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Abstract The ever-increasing number and production
capacity of petroleum refineries in recent years have
intensified the need for developing an effective and prac-
tical method for treating their wastewaters. In this study,
the application of Fenton process with scrap iron powder
was investigated for the treatment of a bio-refractory
petroleum refinery effluent. Response surface methodology
was employed with a cubic IV optimal design to optimize
the process using chemical oxygen demand (COD) removal
as the target response. H,O,/COD, and H,0,/Fe mass
ratios as well as pH were considered as the relevant
parameters. A COD removal of more than 83 % was
achieved under optimal conditions (H,O,/COD 10.03,
H,0,/Fe 2.66 and pH 3.0) within 90 min. Kinetics studies
were conducted to investigate the effect of reaction time on
COD removal. In addition, the role of post-coagulation on
COD removal under optimal conditions was investigated
and it was found that 37 % of COD removal occurred due
to coagulation, indicating its high potential in the Fenton
process.
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Introduction

Refining of crude oil is associated with the generation of
large amounts of wastewater (0.4—0.6 times the volume of
the oil processed) (Coelho et al. 2006). The demand for
reduced water consumption in the industry warrants the
development of water treatment and water recycle technol-
ogies for the oil industry (Saien and Nejati 2007). Petroleum
refinery effluents contain large quantities of such toxic and
recalcitrant aromatic compounds as Benzene, Toluene, Ethyl
benzene, and Xylene which are recognized as the most
hazardous compounds released into the environment
(Aranda et al. 2010; Tiburtius et al. 2005). The conventional
methods used for treating refinery wastewaters include
mechanical and physicochemical processes such as oil—
water separation, coagulation, and dissolved air flotation
with further biological treatment (Stepnowski et al. 2002;
Diya’uddeen et al. 2011). However, biological processes are
not efficient when the wastewater contains highly toxic and
bio-refractory compounds (Saien and Nejati 2007).
Advanced oxidation processes characterized by the
generation of hydroxyl radicals (OH’) can be used to destroy
a wide range of toxic and bio-refractory compounds.
Among these, the Fenton process which utilizes a mixture
of hydrogen peroxide and ferrous ions to generate hydroxyl
radicals has proved to be an effective and economical
method (Eq. 1) (Stepnowski et al. 2002; Chu et al. 2012).

Fe’* + H,0, — Fe’* + OH + OH~ (1)

A number of researchers have investigated the Fenton
process using alternative iron sources to find that iron
powder could be replaced by iron salts as the catalyst in the
Fenton reaction. In this case, Fe?t is generated due to the
corrosion of iron in the presence of H,O, under acidic
conditions which would then react with hydrogen peroxide
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(Barbusinski and Majewski 2003; Su et al. 2011; Chang
et al. 2009). Ferric ions in the solution may react with
hydrogen peroxide and yield ferrous ions and hydroperoxyl
radicals. This reaction is referred as Fenton-like reaction
(Hasan et al. 2012). In addition, ferric ions existing in the
solution can improve the treatment process by coagulation
of organic compounds. The proposed reaction mechanism
is shown in Egs. (2, 3, 4, 5) (Kallel et al. 2009; Benatti
et al. 2006; Hasan et al. 2012).

Fe’ + 2HY — Fe’* + H, (2)
2Fe*" 4 Fe’ — 3Fe?" (3)
Fe’* + H,0, «» Fe ... OOH*" (4)
Fe ... OOH*" + H" « Fe’* + H,0 + H' (5)

Fenton-like reaction with the constant rate of
0.01-0.02 M~' 57! is much slower than Fenton reaction
with the constant rate of 76 M~! s™!, moreover HO5 is less
reactive than OH'; thus, Fenton is the dominant reaction in
production of the radicals (Anotai et al. 2006; Sun et al.
2007; Ramirez et al. 2009). In general, regeneration of
ferrous iron from the Fenton-like reaction is the rate
limiting step in the iron cycle. As a result, after
consumption of ferrous ions by the Fenton reaction, the
generation of radicals will considerably slow down
(Kavitha and Palanivelu 2004; Anotai et al. 2006).

