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Abstract In this study, solar photo-Fenton reaction using
compound parabolic collectors reactor was assessed for
removal of phenol from aqueous solution. The effect of
irradiation time, initial concentration, initial pH, and dos-
age of Fenton reagent were investigated. H,O, and aro-
matic  intermediates (catechol, benzoquinone, and
hydroquinone) were quantified during the reaction to study
the pathways of the oxidation process. Complete degra-
dation of phenol was achieved after 45 min of irradiation
when the initial concentration was 100 mg/L. However,
increasing the initial concentration up to 500 mg/L inhib-
ited the degradation efficiency. The dosage of H,O, and
Fe™ significantly affected the degradation efficiency of
phenol. The observed optimum pH for the reaction was 3.1.
Phenol degradation at different concentration was fitted to
the pseudo-first order kinetic according to Langmuir—Hin-
shelwood model. Costs estimation for a large scale reactor
based was performed. The total costs of the best economic
condition with maximum degradation of phenol are 2.54 €/
m’,
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Introduction

Phenol is one of the most prevalent pollutants in the
wastewater of many industries such as resin industry,
pharmaceuticals, polymerization inhibitors, petrochemical,
paint, textile, oil refineries, antioxidants, and flavoring
agents (Gernjak et al. 2003; Ayodele et al. 2012). Phenol is
very toxic pollutant and considered as carcinogenic mate-
rial that seriously endangers public health (Yang and Long
1999; Bekkouche et al. 2004). Because of its toxicity and
low biodegradability, conventional biological treatment is
not recommended as it needs long hydraulic retention time,
nutrient addition and culture phenol degrading bacteria
(Kusi¢ et al. 2006).

It is reported that phenol and other bio-resistant organics
can be removed by adsorption and membrane separation
with high efficiency (Rana et al. 2013; Sunsandee et al.
2013). However, Adsorption in cases of high concentration
and/or high industrial effluent discharge needs big amount
of adsorbent and additional processes of adsorbent collec-
tion and regeneration are required (Dabrowski et al. 2005).
Hollow fiber supported liquid membrane and bulk liquid
membranes (BLK) proved high efficiency, lower energy
consumption, and lower costs (Pancharoen et al. 2011;
Wannachod et al. 2014). However, these technologies are
still not spread in some of developed countries.

Advanced oxidation processes (AOPs) have been real-
ized as particularly efficient technologies for degradation
of phenolic compounds (Gernjak et al. 2003). In AOPs
powerful reactive species like hydroxyl radicals (¢OH) are
generated by specific chemical reactions in aqueous solu-
tions (Gar Alalm and Tawfik 2013). (¢OH) is able to
destroy even the most recalcitrant organic molecules and
convert them into relatively benign and less persistent end
products such as CO,, H,O and inorganic ions (Ballesteros
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Martin et al. 2009; Ahmed et al. 2011). Fenton reaction is
an advanced oxidation technology that generates a highly
reactive hydroxyl radical (¢OH) by the combination of
Fe*" and H,0, (Kavitha and Palanivelu 2004).

The photo-Fenton reaction can play an important role in
oxidation process like the extraction and stripping reactions
in membrane separation (Wongsawa et al. 2013; Suren
et al. 2013). It typically enhances reaction rates and min-
eralization of recalcitrant organics than the dark reaction
process and can take the advantage of UV irradiation from
the solar light (Navarro et al. 2011; Vilar et al. 2012). In the
reaction of the photo-Fenton process Fe?" ions are oxi-
dized by H,O, to Fe’" and one equivalent HOs is produced
(Lapertot et al. 2006; Elmolla and Chaudhuri 2010). In
aqueous solutions the resulting Fe>™ act as the light
absorbing species that produce another radical while the
initial Fe*" is reproduced as illustrated in Egs. 1 and 2
(Feng and Le-cheng 2004). The resulted hydroxyl radicals
have reduction potential E° of 2.8 V (Moraes et al. 2004).

Fe*? + H,0, — Fe*® + .OH + OH™ (1)
Fe™ + HyO 4 hv — Fe™ + -OH + H' (2)

According to the light sensitivity of the photo-Fenton
reaction with respect to the solar spectrum, the utilization
of a solar light source is considered to be very economic
alternative as compared to UV lamps for treatment of
wastewater at a full scale (Nogueira et al. 2012; Luna et al.
2013). Many researchers reported that compound parabolic
collectors (CPC) technology is suitable for application of
solar photo-Fenton process (Lafi and Al-Qodah 2006; Vilar
et al. 2011; Souza et al. 2013) because UV light is reflected
and intensified towards the solution moving in the reactor
tubes (Gar Alalm et al. 2014).

