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a b s t r a c t
Treatment of real refinery wastewater was investigated based on alternative ferrous-assisted 
ultraviolet/persulfate (UV/PS/Fe2+) homogeneous processes. An effective circulating photo-reactor, 
equipped with an only 6 W, UV lamp was employed. The effects of operating parameters, including PS 
salt and ferrous sulfate salt (to supply ferrous ion) dosages, solution pH, reaction time, temperature, 
and applying ultrasound (US) waves were studied. The criteria in degradation process were the chem-
ical oxygen demand (COD) and the total organic carbon (TOC). The optimum operating conditions 
were found at PS concentration of 302.9 mg L–1, ferrous sulfate salt concentration of 20.3 mg L–1 and 
pH of 4.8, under which the COD, turbidity, and TOC of the wastewater were reduced respectively 
to 66.6%, 76.9%, and 39.2% after 60 min. Increasing temperature from 25°C to 50°C and applying US 
caused significant enhancements in these criteria. From results, the efficiency of investigated pro-
cesses was appeared in the order of UV/PS/Fe2+/US > UV/PS/Fe2+/heat > UV/PS/Fe2+ > UV/PS > UV. An 
overall first-order rate of COD removal was detected for the UV/PS/Fe2+ process and accordingly, the 
electrical energy consumption for one order of magnitude COD removal, under optimum conditions, 
was 10.56 kWh m–3 as well as total operating cost of only $1.82 m–3.
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1. Introduction

Recently, a high interest has been devoted to petroleum 
refinery with the aim of wastewater management by optimiz-
ing water consumption and employing treating techniques 
to reuse the treated wastewater. The traditional treatment 
of petroleum refinery wastewater is based on physical and 
chemical methods and further biological treatments in the 
integrated activate sludge unit. With respect to the fact that 
significant aliphatic and aromatic petroleum hydrocarbons 
exist in refinery wastewaters, among which aromatics are not 
readily degradable, there is still needs to use advanced tech-
niques to remove these pollutants as much as possible [1].

During recent decades, use of peroxysulfates has gained 
much attention for water and wastewater treatments [2,3]. 

In many studies it has been shown that they are capable of 
degrading highly toxic and persistent pollutants and are 
relatively cheap in comparison to other oxidants. Persulfate 
(PS) ion (S2O8

2–) utilizing with either radical driven or direct 
electron transfer process is a powerful method for treatment 
of a broad range of impurities including halogenated olefins 
and benzene, toluene, ethylbenzene and xylenes [4,5]. PS 
salts are very stable in the solid state and another advantage 
of these salts, in comparison to other reagents (hydrogen 
peroxide or ozone), is their safety and low transportation 
issues [6]. In a study by Babaei and Ghanbari in treatment of 
a petrochemical real wastewater, the performance of PS has 
been compared with hydrogen peroxide and percarbonate, 
all activated with ultraviolet (UV) irradiation [7].

When PS ion is activated in aqueous media, it forms 
sulfate anion radical (SO4

•–) with a high oxidation potential 
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of 2.5–3.1 V [8] and with a kinetically fast reacting with 
organic pollutants in wastewaters. PS can be activated by 
heat [9], UV light [10], carbon catalyst [11], soil minerals 
[12], radiolysis [13] as well as transition metal ions [14,15] to 
form sulfate radicals. Degradation of pollutants is extremely 
dependent on the PS activation technique. Sulfate radical 
based advanced oxidation processes (AOPs) has recently 
drawn much attention as one suitable in situ chemical 
oxidation technique [16].

