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ABSTRACT

The present study was performed to evaluate the efficiency of Fenton (FP) and photo-Fenton (PFP)
processes for direct red 80 (DR80) dye removal from synthetic wastewater. The effects of primary
variables viz solution pH, contact time, Fe*" concentration, H,O, dose, and DR80 concentration on
DR80 removal by FP and PFP were examined. The results showed that DR80 removal in acidic pH
is higher than that of alkaline pH. Moreover, in both processes, with increasing the contact time,
Fe** concentration, and H,0, dose, the DR80 removal efficiency improved. However, with increas-
ing initial DR80 concentration, the removal efficiency decreases. Under optimum conditions for FP
(solution pH: 2, H,O, dose: 80 mg/L, contact time: 35 min, Fe*" concentration: 35 mg/L, and initial
DR80 concentration: 20 mg/L), the highest DR80 removal efficiency was obtained (95%). Also, at
initial DR80 concentration of 20 mg/L and optimal conditions for PFP (solution pH: 2, contact time:
20 min, H,O, dose: 15 mg/L, and Fe** concentration: 2 mg/L), the DR80 removal efficiency reached
to 99.5%. The results demonstrating that the PFP has higher ability for DR80 removal in a short
time than FP using significantly lower amount of H,O, and Fe*. The empirical model yielded a
R? of 0.81 and 0.72 for FP and PFP, respectively, and indicating relatively good describe of DR80
removal efficiency under different conditions. The sensitivity analysis showed that the solution pH
implying the strongest effect on DR80 removal efficiency for both FP and PFP. The significant dif-
ference between costs of FP and PFP was achieved and is due to the electrical energy of mixing for
high contact time in FP process.
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1. Introduction

The dyes are classified as an important raw materials
used in industries including textiles, leather, cosmetics,
paper, printing, plastics, pharmacy, and food processing [1].
At the current time, around the word, about 700,000 tons
dyes including 10,000 types of pigments are produced
annually and a significant part of these products releases
to the environment via wastewater from various indus-
tries [2]. For example, about 15% of the total dyes con-
sumed in the dyeing processes industries discharges into
the wastewaters [3]. In this regard, the textile wastewater
is a major problem for conventional wastewater treat-
ment [4]. The effluent of textile industries contains various
compounds, including chemicals, suspended solids, toxic
compounds, and dyes [5]. Based on chemical structure of
dyes, they are classified into azo, anthraquinone, xanthine,
acridine, flavin, and so on [6]. The direct red 80 (DR80) is
belong to azo dyes categories which is the largest dye cat-
egories consumed in industry [7]. The chemical structure
of DR80 are shown in Fig. 1. This group of dyes has one
or more azo bonds (-N=N-) and aromatic rings, making it
toxic, and mutant for living organisms [8].

In addition, the various studies have shown that the
dies used in the textile industry have carcinogenic proper-
ties and also cause allergies, dermatitis, and skin irritation
[6]. Therefore, the discharging of these kinds of waste-
waters into the environment without adequate treatment
causes many problems for the life of aquatic animals and
human health [4]. The conventional methods for remov-
ing dye from textile industry include coagulation/ floc-
culation and adsorption by active carbon. However, both
mentioned methods producing high amount of sludge
and waste, which need more treatment for their disposal
[9]. The biological treatment of wastewater and water
pollutants is often cheaper than other treatment options.
However, textile dyes are resistant to biodegradation and
this method is not appropriate for the treatment of colored
wastewaters [10]. In recent years, innovative technologies
such as advanced oxidation processes (AOPs) have been
used to degrade various organic pollutants [11].

The various types of AOPs are including ozonation [12],
photocatalytic degradation [13], Fenton processes (FP), and
photo-Fenton processes (PFP) [4]. These processes rely on
the production of free radicals, the most important of them is
radical hydroxyl (*OH) [14].

Among these processes, FP and PFP can be considered
as an efficient way to degrade various types of refractory
organic compounds. These processes are able to oxidize
organic compounds and transform them into non-harmful
substances, mineralize them, and produce end products such

as CO, and H,0 [15]. The FP involves the reaction between
dissolved Fe* and H,O, in aqueous acidic solution, which
leads to the oxidation of Fe* to Fe** and the production of
*OH radicals. The main reaction for *OH radicals production
is based on Eq. (1), after complete conversion of Fe?" to Fe**,
the reaction is continue automatically [16].

Fe* +H,0, —» Fe’* + *OH+OH" (1)

When FP occurred in the presence of the illumina-
tion (Fe**/H,O,/light), the rate of pollutants degradation
increased due to backing Fe* to Fe*” and *OH radical pro-
duction. The process was known as PFP that is like the FP.
In addition, irradiation of UV or visible light enhance the
production of *OH radical and conversion of Fe** to Fe*
according to Eq. (2) [16].