The aim of this work was to evaluate photo-Fenton
reaction for degradation of phenol. CPC reactor depending
on the solar light was used. The effect of several parame-
ters such as pH, initial concentration, and Fenton reagent
dosage was investigated. In addition, the pseudo-first order
kinetic model was tested according to Langmuir-Hinshel-
wood model.

Materials and methods
Chemicals

Phenol and intermediate ring compounds such as catechol,
hydroquinone, and p-benzoquinone were purchased from
Merck (Germany) with purities >99 %. Ferrous sulphate
hydrate (FeSO,4-7H,0), hydrogen peroxide (H,O,), sulfuric
acid, acetic acid glacial, and methanol was purchased from
Sigma Aldrich company.
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Experimental procedure

Photo-Fenton experiments were carried out using CPC
reactor placed in Borg Alarab City, Egypt (latitude 30°52/,
longitude 29°35’) on the roof of environmental engineering
department. The area of the photo-reactor module is
3,600 cm? (Area of the outer tubes exhibited to solar light)
and consists of six borosilicate tubes with diameter 2.5 cm
and length 75 cm mounted on a curved polished aluminum
reflector sheet with radius of curvature 9.2 cm. The reactor
is connected from both the inlet and outlet with a tank
containing the phenol solution and provided with stirrer to
ensure the homogeneity of feedstock. The solution was
continuously pumped in a closed cycle by a flow of 1.5
L/min. A schematic diagram of the experimental set-up is
shown in Fig. 1.

The reactor was fed with 4 L of the synthetic phenol
solution with initial concentration of 100, 200, 500, and
1,000 mg/L. The pH was adjusted to by H,SO,, or NaOH.
Then H,O,, and FeSO,47H,0O were added. A sample of
20 mL was taken every 10 min from the outlet of the
reactor by the sampling port shown in Fig. 1. The solar
irradiation was measured by Met one Portable Weather
Station (Model Number 466A) installed in the same loca-
tion. The normalized illumination time (#3p,,) Was used to
compare between photo-catalytic experiments instead of
exposition time (#). The normalized illumination time was
calculated using the following equations (Malato et al.
2002; Lapertot et al. 2006).

Bown = Bown—1 + At (UV/30) (V;/V}) (3)
Aln = Ih—Ih-1, (4)

where ¢, is the experimental time for each sample; UV is
the average solar ultraviolet radiation (W/m?) measured
during At,; t3ow is the normalized illumination time, which
refers to a constant solar UV power of 30 W/m? (typical
solar UV power on a perfectly sunny day around noon); V;
is the total reactor volume; and V; the total irradiated
volume.

Analytical methods

Phenol and oxidation intermediate ring compounds (cate-
chol, hydroquinone and p-benzoquinone) were quantified
by Shimadzu HPLC (Hayat et al. 2011) by C-18 phe-
nomenex reverse-phase column, degasser (20A5), pump
(LC-20AT), and prominences Diode Array Detector (SPD-
M20A). The samples were filtered by micro syringe filters
(0.2 pm). The mobile phase was a mixture of ultrapure
water/methanol/acetic acid with volumetric percent ratio of
79.2:19.8:1.0. The flow rate of the mobile phase was
0.8 mL/min. The monitoring was at wave lengths of 270,
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Fig. 1 Schematic diagram of
the solar reactor
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276, 290, and 245 nm for phenol, catechol, hydroquinone,
and p-benzoquinone, respectively. Degradation efficiency
of phenol was calculated as the percentage of removed
amount to the initial concentration. H>,O, concentration
was measured by KMnQOy titration method as explained by
(Savarino and Thiemens 1999).

Results and discussion
Effect of irradiation time and initial concentration

Initial concentrations of phenol are essential to evaluate the
extent of chemical degradation efficiency. Accordingly, the
Effect of irradiation time at different initial concentration
of phenol was observed and the results are shown in Fig. 2.
The results obtained indicated that increasing the initial
concentration of phenol detracted the degradation effi-
ciency and prolonged irradiation time is needed for com-
plete degradation. When the initial concentration of phenol
was 100 mg/L, complete degradation of phenol was
achieved after 45 min of irradiation. Raising the initial
concentration up to 200 mg/L, complete degradation of
phenol was also registered, but after 60 min. However,
further increase in the substrate concentration from 500 to
1,000 mg/L. provided a degradation efficiency of 94 and
72 %, respectively, after 90 min of irradiation. These
results correspond closely to other similar reported work
(De et al. 2006). Decreasing of degradation efficiency at
high concentration may be attributed to the consumption of
Fenton reagent before oxidation process completed.