Exposure to UV radiation is one effective PS activation. 
It has been demonstrated experimentally that photolysis of 
PS results in cleavage of the peroxide bonds and formation 
of two sulfate anion radicals. Briefly, generation of the radi-
cals in aqueous media has been described via the following 
reactions [17,18]:

S O SO2 8
2

42− − →hv •  (1)

SO H O SO HO H4 2 4
2• •− − ++ → + +  (2)

SO OH SO HO4 4
2• •− − −+ → +  (3)

S O HO S O OH2 8
2

2 8
− − −+ → +• •  (4)

SO HO SO OH4
2

4
− − −+ → +• •  (5)

Sulfate anion radical has a longer life time (3–4 × 10−5 s) 
compared with hydroxyl radical (2 × 10−8 s), therefore, it may 
have more chance of reacting with organic pollutants [19,20]. 
In majority of the works related to the application of the 
UV/PS process, high amounts of PS (1,000–10,000 mg L–1) have 
been used in treatments [2,8,10,20]. It is since the sulfate ion is 
rather an environmentally low-risk ion. There is a maximum 
allowed concentration of 250 mg L–1 as a secondary drinking 
water standard, based on the taste of water, announced by the 
United States Environmental Protection Agency [21]. Also, 
the Water Corporation in Western Australia has approved 
the sulphate ion industrial waste discharge to environment 
of up to 600 mg L–1 [22].

Adding to this advantage, transition metals and espe-
cially ferrous metals, have been proven to be efficient PS 
activators [20]. The most frequently used transition metal 
is ferrous ion (Fe2+) because of its low cost, easy availabil-
ity, and high efficiency [23]. Moreover, iron salts can remove 
or reduce the solution turbidity because of the excellent 
coagulation ability of iron hydroxides [24,25].

Ferrous ions can rapidly activate PS to form sulfate 
radicals at a high rate (k = 27 M–1 s–1) in the reaction [26]

S O Fe Fe SO SO2 8
2 2 3

4
2

4
− + + − −+ → + + •  (6)

On the other hand, excessive amounts of ferrous ion, 
may initiate a not favorable, scavenging reaction with sulfate 
radicals producing ferric compounds (k = 4.6 × 109 M–1 s–1), 
i.e. rapid conversion of Fe2+ to Fe3+ via [14,26]:

SO Fe Fe SO4
2 3

4
2•− + + −+ → +  (7)

Accordingly, ferrous ions are converted simultaneously 
by both the PS ion and sulfate radicals and the final reac-
tion product (SO4

2–) remains in the system [14]. Therefore, 
PS activation using Fe2+ may be limited through PS radical 
scavenging when excessive Fe2+ is used.

This paper reports studies on degradation of organic 
pollutants in a real refinery wastewater, picked up from a 
point prior to entering the biological treatment unit. The 
homogeneous UV/PS/Fe2+ and other relevant alternative 
processes were used for this aim. One important advantage 
of homogenous processes is no requirement for separat-
ing solid adsorbents or catalyst powders, followed by their 
regeneration and reuse. To the best of our knowledge, no 
work has been reported dealing with the treatment of real 
refinery wastewater by different homogeneous UV/PS/Fe2+ 
processes.

2. Experimental

2.1. Chemicals and analysis methods

The refinery wastewater samples were collected from 
the wastewater leaving the dissolved air flotation (DAF) unit 
and entering the biological treatment unit in the Arak petro-
leum refinery plant. The COD of samples was within the 
range of 210–280 mg L–1. Other specifications were pH: 7–8, 
turbidity: 90–120 NTU, total dissolved solids: 420–750 mg L–1, 
biochemical oxygen demand (BOD): 70–95 mg L–1 and total 
suspended solids: 45–55 mg L–1.

All chemicals were used as received without further 
purification. PS reagent is conventionally used in ammo-
nium, sodium or potassium salts. Potassium salt was used 
here, due to reported better results in photo oxidative 
removal of some organic materials compared with other 
PS salts [10,17]. K2S2O3 (99%) and FeSO4 · 7H2O (99.5%), 
for supplying Fe2+ ion were Merck (Germany) products. 
Sulfuric acid and sodium hydroxide solutions were used to 
adjust the pH of wastewater samples.

COD measurements were performed by the standard 
closed reflux and colorimetric method [27] using a COD 
reactor (HACH, DRB200) and a spectrophotometer (HACH, 
DR/2800) with the corresponding reagent. The turbidity of 
samples was scrutinized using a turbidimeter (Aqualytic 
AL250T-IR). The TOC of samples was also measured by 
means of a TOC analyzer (Shimadzu, VCSH model). The 
standard 5-d, BOD5 test was used to assess reduction in 
BOD. Samples were stored at <4°C for approximately 24 h. 
Sample volumes ranging from 15 to 30 mL were brought to 
room temperature, placed in standard BOD bottles and filled 
with water buffered with a 1.0 mL L–1 phosphate buffer solu-
tion containing MgSO4, CaCl2, and FeCl3 [27]. Samples were 
incubated at 20°C in a BOD incubator. The dissolved oxygen 
content was determined at inoculation and used after 5 d 
of incubation.