Industrial wastewater treatment plants deal with prob-
lems related to the variability of wastewater characteristics.
Therefore, the concentrations of the reagents used should
be adjusted to meet optimal treatment conditions (Bianco
et al. 2011). Response surface methodology (RSM) is a
powerful method to determine optimal operating condi-
tions for processes with a wide variability and different
interactions (Ahmadi et al. 2005).

In this study, the Fenton treatment (combination of
advanced oxidation and post-coagulation processes) was
used with scrap iron powder for the treatment of a bio-
refractory petroleum refinery effluent. Response surface
methodology with a cubic IV optimal design was used to
evaluate and optimize the process. The effects of the
parameters involved in the Fenton process including the
ratios of hydrogen peroxide to COD and hydrogen peroxide
to Fe, pH, and reaction time were also investigated.

Materials and methods
Materials

The effluent from the API' process was obtained from a
plant located in Isfahan Oil Refining Co. in Iran; the

' _ American Petroleum Institute
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Table 1 Characteristics of raw wastewater

Item Value
COD (mg/L) 450
BOD (mg/L) 174
TOC (mg/L) 119
Oil and grease (mg/L) 870
TSS (mg/L) 150
pH 6.7

process is commonly employed for treating wastewaters
from lubrication oil manufacturing plants. Due to the high
bio-refractory content of the wastewater, the effluent is
transferred into an evaporation pond. The characteristics of
the wastewater used in this study are presented in Table 1.

All chemicals (NaOH, HCI, H,SO,, H,O, 30 %) were
purchased from Merck (analytical grade). Scrap iron
shavings were obtained from a metal tuner. Iron particles
were prepared by sieving them and particles ranging
between 106 and 300 pm (No. 140-50) in diameters were
selected for the experiments. The particles were washed in
H,SO, (0.6 M) for 10 min, and in distilled water before
they were washed in NaOH (1 M) for 10 min to remove
lipids on the surface of the particles (Mu et al. 2004).
Finally, they were washed in distilled water again to
remove residual NaOH.

Experimental procedure

As shown in Fig. 1, the experiments were carried out with
samples of 400 mL of wastewater in 1 L containers. NaOH
(1 M) and HCI (2 M) were used for pH adjustment. The
Fenton process was conducted at room temperature (25 °C)
in the batch mode using predetermined concentrations of
reagents. A six-blade jar test apparatus was used for agi-
tation (200 rpm) throughout the process. Containers with
square cross sections (10 cm x 10 cm) were used to pro-
vide complete agitation.

At the end of the reaction time (90 min), oxidation was
terminated by adjusting pH to 8.5. This pH value also falls
within the optimum range for the coagulation process
reported by many researchers (Altaher et al. 2011;
Tchobanoglous et al. 2003; Yoon et al. 2002). Hydrogen
peroxide breaks down into oxygen and water at pH values
above 7.0 (Kallel et al. 2009). It is important to note that
each mg/L. of residual H,O, in solution is equivalent to
0.27 mg/L of COD (Ahmadi et al. 2005). Residual H,O,
must, therefore, be allowed to decompose to avoid inter-
ference with COD measurement (Anotai et al. 2010;
Coelho et al. 2006). The sludge in samples with a high
initial H>O, concentration cannot settle due to the presence
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Fig. 1 Schematic diagram of the Fenton reactor

of bubbles produced by the decomposition of residual
hydrogen peroxide. Hence, 50 mL of each sample was
transferred into capped containers and kept at 75 'C for
5 h. After simultaneous precipitation and coagulation of
Fe>" in the form of Fe(OH)s, the supernatant was decanted
and subjected to analyses.

Analyses

COD was measured according to the colorimetric method
for COD in the range of 0-1,500 mg/L using a HACH DR/
2010 spectrophotometer. COD removal efficiency was
defined as in the following Equation:

COD; — COD¢
COD removal (%) = ~—cob, (6)
where COD; and CODy designate the measured COD val-
ues before and after the Fenton process, respectively.

The pH of wastewater was measured using a 3045 Ion
Analyzer pH meter. All other analytical tests were per-
formed according to the standard methods for examination
of water and wastewater (Eaton et al. 2005).

Experimental design and optimization

Experiments were carried out in a cubic IV optimal
design using the RSM to investigate the effects of the
parameters involved. The IV optimal design seeks to
minimize the integral of prediction variance across the
entire design space. Moreover, it is built algorithmically
to provide a lower prediction variance throughout a region
of interest (Design Expert software, version §, user’s
Guide 2010).