One of the major concerns of phenol degradation by
AOPs is the nature and type of reaction end products and
intermediates (Chiou and Juang 2007; Moreira et al. 2012).
Moreover, to evaluate the oxidation process pathways and

100 T T T T T T T T

—=&— 100 mg/L
%0 —e— 200 mg/L
7 —4a— 500 mg/L
—&— 1000 mg/L
60 E
=
o
o
O 40 4
20 4
0 L L n ) L w1
0 10 20 30 40 50 60 70 80 90
tow (min)

Fig. 2 Effect of irradiation time and initial concentration on degra-
dation efficiency of phenol, pH = 3.0, FeSO,4-7H,0 dose = 0.5 g/L,
H,0, dose = 44 mmol/L

mechanism, it is important to identify oxidative products of
the phenol during its photo-oxidation process. Various
aromatic phenol intermediates including catechol, hydro-
quinone, and benzoquinone are the most reported to be
appeared during phenol degradation (Bamuza-pemu and
Chirwa 2013). Consequently, these compounds were also
detected during photo-Fenton process and the results are
illustrated in Fig. 3. The maximum concentrations of
intermediates were detected and quantified at the first
20 min of irradiation. Concentrations of catechol, benzo-
quinone, and hydroquinone were 18, 9, and 4 mg/L,
respectively. After the first 20 min, the concentrations of
intermediates were significantly decreased as shown in
Fig. 3. After 75 min the hydroquinone completely disap-
peared, while the remaining catechol and benzoquinone
were only 4 and 2 mg/L, respectively. Similar trends were
observed in semi-continuous Fenton oxidation of phenol
(Zazo et al. 2009). Decreasing of aromatic intermediates’
concentrations is attributed to the further oxidation by
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Fig. 3 Evolution of oxidation intermediates and H,O, consumption,
pH = 3, initial phenol concentration = 100 mg/L, FeSO,-7H,O
dose = 0.5 g/L, H0, dose = 44 mmol/L

hydroxyl radicals to aliphatic acids and CO, (Yavuz et al.
2007; Bach et al. 2010). The decomposition of H,0, is also
shown in Fig. 3. At the first 30 min, the rate of H,O,
decomposition was higher due to the abundance of
hydroxyl radicals. These results correspond to the phenol
degradation profile at initial concentration of 100 mg/L
shown in Fig. 2.

Effect of initial pH

The oxidation potential of hydroxyl radicals is affected by
the solution pH. Accordingly, pH value has a considerable
influence on Fenton reaction effectiveness (Badawy et al.
2006). Consequently the effect of initial pH on photo-
Fenton degradation of phenol was extensively investigated
by four different experiments with different initial pH. The
results are depicted in Fig. 4. The results revealed that the
degradation efficiency of phenol was substantially
improved under acidic conditions. The optimum initial pH
was 3.1 in which complete degradation of phenol was
achieved after 45 min of irradiation. However, at initial pH
of 5.2 and 7.4 complete degradation of phenol occurred
after 75 and 90 min, respectively. Executing the process at
initial pH of 10.2 led to decrease the degradation efficiency
to 80 % after 90 min of light irradiation. This result could
be due to low rate of decomposition of H,O, at pH
exceeding 4.0 which resulted in a drop of production of
hydroxyl radicals (Li et al. 2009).

Effect of H,O, and FeSO,4-7H,0 dosage

The extension of the Fenton reaction is mainly influenced
by the H,O, dosage, because it is the source of hydroxyl
radicals during the light irradiation time (Zazo et al. 2009).
The effect of variation of H,O, dosage on degradation
efficiency of phenol is shown in Fig. 5. The results
revealed that increasing the dosage of H,O, improved the

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

loo T T T T T T T T
—=&—pH 3.1
%0 —e—pH 5.2
] —&—pH 7.4
——pH 10.2
60 B
=X
o
Q
O 404 E
204
0 1 1 I 1 I -
0 10 20 30 40 50 60 70 80 90

t,, (Min)

Fig. 4 Effect of pH on degradation efficiency of phenol, initial
phenol concentration = 100 mg/L, FeSO47H,0O dose = 0.5 g/L,
H,0, dose = 44 mmol/L
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Fig. 5 Effect of H,O, dose on degradation efficiency of phenol,
pH = 3.0, initial phenol concentration = 100 mg/L, FeSO,-7H,O
dose = 0.5 g/L

degradation efficiency of phenol. At H,0O, dosage of
7.4 mmol/L, 59 % degradation of phenol was recorded,
while complete degradation was registered at irradiation
time of 60 and 45 min by raising the dosage to 30 and
44 mmol/L, respectively. Raising the H,O, dosage to
59 mmol/L provided no significant improvement of phenol
degradation. Accordingly, the optimum H,O, dosage is
considered to be 44 mmol/L.