2.2. Reactor set-up and procedure

Experiments were conducted in a stainless steel rectan-
gular cubic reactor (Fig. 1). The interior dimensions were 
23 cm length, 7 cm width, and 21 cm depth. The reactor vol-
ume containing samples was about 1 L and the solution level 
was about 2 cm below the horizontal quartz tube inside 
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which the UV lamp was installed. The light source was a 
UV-C (Philips (Poland), TUV, 6 W) which was located hor-
izontally in a quartz tube (2.5 cm diameter) at the center of 
the reactor. A pump circulated the content of the reactor 
so that the solution was sprayed over the quartz tube via 
a liquid distributor. Thus, a thin film of aqueous solution 
was formed around the quartz tube perimeter where the 
most degradation occurs in this region with the low mass 
transfer resistance. The solution was circulated, after fac-
ing the temperature adjustment coil. The device therefore 
facilitated the solution to expose the light in each circulation 
path. The reactor temperature was adjusted with an external 
water stream of a thermostat through the reactor coil. All 
experiments were conducted at 25°C except where stated 
for investigating temperature effect. For generating US 
waves (28 and 40 kHz, 50 W), a generator and a transducer 
(PARSONIC) were located outside adjacent to the reactor. 
Data at different conditions were obtained and analyzed 
using the COD removal criterion as:

COD removal
COD COD

COD
%( ) =

  −  
 

×0

0

100t  (8)

where [COD]0 and [COD]t are the appropriate initial and 
at any time t values.

2.2. Design of experiments

There is a multiplicity in the influencing factors as 
well as their interactions in AOPs. A conventionally used 
method is response surface methodology (RSM), which 
is able to optimize the operational factors and construct a 
descriptive mathematical model for the process [28]. In this 
work, optimization of the factors was performed by central 
composite design (CCD) as the most commonly used RSM 
methodology. The important operating factors of K2S2O3 and 
FeSO4 · 7H2O dosages and pH were considered and COD 
removal of the wastewater was the response factor in the 
experimental design. A number of preliminary experiments 
were conducted to determine the range of the variables. 

Each of the variables was altered at five different levels 
(−α, −1, 0, +1, +α) and all of the variables were taken at a 
central coded value (denoted as zero level). Table 1 lists the 
level and range of the considered parameters as well as the 
designed CCD matrix which consists of three experimental 
points: cubic, axial and center points. The total number of 
required tests N can be determined from N = 2m + 2m + N0, 
where m is the number of factors 2m and 2m and N0 refer to 
the cubic, axial and the center point runs, respectively. In 
2m cubic experiments, all parameters are changed, allowing 
the study of the interaction between parameters from the 
obtained results. In 2m axial experiments, one parameter is 
at the highest and lowest limits i.e. (+α) and (−α) and the 
other parameters are fixed in the central point conditions. 
The last center duplicate experiments N0 are designed to 
consider the experimental systematic errors. The distance 
of the axial points from the center points depends on the 
number of factors chosen for the experiments. The obtained 
COD removal values for corresponding experiments are 
listed in Table 1. The reaction time, in all the experiments, 
was limited to 60 min.

 

Fig. 1. The used photo-reactor setup; (1) reactor, (2) quartz 
tube, (3) UV lamp, (4) temperature regulating coil, (5) pump, 
(6) distributor, (7) thermostat, and (8) ultrasound source.