The mass ratios of H,O,/COD and H,0O,/Fe as well as
pH were considered as independent variables and COD
removal efficiency was considered as the response. Vari-
able levels were determined based on both stoichiometric
studies and literature reports to ensure that the design
points fell within the design space. The calculation of
minimum H,0, dosage was based on the stoichiometric
ratio with respect to complete oxidation of COD as

Table 2 Experimental factors and levels

Factor Level

H,0./COD (g/g) 15 35 55 75 95 115
H,0/Fe (g/g) 035 088 141 194 247 3
pH 20 30 40 50 - -

presented in the following Equation (Badawy et al. 2006;
Gernjak et al. 2003).

1gCOD = 1g 0, =0.03125 mol O,
= 0.0625 mol H,0, = 2.125 g H,0, (7)

The variables and design levels are presented in Table 2.

The experiment design, optimization, and the 3D
response surface plot were accomplished using the Design-
Expert software, version 8.0.7.1 (Stat-Ease, Inc., USA).
The optimal conditions determined by the software were
used for investigating the reaction time and kinetics in the
next steps.

Results and discussion

In order to investigate the factors (mass ratios of H,O,/
COD, H,0,/Fe and pH) involved in the Fenton reaction, 30
sets of experiments with operating conditions according to
the experimental design were performed. All the experi-
ments were conducted during a reaction time of 90 min. A
mass-based computation was used for better evaluation of
the treatment process. Table 3 presents the experimental
results under each operating conditions based on the IV
optimal design.

A cubic model was used for design of experiments due
to the likelihood of a wavy response and high interactions
among the parameters (Design Expert software, version 8,
user’s Guide 2010). Analysis of variance was performed to
evaluate the interactions among the variables and for model
calibration according to experimental results (Table 4).

All the statistically non-significant terms were elimi-
nated from the model. The following equation with coded
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Table 3 Experimental results at each operating conditions based on
IV optimal design

Run A: HyO,/ B: H,O,/ C: pH COD
COD (g/g) Fe (g/g) removal (%)

1 11.5 1.41 4.0 78.7
2 3.5 1.41 4.0 70
3 3.5 0.35 5.0 65.3
4 3.5 247 4.0 65.8
5 9.5 1.41 2.0 76
6 11.5 2.47 5.0 74.2
7 11.5 0.35 5.0 73.8
8 11.5 0.35 2.0 76.4
9 35 247 4.0 68
10 3.5 0.88 3.0 724
11 1.5 0.35 4.0 62.7
12 9.5 3 4.0 78.2
13 1.5 3 3.0 58.7
14 7.5 1.41 5.0 71.8
15 11.5 3 2.0 77.1
16 9.5 247 3.0 82.4
17 3.5 1.94 3.0 75.1
18 3.5 3 5.0 63.3
19 7.5 1.41 5.0 73.6
20 3.5 0.35 2.0 68.4
21 3.5 0.88 3.0 74
22 7.5 0.35 2.0 74.4
23 7.5 1.41 3.0 80.4
24 7.5 0.35 4.0 74.9
25 1.5 1.94 2.0 64.4
26 11.5 0.35 3.0 79.1
27 1.5 1.41 5.0 61.1
28 9.5 247 3.0 84.7
29 11.5 1.41 4.0 80
30 5.5 3 2.0 73.1

variables represents COD removal based on the reduced
cubic model fitted to the experimental results (Eq. 8).

COD removal (%) = +78.43 + 7.84A + 1.00B — 6.28C
+ 2.284B + 0.55AC — 5.20A2
—2.16B* — 3.9C* — 2.60A’B
+ 1.80AB* — 1.67AC? + 4.53C°
(8)
A, B, and C were already introduced in Table 3.
According to Table 4, the Model F-value of 61.94
implies that the model is significant. There is a chance of
only 0.01 % that a “Model F-Value” as large as this would

occur due to noise. The “Lack of Fit F-value” of 0.95
implies that the Lack of Fit is not significantly relative to

el cllol ay .
rACST;;fmlJIq m;‘f;ﬁ @ Springer

the pure error. The “Adequate Precision” measures the
signal to noise ratio. The ratio of 27.824 indicates an
adequate signal; thus, this model can be used to navigate
the design space.

