (Adak et al., 2005).  
 

2.4. Degradation studies of anionic surfactants 
 

Direct photolysis and UV-H2O2 AOP 
experiments were performed in a batch reactor as 
mentioned in the previous section. The experiments 
were carried out with 100 mL of anionic surfactant 
(0.35 mM of SDS)-bearing synthetic wastewater and 
10 mM phosphate buffer at 27(±2)oC. Such 
concentration of anionic surfactant is usually selected 
in earlier research for investigating removal of 
surfactants from wastewater (Ghaderpoori and 
Dehghani, 2016; Ríos et al., 2017). The samples for 
direct photolysis were exposed for 6 h. Samples were 
taken at every 30 min intervals and analysed for 
remaining SDS concentration. The integrated mass 
balance equation for direct photolysis of SDS is given 
in Eq. (1).  

 

 
  'H'k
SDS

SDS
ln app

0

  (1) 

In the above equation, [SDS] is SDS 
concentration at any time t; [SDS]o is initial SDS 
concentration; 𝑘  is apparent fluence-based pseudo-
first order rate constant (cm2/mJ) and 𝐻  is the fluence 
corresponding to time t (mJ/cm2). The fluence based 
rate constant will be required to select UV dose for real 
field application. For UV-H2O2 AOP, different 
peroxide concentration (0.125, 0.25, 0.5, 1, 2, 5, and 
7.5, mol of H2O2/mol of SDS) were investigated to 
identify the concentration for maximum degradation 
of surfactant. The pH of the solution was kept at 
7±(0.1) using 10 mM phosphate buffer. Samples were 
taken at regular intervals from 0 to 10 min of 
irradiation.  

The experimental results were analyzed by 
above kinetic model (Eq. 1). Furthermore, influence of 
initial SDS concentration in the range of 0.35 – 3.5 
mM (100 - 1000 mg/L) were studied. A competition 
kinetic study was performed to determine the second 
order hydroxyl radical rate constant with SDS. Para 
chlorobenzoic acid (pCBA) was used as a reference 
compound for this experiment. Under direct 
photolysis of pCBA, the apparent fluence-based 
pseudo-first order rate constant was found to be 
8.0×10-05 cm2/mJ. Second order hydroxyl radical rate 
constant for transformation of pCBA reported in 
literature is 5.8×109 M-1s-1 (Buxton et al., 1988). The 
ratio of surfactant to pCBA was taken as 1 mol pCBA/ 
mol SDS. The peroxide concentration was kept at 1 
mol H2O2/mol of SDS. 

The effects of pH (5 - 12) and other interfering 
substances such as bicarbonate and nitrate on SDS 
transformation were also studied. In addition, SDS 
degradation experiments were conducted in the 
municipal wastewater collected from IIEST Shibpur 
campus. In all cases, the SDS concentration was 0.35 
mM (100 mg/L) and peroxide concentration was 1 mol 
H2O2/mol SDS. Raw wastewater was collected from 
municipal sewer having five-day biochemical oxygen 
demand (BOD5) of 200 mg/L, chemical oxygen 
demand (COD) of 848 mg/L, total solids of 1334 
mg/L, fixed solids of 950 mg/L and dissolved solids 
of 384 mg/L. The AS concentration in raw wastewater 
was found to be 6.3×10-3 mM (as SDS). It was filtered 
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using a commercial filter paper and followed by 
Whatman 42 filter paper. The filtrate was used to 
prepare 0.35 mM SDS spiked sample.  

The biodegradability of intermediate products 
was examined for transformation of SDS, spiked in 
distilled water by UV-H2O2 treatment. The BOD5 and 
COD of the degraded samples were measured, and the 
BOD5/COD ratio was used to describe changes in 
biodegradability. Results are reported as mean ± SD 
for N = 3 unless otherwise stated. Origin Pro8 
software was used for analysis of variance (ANOVA) 
of the experimental data. Significant difference was 
asserted at 95% confidence interval (p < 0.05).  
 
3. Result and discussions 
 
3.1. Effect of UV irradiation on SDS removal 
 

SDS solution (0.35 mM) was subjected to UV 
radiation at 253.7 nm for different time periods up to 
6 h at pH 7±(0.1). Fig. 2 indicates that maximum 
degradation obtained at 6 h irradiation was not more 
than 45%, showing low efficiency of direct photolysis 
of SDS as also reported previously (Adak et al., 2014). 
The transformation of SDS followed the pseudo first 
order kinetic model. The time-based rate constant was 
2.20(±0.27)×10-3 min-1 and the fluence based rate 
constant was found to be 1.77(±0.23)×10-5 cm2/mJ. 