Table 1
The range and levels of variables and CCD matrix of 
experimental runs

Parameter levels and ranges

–α low 
(–1)

middle 
(0)

high 
(+1)

+α

[K2S2O8] (mg L–1) 100 201.3 350 498.6 600
[FeSO4 · 7H2O] (mg L–1) 2 7.7 16 24.3 30
pH 3 4.8 7.5 10.1 12

Design matrix

Run [K2S2O8] 
(mg L–1)

[FeSO4 · 7H2O] 
(mg L–1)

pH COD 
removal (%)

1 600.00 16.00 7.50 32.18
2 498.65 7.68 4.82 30.14
3 350.00 16.00 7.50 51.9
4 350.00 16.00 7.50 53.6
5 350.00 30.00 7.50 44.12
6 350.00 16.00 3.00 59.18
7 498.65 24.32 10.18 25.11
8 350.00 16.00 7.50 56.7
9 498.65 24.32 4.82 54.17
10 350.00 16.00 7.50 58.19
11 201.35 7.68 4.82 39.9
12 201.35 24.32 10.18 34.15
13 350.00 16.00 7.50 56.12
14 350.00 16.00 7.50 54.17
15 498.65 7.68 10.18 26.17
16 350.00 16.00 12.00 24.8
17 100.00 16.00 7.50 43.17
18 350.00 2.00 7.50 25.21
19 201.35 24.32 4.82 65.18
20 201.35 7.68 10.18 32.25
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3. Results and discussion

3.1. Operational parameters and the process optimization

The influence of the considered parameters on the UV/
PS/Fe2+ process was presented by 3-D surface graphs in 
which the effects of two parameters were surveyed whereas 
the third one was maintained constant.

The results presented in Fig. 2 show that by increasing 
PS, up to about 302 mg L–1, the COD removal increases as a 
consequence of more reactive radical generation. However, 
as reported in previous studies [17,29], increasing PS does not 
continuously improve the pollutants removal since PS itself 
behaves as a scavenger of SO4

•– at elevated concen trations via:

S O SO SO S O2 8
2

4 4
2

2 8
− − − −+ → +• •  (9)

Fig. 2 also shows that by adding ferrous salt up to about 
20 mg L–1, COD removal is increased and after that a reduc-
tion is corresponding. As was pointed above, excess amounts 
of Fe2+ can lead to scavenging sulfate radicals and diminishing 
the process efficiency.

The influence of pH and PS dosages is presented in Fig. 3. 
As presented, COD removal reaches a maximum value at 
pH about 4.8 and decreases at either higher or lower pHs. 
Similar trends of variation have been previously reported for 
pollutants degradation by activated PS [9,29]. Under alka-
line conditions, SO4

•– species undergo reactions with OH– to 
generate HO• radicals according to Eq. 3. Despite conversion 
of SO4

•– to SO4
2– and producing HO• radicals with the redox 

potential of 2.8 V that is slightly more than redox potential 
of SO4

•– (2.5–3.1 V); extra amounts of SO4
2– may act as HO• 

radical scavenger [Eq. 5]. On the other hand, applying acidic 
conditions leads to additional SO4

•– anion radical generation, 
according to the following equations [29]:

S O H HS O2 8
2

2 8
− + −+ →  (10)

HS O SO SO H2 8 4 4
2− − − +→ + +•  (11)

Considering the highest level of degradation, obtained at 
pH 4.8, this amount can be considered as the optimum value.

Based on regression analysis, the provided data can be 
represented by a quadratic equation as

COD removal K S O FeSO H O

p

% . . .

.
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−
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−   × +   −
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2
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. ..36 2pH
  

 (12)

for which Table 2 lists the statistical criteria from the obtained 
data. A “Prob > F” value (p-value) less than 0.05 implies 
that a model term is significant and a value greater than 
0.10 indicates a non-significant term. The model F-value of 
118.87 and the p-value of less than 0.0001 indicate that the 
model is significant and the “Lack-of-Fit of F-value” of 0.64 
is corresponding [28,30]. The adequacy of the model was also 
examined by software and residuals are demonstrated by 
Fig. 4. The residuals show that points are adopting a straight 
line trend. The closer the data to the straight line, the better is 
the data distribution in the scales demonstrated.