Fe’* +H,0, +hv - Fe*” +* OH+H" )

The different studies used FP and PFP for degradation
of various pollutants. Tarkwa et al. [17] studied decom-
position of orange G dye by PFP and reported that 93%
removal of total organic carbon was achieved under optimal
condition. Sohrabi et al. [18] investigated carmoisine edi-
ble dye removal and found that the PFP is able to obtained
95% removal efficiency [18]. Also, the results of Mousavi
et al. [19] study showed that FP is able to remove 58% of
Rodamin B dye.

In this study, the FP and PFP as a high-performance
AOPs was investigated for DR80 removal from synthetic
wastewater. The present study was conducted to examine
the effects of various variables viz solution pH, contact
time, Fe** concentration, H,O, dose, and initial DR80 con-
centration. Furthermore, the proposed empirical model
was developed and applied for the quantitative removal of
DR80 using the FP and PFP and in order to determine effect
of studied variables on the DR80 removal rate, the Monte
Carlo simulator was used. To the best of our knowledge, the
cost evaluation of FP and PFP for DR80 removal and order-
ing the fraction of empirical model via sensitivity analysis,
that was done in this study, make an interesting approach
for comparison between both process for DR80 removal.

2. Materials and methods
2.1. Chemicals and instrument

In this study, DR80 dye (C,;H, N, Na O, S,) was obtained

457726 10
from Baharjin Textile Factory (Iran). The other chemi-

cals including H,O, (35%), FeSO,7H,O, NaOH, and HCl
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Fig. 1. Chemical structure of DR80 [7].
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were analytical grade and purchased from the Merck Co.,
(Germany). The working solutions were prepared with
deionized water. In order to solution pH adjustment, the
precalibrated glass body (CG 824 SCHOTT) and NaOH and
HCl (0.1 M) were used. The DR80 concentration was mea-
sured using by the UV-vis spectrophotometer at A__ : 525 nm
(DR5000 spectrophotometer, HACH, Germany).

2.2. FP and PFP experiments

The FP and PFP experiments were carried out in lab
scale with a plexiglass reactor (total volume: 1.5 L and work-
ing volume: 1 L) and reactor was equipped with UV lamp
(150 W with predominantly emitting at of 254 nm) as the
radiation source. The UV lamp were immersed in the solu-
tion and coated with quartz tubes. It should be noted that
for protect against UV radiation, the reactor was covered
with aluminum foil. In order to maintain a solution tem-
perature at 20°C + 3°C, reactor was equipped with a cool-
ing water bath. During the reactions, the solution pH was
uncontrolled. The experiments were initiated with pouring
prespecified concentration of DR80 in reactor. Then, effec-
tive parameters on DR80 removal by FP and PFP includes
solution pH, contact time, Fe, H,O,, and DR80 concentration
were investigated as summarized in Table 1.

During experiments, a magnetic stirrer at a stable rate
(125 rpm) was used to perfect mixing.

2.3. Analysis

Upon completion of the contact time, the suspension was
filtered through 0.45 um paper filter (Whatman, No. 42) and
analyzed for DR80 concentration. In order to calculate FP
and PFP removal efficiency, Eq. (3) was used.

c,-C

R(%) = £ %100 3)

0

where R is DR80 removal efficiency (%), C, and C, are,
respectively, influent and effluent DR80 concentration.

3. Results and discussion
3.1. Effect of solution pH

In order to evaluate the effect of solution pH, the DR80
removal was studied by FP and PFP under various solution
pH. As shown in Fig. 2, in both processes, the DR80 removal
efficiency was decreased with solution pH increment, and
the highest efficiency was found at acidic pH. In case of FP,
the highest DR80 removal efficiency was 79% and obtained
at solution pH of 2. In addition, PFP showed that the DR80
removal efficiency decreased from 99.5% to 67.4% with
increasing of solution pH from 2 to 9.