Optimal treatment conditions

In this study, COD removal was used as an indicator of
successful wastewater treatment. In general, the success of
the Fenton treatment depends on the generation of OH'.
Figure 2 shows the response surface of COD reduction due
to the interaction between COD/H,0, and H,O,/Fe ratios
at pH 3.0.

Higher concentrations of H,O,/COD in the presence of
iron generated more hydroxyl radicals and enhanced
process efficiency. However, excessive amounts of
hydrogen peroxide and Fe particles had adverse effects on
removal efficiency. The undesirable reactions between
hydroxyl/hydroperoxyl radicals and excessive amounts of
H,0, and Fe ions may be explained by the following Eqs.
9, 10, 11, 12).

H,0, + OH — HO, + H,0 (9)
Fe’™ + OH — OH ™ + Fe'" (10)
Fe’" + HO, — HO; + Fe*" (11)
Fe’* + HO, — O, + Fe’" 4+ H" (12)

Although higher concentrations of Fe ions might have
been advantageous in terms of COD reduction by post-
coagulation, a high dosage of iron ions scavenged the
hydroxyl/hydroperoxyl radicals (Benatti et al. 2006; Kang
and Hwang 2000).

As the results show (Fig. 3), pH is also a determinant
factor in the Fenton process.

The highest concentration of Fe®" occurred at pH
values in the range of 2.0-4.0 and beyond which the
efficiency decreased. Moreover, hydrogen peroxide is
most stable at pH levels in the range of 3.0-4.0 and its
decomposition at higher pH values formed another reason
for the inefficiency of the process (Benatti et al. 2006;
Badawy et al. 2006). As seen in Fig. 3, maximum COD
removal was obtained at a pH value of around 3.0 with
COD removal steadily decreasing as pH increased. These
results agree well with those reported in the literature
(Kallel et al. 2009; Badawy et al. 2006; Kang and Hwang
2000).

The optimal conditions derived from the experiments
conducted are presented in Table 5. These values were
employed in the investigation of the reaction kinetics and
post-coagulation in the Fenton process.
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Table 4 Analysis of variance for response surface reduced cubic model
Source Sum of squares DOF Mean square F value p value > F
Model 1,232.64 12 102.72 61.94 <0.0001
A: H,0,/COD 245.64 1 245.64 148.13 <0.0001
B: H,O,/Fe 4.55 1 4.55 2.74 0.1161
C: pH 52.92 1 52.92 31.91 <0.0001
AB 39.97 1 39.97 24.1 0.0001
AC 2.39 1 2.39 1.44 0.2464
A? 102.41 1 102.41 61.75 <0.0001
B? 22.33 1 22.33 13.47 0.0019
c? 87 1 87 52.46 <0.0001
A’B 12.89 1 12.89 7.78 0.0126
AB? 8.5 1 8.5 5.13 0.0369
AC? 8.28 1 8.28 4.99 0.0392
c 24.66 1 24.66 14.87 0.0013
Residual 28.19 17 1.66
Lack of fit 19.57 12 1.63 0.95 0.5699
Pure error 8.62 5 1.72
Total 1,260.83 29
R* = 09776
Adjusted R* = 0.9619
Adequate precision = 27.824
e @ ®),, o _copremonion
effects of H,O»/Fe and H,O,/ a
COD ratios on COD removal
(pH 3.0, reaction time 90 min) 377.75

E 715

2

8 6525

o

g =

300 <y
234
1.68

B: HQOQ/FC 1.01

035 150

Kinetics studies

Figure 4 shows the variation of COD content versus
reaction time after 180 min.

As can be seen, a rapid COD removal was achieved
early on so that more than 60 % of COD removal occurred
within the first 20 min. While COD reached near its con-
stant value after around 90 min of the reaction time.

The order of reaction was determined by plotting the
experimental data functionally, based on the integrated
form of the rate expression for a batch reactor. The fol-
lowing expression is for an nth-order reaction carried out in
a batch reactor.