Apart from these criteria, the model feature can be 
seen in Fig. 5, indicating a good agreement between the 
experimental and predicted values. Further, the overall per-
formance of the model can be assessed by the coefficient of 
determination (R2), as the degree of closeness between the 
observed and predicted COD removals. For this model, 
R2 value of 0.985 confirms that the model is satisfactory. 
The Pareto graph showed that the effect of pH was more than 
the other parameters.

The optimized operating parameters, based on the 
objective of maximizing COD removal, were determined. 
A maximum value of 65.6% was predicted for this process 
under optimum conditions of [K2S2O3] = 302.9 mg L–1, 
[FeSO4 · 7H2O] = 20.3 mg L–1 and pH = 4.8. Meanwhile, 
confirmatory experimental runs under these conditions, 
indicated a COD removal of 66.6% after 60 min. This close 
agreement confirms the model validity.

 

Fig. 2. Variation of COD removal as a function of K2S2O8 and 
FeSO4.7H2O concentrations for UV/PS/Fe2+ process; pH 4.8.

 

Fig. 3. Variation of COD removal as a function of pH and K2S2O8 
concentration for UV/PS/Fe2+ process; [FeSO4.7H2O] = 20.3 mg L–1.
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The BOD5/COD ratio of wastewater was initially within 
0.30–0.48. The COD and BOD5 measurements of the waste-
water were reduced respectively to 93 and 49 mg L–1 after 
treatment under optimum conditions. Therefore, BOD5/COD 
values after UV/PS/Fe2+ process was increased to 0.49–0.63. 
It has been reported that a wastewater with BOD5/COD 
value of more than 0.4 can be considered for biodegradation 
[7], confirming capability of biodegradation of materials, 
compared with mother compounds. Here, the refinery 
wastewater samples were collected from the wastewater 
leaving the DAF unit and while entering the biological 
treatment. Therefore, the UV/PS/Fe2+ process provides an 
advancement in the treatment of real petroleum wastewater, 
using a rather low cost AOP process.

In addition, performing TOC and turbidity analysis under 
optimum conditions revealed 39.2% and 76.9% remov-
als after 60 min (Fig. 6). Thus, process efficiency based on 
TOC criterion was found lower than the corresponding 
COD, indicating a part of recalcitrant organic compounds 
in the samples as expected. The reduction in turbidity can 
be attributed to the degradation of organic compounds and 
their mineralization [31] as well as the coagulation due to 
the presence of iron salts. The study by Li et. al. [25], for 
instance, shows that the coagulation ability of the colloidal 
ferric hydroxide produced by the Fe2+, could further improve 
the pollution removal in wastewater, coupled with the 
oxidability of PS.

3.2. Effects of US waves and heating

Experiments were conducted under optimum conditions 
while 28 and 40 kHz US waves were irradiated. When UV/
PS/Fe2+ process was assisted with the US, the efficiency was 
improved to 78.5% with 40 kHz and to 70.3% with 28 kHz 
waves (Fig. 7). The enhancement potentially occurs because 
US accelerates the activation of PS to produce SO4

•–, which 
further captures hydrogen atoms from water to form HO• 
radical [32,33]:

S O SO2 8
2

42− − →))) •  (13)

Table 2
Statistical criteria, ANOVA and lack-of-fit tests for the response quadratic Eq. 12

Source Sum of squares Degree of freedom Mean square F Value Prob > F Remarks

Model 3,471.55 7 495.94 118.87 <0.0001 Significant
[K2S2O8] 216.48 1 216.48 51.89 <0.0001
[FeSO4 · 7H2O] 491.79 1 491.79 117.88 <0.0001
pH 1,228.54 1 1,228.54 294.48 <0.0001
pH × [FeSO4 · 7H2O] 293.67 1 293.67 70.39 <0.0001
[K2S2O8]2 499.95 1 499.95 119.84 <0.0001
[FeSO4 · 7H2O]2 696.93 1 696.93 167.05 <0.0001
pH2 274.50 1 274.50 65.80 <0.0001
Residual 50.06 12 4.17
Lack of Fit 23.56 7 3.37 0.64 0.7181 non-significant
Pure error 26.50 5 5.30
Cor total 3,521.61 19

 
Fig. 4. Diagram of normal plot of studentized residuals for COD 
removals.
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SO H O HSO HO4 2 4
• •− −+ → +  (14)

where symbol “)))” denotes US waves.
Moreover, to study heat effect, experiments were con-

ducted at different temperatures under optimum other 
conditions. The favorite influence of temperature was 
observed. Increasing temperature, from the so far dominant 
temperature of 25°C–50°C, increased the COD removal from 
66.6% to 75.9%. Under these conditions, heat activation of 
PS ions assists the US reaction similar to Eq. 13.