It may be inferred that solution pH variation significantly
affects the DR80 removal and the removal efficiency is higher
in acidic pH than alkaline pH. The strong dependence of FP
and PFP efficiency on solution pH value is due to the sta-
bility and generation of different amount of *OH radicals.
Furthermore, the precipitation of iron as hydroxide and
reduction of oxidation potential of *OH radicals leads to

100
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DR80 removal (%)
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Fig. 2. Variation of DR80 removal efficiency as a function of solu-

tion pH by FP and PFP (initial DR80 concentration: 40 mg/L,

contact time: 60 min, Fe** concentration: 20 mg/L, and H,0, dose:
20 mg/L).

decrease the removal efficiency with increasing pH [18].
In addition, it was established that the oxidation potential
of *OH radical decreases with increasing pH and that H,0,
would remain stable at a pH below 2, possibly solving a
proton to form an axonium ion (H,O*). The H,O" ion allows
electrophilic H,0, to improve its stability and possibly to
significantly reduce ferrous ion reactivity. Then, the amount
of *OH radicals is reduced and as a result, the removal effi-
ciency of contaminant is reduced [20]. Sohrabi et al. [18]
reported that the optimum solution pH for Carmoisine dye
removal using FP and PFP was 3.5 [18] that is in agreement
with present study. Additionally, Muruganandham et al.
[21] demonstrated during dye removal by PFP, the high-
est dye removal efficiency was obtained at solution pH of
3 [21]. The main reactions performed in the FP and PFP
processes are shown in Eqs. (4)-(13).

Fe + H,0, ——>Fe® +*OH+ OH" (4)
Fe* + H,0, ——Fe +*OOH + H' )
Fe® +'OOH—Fe? +O, + H' ©)
R-H+ OH——R" +H,0 %)
R’ +Fe’* ——>R" +Fe** (8)
R"+H,0——>ROH+H" )
Fe’* +*OH——Fe*" + OH" (10)
H,0, +"OH + H,0 +*O0H (11)
*OOH—— 0} +H* (12)
*OOH + Fe® (+H")——Fe* + H,0, (13)
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In PFP, with light irradiation, Fe*" is continuously reduced
to Fe*" according to Eq. (14).

Fe** +H,0, + hv——Fe* +*OH+H" (14)

As shown in Eq. (4), the amount of *OH radicals
produced with the FP is affected with solution pH and
can be generated effectively in acidic conditions. The low
*OH radicals under high solution pH presumably related
to formation and precipitation of Fe(OH), according to
Egs. (4)—(10) [22].

3.2. Effect of contact time

In this step, for investigation of the effect of contact time
on FP and PFP efficiency, the model dye solution with ini-
tial DR80 concentration of 40 mg/L at solution pH of 2 was
prepared and after Fe** and H,O, addition (20 mg/L), the
residual DR80 concentration analyzed after desire contact
time. Fig. 3 shows variation of DR80 removal efficiency
with FP and PFP under direct contact time.

As shown in Fig. 3, in case of FP, the highest DR80
removal efficiency was obtained after 35 min contact time
and was equal to 81.2%. In this time, the residual DR80 con-
centration was 6.9 mg/L. Also, with increasing contact time

(a) 85

N @_‘9/@/Q 7

DR80 removal (%)
[} [=2) ~ ~
o (3] o [9)]
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L

——FP

a
o
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Contact time (min)

from 1 to 20 min, the DR80 removal with PFP was increased
from 80.1% to 99.8% and the residual DR80 concentration
decreased from 7.9 to 0.1 mg/L.

In both processes, it is clear that increasing the removal
efficiency was faster at early contact times and then linear
and slow. The slowly and linear increase in the removal
efficiency might be related to the chemical oxidation of
DR80 by *OH radicals. The high concentrations of *‘OH
radicals are produced in the early minutes and DR80 can
specifically be decreased, the *OH radicals have extremely
high oxidizing ability, that breakup organic compounds in
a short contact time [23]. The reported optimum contact
time for FP and PFP is short and is in agreement with our
study, achieving to high efficiency at short contact time is
so important in PFP because the cost of using electric light
sources is about 60% of the total cost, the shortest reaction
time, the least process cost [22,24].

3.3. Effect of Fe** concentration

Variation of DR80 removal by FP and PFP as a function
Fe? concentration was studied, and the obtained results are
illustrated in Fig. 4.

According to Fig. 4, in case of FP, the increasing Fe* con-
centration from 5 to 35 mg/L led to DR80 removal efficiency

(b)100
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Fig. 3. Effect of contact time on DR80 removal by (a) FP and (b) PFP (initial DR80 concentration: 40 mg/L, solution pH: 2, Fe*

concentration, 20 mg/L, and H,O, concentration: 20 mg/L).
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Fig. 4. DR80 removal by(a) FP and (b) PFP as a function of Fe* concentration (initial DR80 concentration: 40 mg/L, solution pH:
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H,O, dose: 20 mg/L, contact time for FP: 35 min, and contact time for PFP: 20 min).
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enhancing from 66.9% to 90.8%. But, by using Fe* concentra-
tion higher than 35 mg/L, the DR80 removal efficiency was
reduced to 89.5%. Also, Fig. 4 showed that with increasing
Fe? concentration from 0.5 to 2 mg/L, the removal efficiency
of DR80 by PFP increased, and then, the DR80 removal
remained almost constant with increasing Fe?" concentration.
At Fe? concentration of 2 mg/L, the residual DR80 concentra-
tion was 4.5 mg/L, indicating the highest removal efficiency
of 87.8%.