In addition, quantum yields were also 
calculated for the degradation of SDS by UV 
irradiation. Quantum yield is useful for determination 
of the photolytic efficiency and it is defined as the 
moles of a compound transformed per mole of photons 
absorbed by the compound (Bolton and Stefan, 2002). 
Apparent fluence-based pseudo-first order rate 
constant was used to calculate the apparent quantum 
yield (Eq. 2).  
 

7.253

app,7.253app,7.253
app,p U

10ln
'k


  (2) 

 
In Eq. 2, 𝑘 ,  is the experimentally 

determined apparent fluence-based pseudo-first order 
photolysis rate constant (cm2 mJ-1), 𝛷 . ,  is the 
apparent quantum yield at 253.7 nm (mol Einstein-1), 
 𝜀 . ,  is the apparent molar absorptivity at 253.7 
nm (M-1 cm-1), and 𝑈 .  is the molar photon energy 
at 253.7 nm (4.72×105 J Einstein-1). The quantum 
yield for degradation of SDS was found to be 
0.385(±0.034) mol Einstein-1. It is to note that UV 
absorbance at 254 nm of SDS solution (0.35 mM) and 
its degraded samples was very low (<0.010 cm-1). 
Comparable quantum yields of 0.582 mol Einstein-1 

and 1.344 mol Einstein-1 for cetyltrimethylammonium 
bromide and LAS respectively have been reported in 
previous studies (Acharya and Rebery, 2009; Sanz et 
al., 2003). 

 

3.2. Removal of SDS in presence of only H2O2 
 

Solution with initial SDS concentration of 

0.35 mM and H2O2 concentration of 1 mol of H2O2/ 
mol of SDS was kept in dark to observe the effect of 
only H2O2 on SDS degradation. Samples were 
withdrawn at different time intervals and analysed. No 
significant SDS degradation was observed upto a 
period of 30 days. This is because hydroxyl radicals 
were not formed without UV radiation (Adak et al., 
2014). 

 

 
 

Fig. 2. Degradation of SDS spiked in distilled water at UV 
253.7 nm at pH 7.0(±0.1) 

 
3.3. Effect of UV-H2O2 on SDS removal   
 

To examine the effect of UV-H2O2 AOP, 
SDS solution having initial concentration of 0.35 mM 
and pH of 7(±0.1) was treated with H2O2 and irradiated 
with UV. Samples were withdrawn at specified time 
intervals and analyzed for kinetic model. It was 
observed that almost 100% degradation of SDS was 
achieved within 4 min (Fig. 3). The contribution of 
hydroxyl radicals to the total degradation of SDS was 
found to be about 100%. Kinetic analysis showed that 
degradation followed the pseudo-first order kinetic 
model. Time- and fluence-based rate constants were 
found to be 0.9130(±0.18) min-1 and 8.10(±1.6)×10-3 
cm2/mJ respectively. Rate constants found in this case 
were ~ 460 times higher compared to those calculated 
from SDS degradation through direct photolysis. The 
COD removal corresponding to 4 min of UV 
irradiation was found to be ~21%. This is comparable 
to the degradation of alkyl-dimethylbenzyl 
ammonium chlorides by UV-H2O2 process (Adams 
and Kuzhikannil, 2000). This study also reported that 
UV-H2O2 pre-treatment increased the efficiency of 
biodegradation of the surfactant upto 90%.  

At a disinfection-level UV dose of 40-190 
mJ/cm2, negligible (< 0.16%) transformation is 
expected for SDS.  However, the same fluence with a 
ratio of 1 mol H2O2/mol SDS yields transformation 
efficiencies of 9% and 43% for 40 and 190 mJ/cm2 
respectively. UV doses typically employed in 
advanced oxidation are 540–2000 mJ/cm2 (Baeza and 
Knappe, 2011; Keen et al., 2012). Increasing the 
fluence to 450 mJ/cm2 and employing 1 mol H2O2/mol 
SDS allowed greater than 98% transformation of SDS. 

To investigate effect of H2O2 concentration 
in UV-H2O2, 0.35 mM SDS solution was degraded 
with the fluence of 0.45 J/cm2 keeping the pH constant 
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at 7(±0.1) and varying the peroxide concentration as 
follows: 0.125, 0.25, 0.5, 1, 2, 5 and 7.5, mol H2O2/ 
mol SDS. 