It is clear from Eqs. 1 and 2 that the generation of
hydroxyl radicals is also depending on the existence of
Fe'. In consequence of that, the influence of FeSO4-7H,0
was investigated and the results are shown in Fig. 6. The
dosage of 0.1 g/L revealed low reaction rate and achieved
77 % degradation of phenol after 90 min of irradiation.
Raising the dosage to 0.2 g/L significantly improved the
degradation efficiency to 92 % in 90 min of irradiation.
Complete degradation of phenol was recorded at a dosage
of 0.5 g/L in 45 min while at Fe™ dosage of 0.8 g/L, a
yellow color of the sample was detected which indicates
excess of iron dosage. This behavior of Fe*? and H,0,
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Fig. 6 Effect of FeSO,7H,O dose on degradation efficiency of
phenol, pH = 3.0, initial phenol concentration = 100 mg/L, H,O,
dose = 44 mmol/L

dosage effect is close to the reported results in other works
with some discrepancies in the dosage values according to
the initial concentration of phenol and the reaction condi-
tions (Yavuz et al. 2007; Zazo et al. 2009; Pontes et al.
2010; Nogueira et al. 2012).

Degradation kinetics

The Langmuir—Hinshelwood model is used to describe the
kinetics of AOPs of organics in aqueous solutions (Shaban
et al. 2013). It basically relates the degradation rate (r) and
reactant concentration (C) in water at time ¢, which is
expressed by the following equation (Kartal et al. 2001):

dc K. K, C
r=——= d (3)

di 14 KuC’
where k. is the rate constant and K,q is the adsorption
equilibrium constant. The degradation curves of phenol by
solar photo-Fenton reaction seem to be well fitted by
mono-exponential relation, which can be appropriate to be
described by pseudo-first order kinetic model. In addition,
when the adsorption in the reaction is relatively weak and/
or the reactant concentration is low, Eq. 5 can be simplified
to the pseudo-first order kinetics with an apparent first-
order rate constant k.

C
In (FO) = KiKuat = Kuppt, (6)

app-

where C, is the initial concentration of phenol. Figure 7
shows the linear relation of In (Cy/C) with irradiation time.
Ka.pp and correlation coefficient (R2) were calculated for
reaction at different initial concentrations of phenol and
presented in Table 1. The high R* values indicate suit-
ability of applying Langmuir-Hinshelwood model on solar
photo-Fenton reaction. The K, value was greater when
the initial phenol concentration was higher, that

100 mg/L
200 mg/L
300 mg/L
1000 mg/L

»H
1
Xprou

0 15 30 45 60 75 90

t,,., (min)

Fig. 7 Kinetics of solar photo-Fenton degradation of phenol,
pH = 3.0, FeSO,4-7H,0 dose = 0.5 g/L, H,O, dose = 44 mmol/L

Table 1 Reaction kinetics at different initial concentrations

Initial phenol concentration (mg/L) Kapp R?

100 0.109 0.995
200 0.073 0.963
500 0.03 0.985
1,000 0.013 0.997

corresponds to the results previously discussed in the effect
of initial phenol concentration section.

Economic and cost evaluation

The decisions for industrial wastewater treatment plant are
certainly influenced by the costs of treatment facilities (El-
Kamabh et al. 2010). The optimization of operational con-
ditions, i.e., irradiation time and dosage of reactants will
not only affect the treatment process, but will also influ-
ence the implementation and running costs (El-Gohary
et al. 2010).

In order to estimate the treatment cost, the experimental
results obtained for were used to scale up a wastewater
treatment plant for a case study of Mansoura Company of
resins. The daily amount of wastewater is 30 m*/d. Phenol
concentration is 100 £ 20 mg/L. A solar photo-Fenton
reactor is going to be studied. The capacity (C) of the
proposed reactor is estimated using Eq. 7 (Carra et al.
2013):

4
C= Vt twiD ’ (7)
where V, is the volumetric treated wastewater amount per
year; t, is the operation time for treatment reactor; t,, is the
working time per day for the reactor; and Dis the number of
working days per year. The treatment time is assumed to be
35 % of working time. This assumption is based on the
optimum irradiation time, and the average solar UV flux in
the company site. The ratio of irradiated volume to the total
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Table 2 Cost estimation for removal of phenol at different conditions