One of the important parameters in FP and PFP is the
concentration of Fe*" ions. The H,0, cannot oxidize some
organic molecules in absences of Fe?" ion and with increas-
ing Fe?" ion, the *OH radicals production increases and
oxidation efficiency enhances [23]. As shown in Fig. 4, the
removal efficiency of DR80 with FP and PFP was increased
with increasing Fe? concentration and is due to the higher
production of *OH radicals [21]. Also, the result of experi-
ments showed that the highest removal efficiency of DR80
by FP and PFP were accrued to 35 and 2 mg/L of Fe* ions,
respectively. Application of concentrations of Fe?" leads to
the perhydroxyl radicals (HO;) production while at lower
concentrations of Fe*, the *OH radicals generates that is
more reactive than HO; radicals. In addition, with increas-
ing the Fe? ions above these values, removal efficiency
did not increase because of the tendency of the *OH radi-
cals to react with Fe* and H,O, in the oxidation-reduction
reaction. With increasing the amount of Fe* ion in solu-
tion, this substance transformed the *OH radicals into the
hydroxide ions according to Eqs. (15) and (16) [23,25].

Fe’" +"OH — Fe*" + OH" (15)

Fe** +HO, — Fe’* + HO, (16)

In addition, in case of PFP, higher Fe* concentration
made the solution brown and caused turbidity in solution.
As a result, the created turbidity caused removal efficiency
decreases by prevention of the UV radiation absorption that
needed for photolysis [23]. The results obtained in the study

Table 1

are in line with conducted study by Torrades and Garcia-
Montario [25] in the removal of dye from the real wastewater,
as well as the study conducted by Katsumata et al. [26] on
the removal of reactive yellow 86 dye confirmed our results
in this regard.

3.4. Effect of H,0, dose

In order to examine effect of H,O, dose on removal effi-
ciency of FP and PFP, experiments were performed by appli-
cation of various dose of H,O, in FP and PFP. The obtained
results on effect of H,O, dose on dr89 removal efficiency by
FP and PFP removal are illustrated in Fig. 5.

The results of DR80 removal by FP indicating with
increasing H,0, dose from 20 to 80 mg/L, the DR80 removal
efficiency increased from 79.1% to 92.2%. But application
of H,0, dose higher than 80 mg/L, the removal efficiency
of DR80 not significantly improved. Moreover, results of
PFP demonstrated that when dose of H,O, is 2.5 mg/L, the
DR80 removal efficiency was 78.8% and enhanced to 95.5%
by increasing H,O, dose to 15 mg/L. As shown in Fig. 5, the
increasing removal efficiency with increasing H,0, dose is
related to the production of high amount of *OH radicals in
presence of higher concentration of H,O, [4].

When H,O, was used higher than optimum dose, the
excess amounts of H,O, react with *OH radicals to produce
weaker radicals that are less active than *OH radicals as
shown in Eq. (17) [14].
HO; +*OH - H,0+0, (17)

Furthermore, this behavior may be due to the sponta-
neous decomposition of H,0, into H,O and O, which reduced
removal efficiency [27].

Al-Kahtani and Abou Taleb [28] studied Maxilon dye
removal by PFP and found that with increasing H,O, dose,
the dye removal efficiency decreased. Moreover, Sohrabi et
al. [18] investigated removal efficiency of carmoisine edible
dye by FP and PFP and reported that with increasing H,0,
dose, the removal efficiency enhanced.

Experimental conditions employed in FP and PFP for DR80 removal

Process type Studied parameter Experimental conditions
Solution Contact Fe*? concentration H,O, dose DR80 concentration
pH time (min) (mg/L) (mg/L) (mg/L)
FP Solution pH 2-9 60 20 20 40
Contact time 2 5-75 20 20 40
Fe*? concentration 2 35 5-40 20 40
H,0O, dose 2 35 35 20-105 40
DR80 concentration 2 35 35 80 20-90
PFP Solution pH 2-9 60 20 20 40
Contact time 2 1-20 20 20 40
Fe*? concentration 2 20 0.075-2.5 20 40
H,0O, dose 2 20 2 2.5-15 40
DR80 concentration 2 20 2 15 20-90
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Fig. 5. Variation of DR80 removal by FP and PFP in respect of H,0O, dose (initial DR80 concentration: 40 mg/L, solution pH: 2, contact
time for EP: 35 min, Fe* concentration in FP: 35 mg/L, and contact time for PEP: 20 min, Fe** concentration in PFP: 2 mg/L).