 

 
 

Fig. 3. Degradation of SDS (0.35 mM) spiked in distilled 
water and wastewater by UV-H2O2 process with 

[H2O2]/[SDS] = 1 at pH 7.0(±0.1) 
 

Fig. 4 shows the fluence-based SDS 
degradation rate constants at different H2O2 
concentration. The fluence-based rate constants 
significantly increase with the increase of H2O2 
concentration when the H2O2 concentration is below 1 
mol H2O2/ mol SDS. When the H2O2 concentration is 
over 1 mol H2O2/ mol SDS, the fluence based rate 
constant showed significant decrease as H2O2 
concentration was increased.  
 

 
 
Fig. 4. Effect of concentration of H2O2 on SDS (0.35 mM) 

degradation rate constant at pH 7.0(±0.1) (p = 1.01×10-5 for 
groups [H2O2]/[SDS] = 0 to 7.5 and p = 0.048 for groups 

[H2O2]/[SDS] = 1 to 2) 
  

At higher peroxide concentration, additional 
H2O2 did not increase appreciably the degradation 
efficiency. This may be due to hydroxyl radicals 
reacting with excess H2O2 rather than SDS molecules. 
The reaction between hydroxyl radical and H2O2 
produces hydroperoxyl radicals which are less 
reactive compared to the hydroxyl radicals (Adak et 
al., 2014; Lopez et al., 2003; Ríos et al., 2017). 
Furthermore, the steady state hydroxyl radical 
concentration was determined to be 5.7(±0.2)×10-11, 
8.2(±0.3)×10-11, 9.9(±0.3)×10-11, 11.5(±0.6)×10-11, 
10.6(±0.4)×10-11, 5.9(±0.2)×10-11 and 2.6(±0.1)×10-11 

M at 0.125, 0.25, 0.5, 1, 2, 5, and 7.5 mol H2O2/mol 
SDS respectively. Thus, optimum H2O2 concentration 
in this case might be selected as 1 mol H2O2/ mol SDS. 

 
3.4. Effect of initial SDS concentration  
 

To observe the effect of initial SDS 
concentration on UV-H2O2 degradation process, SDS 
solution (0.35-3.5 mM concentration range at pH 
7.0(±0.1)) were irradiated with a peroxide 
concentration of 1 mol H2O2/ mol SDS. The efficiency 
of the process for different concentrations of SDS is 
shown in Fig. 5. The SDS degradation significantly 
decreased with increasing initial concentration. Ríos et 
al. (2017) also reported that removal efficiency 
decreased with increased anionic surfactants 
concentration. Almost 100% degradation of SDS with 
an initial concentration of 0.35 mM was obtained with 
a UV fluence of 450 mJ/cm2, whereas, the degradation 
efficiencies were found to be only 75%, 43% and 11% 
for initial SDS concentration of 0.7, 1.75 and 3.5 mM 
respectively for the same fluence dose (Fig. 5). These 
results are in accordance with the results of other 
studies like microcystin – LR and diethanolamine 
(DEA), using UV-H2O2 AOP (He et al., 2011; 
Madihah et al., 2015). The molar absorptivity of SDS 
and H2O2 are 11.53 and 19.6 M-1cm-1 respectively. 
Thus, it is expected that the production of hydroxyl 
radical will not be sufficient at higher SDS 
concentration. However, when SDS concentration is 
high, the concentration of H2O2 is also high which may 
scavenge the hydroxyl radical. Thus, the rate constant 
decreased with increasing SDS concentration. 
 

 
 

Fig. 5. Influence of SDS initial concentration on its 
degradation with [H2O2]/[SDS] = 1 at pH 7.0(±0.1) (p = 

2.07×10-10 for SDS concentration range of 0.35 to 3.5 mM) 
 
3.5. Competition kinetic study for determining second 
order hydroxyl radical rate constants with SDS 

 
Competition kinetic experiments were 

performed to determine second order hydroxyl 
radical rate constant of SDS.  Here, pCBA was used 
as a hydroxyl radical reference compound. In the 
absence of H2O2, surfactant and pCBA showed 
fractional transformation by UV light at 253.7 nm. 
The corresponding pseudo-first order rate constants 
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for UV irradiation were added in the competition 
kinetics relationship. The integrated form of the mass 
balance on SDS in the batch reactor can be written as 
shown in Eq. (3). 
 