For proper evaluations, different alternatives of the con-
sidered process were examined. Based on the obtained COD 
removals, as presented in Fig. 7; the used processes were 
efficient in the order of: UV/PS/Fe2+/US > UV/PS/Fe2+/heat > 
UV/PS/Fe2+ > UV/PS > UV. Apparently, UV light alone, with 
no PS, had no sensible influence with respect to the low power 
UV lamp. It was while using PS significantly improved the 
efficiency and that further assisting by ferrous ions enhanced 
the process performance to a high extent.

3.3. The rate of COD removal

With respect to practical applications, the rate of COD 
removal for the UV/PS/Fe2+ process under the optimum 
conditions was investigated. Fig. 8 shows that the results 
agree well with an overall pseudo first order model as:

ln
COD
COD
 
 

= ×0

t

k t  (15)

where [COD]0 and [COD]t are the appropriate initial and at 
any time values. The coefficient of determination (R2) was 
0.997. Thus, a pseudo first order reaction can be attributed 
to the COD removal of the refinery wastewater under the 
optimum conditions. The appropriate overall rate constant 
was 0.0218 min–1.

3.4. Energy consumption estimation

The cost effectiveness is essential among several criteria 
considered for the selection or evaluation of different waste-
water treatment methods. Accordingly, the total operating 
cost was considered as the sum of the major imposed costs 
of electrical energy of the light irradiation (EEC) and the used 
chemicals [2,34].

In a photochemical process, the electrical energy con-
sumption (in kWh m–3) for one order of magnitude degra-
dation, can be calculated by the equation recommended by 
the photochemistry commission of the international union of 
pure and applied chemistry (IUPAC) as [34,35]:

E p t

V
t

EC COD
COD

=
× ×
 
 

1 000

60 0

,

log
 (16)

where P is the electric power (in kW) of the photochemical 
system used for light source, V is the volume (L) of the 
treated solution and t is the treatment time (in min). 
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Since a pseudo first-order reaction was found here; 
ln([COD]0/[COD]t)/t represents the rate constant, k (in min–1). 
The simplified following formula can therefore be used:

E p
V kEC =

×
×

38 4.

 (17)

Accordingly, electrical energy consumption for one order 
of magnitude COD removal, under optimal conditions, was 
obtained as 10.56 kWh (per cubic meter of wastewater). Given 
the electrical energy cost in U.S. market as $0.129 kWh–1 in 
2018 [36], the energy cost is obtained $1.36 m–3 for the used 
process. By adding the price of the required chemicals, i.e. 
K2S2O3 (1.5 $ kg–1) and FeSO4.7H2O ($0.2 kg–1) [37] to the elec-
trical energy costs, total operating cost obtained as $1.82 m–3. 
Our previous investigation [38] indicated a much higher 
energy cost for treatment of real refinery wastewater by 
UV/TiO2 heterogeneous process.

4. Conclusions

The aim of this work was to evaluate the performance 
of using environmental friendly PS and ferrous ions in the 
homogenous photochemical treatment of petroleum refinery 
wastewater and evaluating the influence of operating param-
eters. Results showed that operations under PS concentration 
of 302.9 mg L–1, ferrous salt concentration of 20.3 mg L–1 and 
pH 4.8 could significantly reduce the COD, turbidity and 
TOC to 66.6%, 76.9%, and 39.2% respectively after 60 min. 
Meanwhile, utilizing US and increasing temperature revealed 
significant positive effects in the process. A first-order COD 
removal rate was determined under optimal conditions, and 
accordingly, electrical energy consumption for one order of 
magnitude COD removal as well as the total operating cost 
were estimated to be quite low.
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