Phenol removal Irradiation time H,0, dose FeSO,4-7H,0 Chemical costs Energy cost  Operating costs (OC) Total costs
(R %) (min) (mmol/L) dose (g/L) (€/m>) (€/m>) (€/m%) (€/m%)

78 90 44 0.1 1.11 0.20 1.38 2.90

92 90 44 0.2 1.13 0.20 1.40 2.92

100 45 44 0.5 1.17 0.10 1.34 2.86

60 90 7.4 0.5 0.30 0.20 0.57 2.09

91 90 15 0.5 0.47 0.20 0.74 2.26

100 60 30 0.5 0.82 0.13 1.02 2.54

plant volume is assumed 75 %. The illumination area of
the plant (Ap) is 2.1 m’.

Amortization costs of the investment (AC) and operat-
ing costs (OC) per cubic meter of treated wastewater were
considered. The amortization costs were calculated taking
into account the basic constructing materials and the
required equipments. The investment cost per year (I) is
calculated according to the illumination area of the treat-
ment plant (Ap) and the wastewater treatment plant life
cycle (L) using Eq. 8 (Carra et al. 2013):
_ %G

1 ;
L

(8)
where C, the cost per one m? of the plant illuminated
surface. A value of 800 €/m” is assumed for including the
durable reflection surface, Pyrex tubes, construction of
tanks, and other mechanical facilities (Carra et al. 2013).
The amortization costs per m® is calculated by Eq. 9
(Santos-Juanes Jorda et al. 2011):

1

AC = 7 9)

The operating costs include maintenance, the chemicals,
and the energy consumed. However, the staff costs are not
considered in this evaluation as the solar photo-oxidation
treatment plant is independent on intensive manpower
(Santos-Juanes Jorda et al. 2011) and also for the simplicity
of the estimation. The maintenance costs are assumed to be
2 % of the yearly investment according to previous studies
(Muiioz et al. 2008; Molinos-Senante et al. 2010). The
costs of chemicals including Fenton reagent and pH
adjustment reagents are calculated as the concentration
(C) (kg/rn3) multiplied by the unit price (P;) (€/kg). Prices
of chemicals were taken as the average values according to
local and international rates. The energy cost (EC) (€/m?)
was calculated according to the power required for
pumping wastewater in the treatment plant by Eq. 10:

EPit,D
EC = =2 (10)
Vi

where E is the required power for circulating the effluent in
the reactor and P; is the unit price of energy. It is assumed
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that the costs of energy is 0.12 €/kwh. The calculated costs
of different operational conditions are illustrated in
Table 2.

The amortization costs were 1.52 €/m> for all opera-
tional conditions according to the unified life cycle and
daily amount of effluent. Table 2 shows that the operating
costs were deeply influenced by dosage of chemicals and
the needed irradiation time. Complete degradation of
phenol was achieved in irradiation time of 45 min using
45 mmol/L of H,O, and 0.5 g/L of FeSO,4-7H,0. The total
costs of this condition were 2.86 €/m>. However, reducing
the dosage of H,O, to 30 mmol/L with increasing the
irradiation time to 60 min achieved the same degradation
efficiency and the estimated costs were 2.54 €/m°, so it is
considered as the optimum condition.

Conclusions

The degradation of phenol from aqueous solutions by
photo-Fenton process was investigated. The sunlight was
utilized as a source of UV irradiation. At unified conditions
the degradation efficiency of phenol was decreased with
the increasing of initial concentration. However, complete
degradation of phenol was achieved at initial concentra-
tions of 100 and 200 mg/L. Aromatic intermediates (cate-
chol, benzoquinone, and hydroquinone) were grown up in
the first 20 min of the reaction and then decreased due to
oxidation by generated hydroxyl radicals. The degradation
efficiency of phenol was improved under acidic conditions
and the optimum pH was 3.1. Increasing the dosage of
H,0, and FeSO,4-7H,0 considerably enhanced the degra-
dation of phenol and the optimum dosages recorded were
44 mmol/L for H,O, and 0.5 g/ of FeSO47H,0. The
obtained results at different initial concentrations of phenol
fitted the pseudo-first order kinetic according to Langmuir—
Hinshelwood model with high correlation. Using 30 mmol/
L of H,0; and 0.5 g/L of FeSO,4-7H,0 for irradiation time
of 60 min was the optimum economic condition. The total
costs of this condition were 2.54 €/m”>.
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