11.50

6.50
A: H0,/COD 6.0
A: HzOz/COD
dCOD

where n is the reaction order and k is the reaction rate
constant. Integrating the above expression for different
reaction orders, between the limits from COD = COD,, to
COD = COD and from ¢t = 0 to t = ¢, results in

COD — CODy = —kot (14)
15850 = ~ht (15)
CO% N CC:DO =kt (16)
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Table 5 Optimal conditions predicted by the software (a) soo
Predicted COD  H,0,/COD  H,0,/Fe pH H,0, Fe _ o
removal (%) (g/g) (g/9) (gL (glL) Eﬁ 300
E 200 R*=0.4912
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Fig. 4 COD removal under optimal conditions

where COD represents its value at t = £, CODy, is the initial
COD, and ko, k;, and k, are zero-, first-, and second-order
rate constants, respectively (Tchobanoglous et al. 2003).

Figure 5 represents the graphical analysis for determi-
nation of reaction order and reaction rate of the process
using above equations.

As it can be seen, the linear regression analysis indicates
that the second-order reaction model with the slope of
ky =7 x 107> L mg~ " min~" could be a better describe
for the treatment process than the other reaction orders.
Similar observations by other researchers have been
reported describing the Fenton process by a second-order
reaction model (Su et al. 2011; Szpyrkowicz et al. 2001;
Leong and Bashah 2012).
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Fig. 5 Graphical analysis for the determination of reaction order and
reaction rate constants: (a) zero-order reaction, (b) first-order
reaction, and (c¢) second-order reaction

Post-coagulation process

In addition to the mineralization of organic compounds due
to reaction with hydroxyl radicals discussed above, the
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Fig. 6 Contribution of both Fenton oxidation and post-coagulation to
the overall treatment efficiency

Fenton treatment also includes a second stage, i.e. removal
by coagulation. While in most of literatures the precipita-
tion of iron ions has just been considered as a stage to
remove them from the solution and terminate the oxidation,
it can be exploited as a post-coagulation process to enhance
the overall treatment efficiency. Hydrolyzed metal ions in
the solution can act as coagulants by neutralizing charge of
colloidal particles (adsorption of metal ions onto the sur-
face particles) and promoting them to agglomerate, or by
bridging between two or more particles, which eventually
leads to settling of the flocs; nevertheless, the dominant
removal mechanism in the post-coagulation process is
enmeshment of colloidal particles by sweeping flocs of
metal hydroxide (Tchobanoglous et al. 2003; Altaher et al.
2011). This mechanism may occur due to the precipitation
of iron hydroxides by modulating pH to 8.5 to terminate
the Fenton reactions. As flocs of metal hydroxide precipi-
tate, the colloidal particles can become entrapped in
sweeping flocs and be removed from the wastewater.
Efficiency of this process depends on the formation and
precipitation of iron hydroxide flocs. The solubility of
Fe(OH); is a function of pH and the optimum pH range for
the sweep floc mechanism is between 7.0 and 9.0
(Tchobanoglous et al. 2003; Altaher et al. 2011; Yoon et al.
2002).

In this study, the post-coagulation process was investi-
gated using 1.7 g/ iron (optimal concentration for the
Fenton process) without introduction of H,O, (the other
experimental conditions were the same of those used for
the Fenton process). According to Fig. 6, about 37 % of the
overall COD removal was due to coagulation, accounting

for a high potential for removing organics that allows it to
be exploited as an auxiliary process to the advanced oxi-
dation stage.

Therefore, considering the Fenton treatment as the
combination of advanced oxidation and post-coagulation
processes, and optimizing the other determinant factors in
the post-coagulation process such as mixing time and
velocity, coagulant dosage, temperature, etc., would make
the Fenton treatment a promising method for treating
recalcitrant wastewaters.

Conclusion

The results confirmed that the Fenton treatment with scrap
iron is an effective method for the pre-treatment of petro-
leum refinery wastewaters containing high concentrations
of recalcitrant compounds. Over 83 % of the COD was
removed within 90 min at pH 3.0 and at mass ratios of
10.03 and 2.66 for H,O,/COD and H,O,/Fe, respectively.
Compared to iron salts, scrap iron used in the Fenton
treatment has a twofold advantage: possibility of multiple
use and low costs. The post-coagulation process after
Fenton oxidation is an advantageous stage and should be
investigated and optimized individually to enhance overall
treatment efficiency.
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