 
     

t
0SDS,OHSDS,p

0

dtOH"k'H'k
SDS

SDS
ln 

  (3) 

 
In Eq. (3), [SDS] is the concentration of SDS 

at time t, 𝑘 ,  is the fluence-based pseudo-first 
order rate constant for SDS, ⌊𝑂𝐻 ∙⌋ is the hydroxyl 
radical concentration, and 𝑘 ∙,  is the second order 
rate constant for transformation of SDS by hydroxyl 
radicals. Transformation of a pCBA can be described 
by a similar relationship (Eq. 4). 

 
 
     

t
0pCBA,OHpCBA,p

0

dtOH"k'H'k
pCBA

pCBA
ln 

  (4) 

 
Assuming pCBA and the surfactant 

experience the same hydroxyl radical exposure (i.e., 
⌊𝐻𝑂 ∙⌋ 𝑑𝑡 , Eq. (5) can be used to determine 

k ∙, .  
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Therefore, from the slope of a plot of  
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SDS,p
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 k .,  can be directly determined as 

mentioned in Fig. 6. The second order hydroxyl 
radical rate constants with SDS was found to be 
8.18(±0.26)×109 M-1 s-1. The second order hydroxyl 
radical rate constants with sodium 
dodecylbenzenesulfonate has been reported as 
1.6(±0.1)×1010 M-1 s-1 (Ikehata and El-din, 2004). 

 
3.6. Effect of solution pH on SDS degradation by UV-
H2O2 

 
As the pH of wastewater coming from different 

industries like textile, dye varies greatly, the effect of 
this parameter on UV-H2O2 process was studied. The 
experiments were conducted at different pH in the 
range of 5-12 with initial SDS concentration of 0.35 
mM and a peroxide concentration of 1 mol H2O2/mol 
SDS. The pH of the solution was maintained by 10 
mM phosphate buffer. It was observed that 
degradation of SDS was effective near pH 5-8 with no 
significant difference in this range (Fig. 7). Increase in 
pH beyond 10 resulted in a significant decrease in 
apparent fluence based rate constant as well as 

removal efficiency. 
 

 

 
Fig. 6. Determination of the second order rate constant for 
SDS (0.35 mM) transformation by hydroxyl radicals using 

competition kinetic study at pH 7.0(±0.1) 
 

At higher pH, H2O2 (pKa =11.8) is ionized to 
hydroperoxide (HO2

-) (molar absorptivity at 254 nm 

=240 M-1 cm-1) ion having a much higher molar 
absoptivity than hydrogen peroxide (molar 
absorptivity at  254 nm = 18.6 M-1cm-1) and can react 
both with hydrogen peroxide and hydroxyl radicals 
leading to reduction of hydroxyl radicals (Ríos et al., 
2017). This resulted in lower rate constant at higher 
pH. Moreover, the steady state concentration of 
hydroxyl radical was determined to be 11.1(±0.4)×10-

11, 10.5(±0.3)×10-11, 11.4(±0.4)×10-11, 9.1(±0.3)×10-

11, 9.0(±0.3)×10-11, 7.6(±0.2)×10-11, 5.0(±0.1)×10-11 
and 4.17(±0.4)×10-11 M for pH 5, 6, 7, 8, 9, 10, 11 and 
12 respectively. 
 

 
 

Fig. 7. Effect of solution pH on removal efficiency for a 
fluence of 450 mJ/cm2 with the corresponding apparent 
fluence-based pseudo-first order rate constant for SDS 

degradation by UV - H2O2 process with [H2O2]/[SDS] = 1 
(p = 0.9907 for pH range 5 to 8 and p = 0.000241 

for pH range 8 to 12) 
 
3.7. Effect of bicarbonate 

 
The effect of bicarbonate concentration (0-10 

mM) on SDS degradation was investigated for 
solutions containing 0.35 mM of SDS with a peroxide 
concentration of 1 mol H2O2/mol SDS at pH of 
7(±0.1). The second order hydroxyl radical rate 
constant for bicarbonate was reported to be 8.5×106  

M-1 s-1 (Buxton et al., 1988). This reaction rate is much 
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slower than hydroxyl radical reaction with SDS, for 
which a rate constant of 8.18×109 M-1 s-1 was 
determined. The apparent fluence-based rate constant 
showed significant decrease with increasing 
bicarbonate concentration (Fig. 8). The fraction of 
hydroxyl radicals that reacts with bicarbonate 
compared to all other species is expressed by Eq. (6) 
(adapted from Adak et al., 2014). 

 

 
     i

n
1i iS,HO3

3HCO,HOSDS,HO

3
3HCO,HO

3

S"kHCO"kSDS"k

HCO"k
HCO,HO

f

  











  

 (6) 
 

where, S  𝑖𝑠  concentration of other hydroxyl radical 
scavengers like carbonate, phosphate, and hydrogen 
peroxide; 𝑘" .,  is the second order hydroxyl radical 
rate constant of scavengers; 𝑘" .,  is the second 
order hydroxyl radical rate constant of carbonate and 
𝑘" .,  is the second order hydroxyl radical rate 
constant of SDS. The fraction of hydroxyl radicals 
consumed by bicarbonate was calculated to be 3.0×10-

3, 7.4×10-3, 14.7×10-3, and 28.9×10-3 for bicarbonate 
concentrations of 1, 2.5, 5, and 10 mM, respectively. 
Hydroxyl radical scavenging by bicarbonate resulted 
in a lower fraction of hydroxyl radicals reacting with 
SDS (i.e., fHO•SDS =0.99, 0.98, 0.97, and 0.96) 
respectively. The hydroxyl radical demand of 
hydrogen peroxide and phosphate was about 3.20% 
and 0.22% respectively. These findings indicate that 
alkalinity differences in surfactant contaminated water 
may impact the observed reaction kinetics in UV-
H2O2 systems; furthermore, these findings also 
suggest that real water matrices containing high 
concentrations of dissolved organic matter may 
further determine surfactant treatment efficiency 
through hydroxyl radical scavenging. 
 

 
 

Fig. 8. Effect of alkalinity (expressed as HCO3
- 

concentration) on SDS degradation process having initial 
concentration of 0.35 mM with [H2O2]/[SDS]=1 and pH 

7.0(±0.1) (p = 0.000145 between 0 and 10 mM bicarbonate 
and p = 0.016 between 2.5 and 10 mM bicarbonate) 

 
3.8. Effect of nitrate concentration 
 

Generally, surface water and wastewater 

contain high concentrations of nitrate. The effect of 
nitrate (0-1 mM) on SDS photodegradation was 
studied. In these experiments, initial SDS 
concentration was taken as 0.35 mM. The peroxide 
concentration and pH were 1 mol H2O2/mol for SDS 
and 7 respectively. Experimental data were analyzed 
using a first order kinetic model and apparent fluence-
based pseudo-first order rate constants were calculated 
(Fig. 9). The observed rate constant decreased linearly 
with significant difference between studied groups for 
nitrate concentrations of  0 to 1 mM due to scavenging 
of hydroxyl radicals by nitrate (𝑘" .,  = 9.7×109 M-

1 s-1 (Buxton et al., 1988)). The fractions of hydroxyl 
radicals consumed by nitrate were calculated to be 
0.46, 0.63, 0.72 and 0.77 for nitrate concentrations of 
0.25, 0.50, 0.75 and 1.0 mM, respectively. Hydroxyl 
radical scavenging by nitrate, therefore, resulted in a 
lower fraction of hydroxyl radicals reacting with SDS 
(i.e., fHO•,SDS = 0.54, 0.37, 0.28, and 0.23 respectively). 
The hydroxyl radical demand of hydrogen peroxide 
for these experiments was approximately 3%. The 
effect of nitrate was found to be more pronounced 
compared to alkalinity of water sample.  
 

 
 

Fig. 9. Effect of nitrate on SDS degradation in the UV-
H2O2 process having initial SDS concentration of 0.35 mM 
with [H2O2]/[SDS]=1 and pH 7.0(±0.1) (p = 0.0067 for 0 to 

1 mM nitrate concentration) 
 
3.9. Effect of municipal wastewater on surfactant 
degradation 
 

SDS solution having initial concentration of 
0.35 mM was prepared with filtered municipal 
wastewater having BOD5 of 200 mg/L, COD of 848 
mg/L, total solids of 1334 mg/L, fixed solids of 950 
mg/L and dissolved solids of 384 mg/L. The 
[H2O2]/[SDS] was 1 and the pH was 7.1(±0.1). It was 
observed that after addition of SDS in filtered 
wastewater the COD value increased to 1100 mg/L. 
This indicated that the contribution of COD for 0.35 
mM of SDS is approximately 252 mg/L. The 
degradation of SDS in this case was found to be less 
compared to distilled water spiked samples (Fig. 3). 
For example, the degradation of SDS at 2 min were 
found to be 73(±6.2) and 49(±4.8)% for distilled water 
spiked and wastewater spiked samples respectively (p 
= 0.006). The fluence- and time-based rate constants 
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for this case were found to be 5.5×10-3 cm2/mJ and 
0.6189 min-1 respectively. These values were ~1.4 
times lower compared to the rate constant found in 
case of distilled water spiked samples at pH 7(±0.1). 
The UV absorbance of wastewater at 253.7 nm was 
determined to be 0.629 cm-1. This high absorbance 
significantly hinders photolysis of H2O2. Furthermore, 
slower kinetics in wastewater matrix can be attributed 
to the scavenging of hydroxyl radicals by dissolved 
organic matter (as represented by COD) present in 
wastewater matrix. Thus, the results are in consonance 
with other documented results (Cater et al., 2000; 
Wang et al., 2006; Westerhoff et al., 1999).  
 
3.10. Biodegradability  
 

Due to the high operating costs of AOPs, 
application of short-term AOP followed by biological 
treatment is preferred for recalcitrant pollutants like 
SDS. Thus, it is required to examine the 
biodegradability of the SDS transformation products. 
Biodegradability can be represented by the ratio of 
biochemical oxygen demand (BOD5) to chemical 
oxygen demand (COD). Fig. 10 shows the 
BOD5/COD of UV-H2O2 treated effluents at different 
time. It was observed that BOD5/COD increased 
significantly with time. In particular, 0.35 mM SDS 
solutions were treated by UV-H2O2 for 2, 4, 6, and 8 
min. Residual H2O2 in the treated samples was 
quenched by catalase before measurement of BOD5 
and COD. The initial BOD5/COD ratio for 0.35 mM 
of SDS solution was found to be 0.12 (±0.02), 
indicating that SDS is not biodegradable. BOD5/COD 
fraction increased from 0.12 to 0.6 fraction within 8 
min of degradation for 0.35 mM of SDS. Further, it is 
to note that initial BOD5 and COD were determined to 
be 30 and 255 mg/L respectively.  
 

 
 

Fig. 10. Increase in biodegradability for UV-H2O2 
degraded 0.35 mM SDS at [H2O2]/[SDS] = 1 at pH 

7.0(±0.1) (p = 1.23×10-12 for 0 to 8 min) 
 
4. Conclusions  
 

In summary, disinfection-level UV treatment at 
253.7 nm transforms a nominal fraction (< 0.16%) of 
SDS in water and indicates the need for higher fluence 
to attain significant transformation efficiencies. For 
the UV-H2O2 process, 100% transformation of SDS 
was achieved with a fluence of 450 mJ/cm2 and 

peroxide concentration of 1 mol H2O2/mol SDS.  
The rate constants for UV irradiation at 253.7 

nm and transformation by hydroxyl radicals are 
comparable to other systems; however, pH, alkalinity, 
and nitrate concentrations may affect surfactant 
transformation. The pH in the range of 5-8 
demonstrated no significant effect on SDS 
transformation; whereas the degradation rate constant 
decreased in the range 8-12. The transformation of 
SDS was adversely affected with increase in nitrate 
concentration in the range of 0 to 1 mM. Though low 
alkalinity (up to 2.5 mM of HCO3

-) demonstrated no 
significant effect on SDS transformation, bicarbonate 
concentration of 10 mM, resulted in near 50% 
decrease in rate constant. The second order hydroxyl 
radical rate constant for SDS was found to be 
8.18(±0.26)×109 M-1 s-1. Municipal wastewater matrix 
showed more adverse effect on SDS degradation 
compared to distilled water spiked samples.  

The biodegradability of SDS as well as 
intermediate products was significantly increased after 
oxidation. Corresponding BOD5 was increased from 
30 mg/L (0 min) to 90 mg/L (30 min). Thus, it is 
concluded that UV-H2O2 AOP provides an efficient 
and quick transformation of anionic surfactant and is 
proposed for treatment of concentrated surfactant 
solutions generated from industrial sources or from 
waste streams emanating from adsorption, 
coagulation-flocculation, and/or reverse osmosis 
treatment systems.  
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