3.5. Effect of initial DR80 concentration

In this step, experiments were conducted with vari-
ous initial DR80 concentration under optimum conditions.
Fig. 6 gives variation of DR80 removal efficiency by FP and
PFP under optimum conditions at different initial DR80
concentration.

As seen in Fig. 6, the highest removal efficiency of DR80
by FP and PFP were documented at lowest DR80 concen-
tration (20 mg/L) and were equal to 95.5% and 99.9%,
respectively. The increasing initial DR80 concentration
leading to reduction in removal efficiency. The increase of
initial DR80 concentration from 20 to 90 mg/L was coincide
decolorization reduction from 95% to 79% by FP and from
99.9% to 78.8% in PFP. Indeed, two mechanisms were pro-
posed for decreasing removal efficiency at a high initial
concentration including (i) as the catalyst and H,0, dose are
constant, the performance of the active radicals will remain
constant, so increasing in dye concentration, resulted in
decreasing of removal efficiency, and (ii) at higher dye
concentrations, the higher UV light absorption lead to inhi-
bition of the H,0, photolysis and resulted in reduces the
production of active elements [29]. In other words, when
the dye concentration is increased, most of the UV radia-
tion is absorbed with the dye molecules instead of H,0, and
consequently, the production of *OH radicals decreases.
As a result, removal of dye is reduced [18]. In this regard,
similar results were observed by Modirshahla et al. [20]
on removal of acid yellow 23 dye. Moreover, Mansoorian
et al. [23] showed that with increasing dye concentration
from 10 to 500 mg/L, the PFP efficiency decreased.

The partial oxidation of DR80 leading to formation
of benzene and naphthalene rings and further oxidation
(complete oxidation) resulted in CO, and H,0O production
[8]. The -N=N-bond of the DR80 dye is the most active site
for oxidation attack [30] and Byberg et al. [31] demonstrates
that the nitrogen atom of amino groups will first be trans-
formed into NH; and later oxidized toward nitrates and
finally evolved toward N,.

3.6. Empirical modeling

Despite several studies on application of AOPs for
treatment of dye wastewater, the predication of treatment

100
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Fig. 6. Effect of initial DR80 concentration on removal efficiency

of FP (H,O, concentration: 80 mg/L, solution pH: 2, contact time:

35 min, and Fe** concentration: 35 mg/L) and PFP (H,O, concen-

tration: 15 mg/L, solution pH: 2, contact time: 20 min, and Fe*

concentration: 2 mg/L).

efficiency of AOPs for dye wastewater may be difficult
because of a lack of mathematical models. In this study, the
results of five sets of experiments describing the effects of
major operating variables including solution pH, contact
time, Fe** concentration, H,0, dose, and initial DR80 con-
centration on DR80 removal by FP and PDP were used for
the development of empirical models according to previ-
ous study [32]. The DR80 removal as functions of operating
variables presented in the previous sections were correlated
with an empirical equation as Eq. (18).

E =1 _si =a(pH)' (T) (Fe)' (H,0,) (S, )’ (18)

0

where E is DR80 removal rate, S is influent dye concentra-
tion, pH is solution pH, T is contact time, Fe is concentration
of Fe*, H,O, is applied hydrogen peroxide concentration and
a, b, ¢, d, e, and f are constant values. The linearized forms of
Eq. (18) may be written as Eq. (19).

InE, =Ina+bIn(pH)+cIn(T) +dIn(Fe )+ eln(H,0, )+ fIn(S,)
(19)
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The b, ¢, d, e, and f values were determined from the Table2
slope of the best fit line of InE, vs. In of studied variables  Fitline of InE, vs.In of studied variables
as presented in Table 2.

For example, to determine the constant b of Eq. (19), the Plot Process type Linear equation R?
experime:ntal data obtained'at varying solution pH (2-9) as InE, vs. InpH EF Y =—037x +4.74 0.69
shown Fig. 2, were plotted in the form of InE, vs. InpH. So, g PEP 098+ 4.86 0.84
from the slope of the best fit line, the b constant was found y ) ’ )
to be —0.37 for FP and -0.28 for PFP. The DR80 removal rate InE, vs. InT EF y=0.04x+4.25 091
by FP and PFP were modeled by the polynomial equation as PFP y=013x+4.24 0.99
Egs. (20) and (21), respectively, lnEY vs. InFe EF y=0.14x + 3.9641 0.92

PFP y=0.04x +4.45 0.67

Ev — 0.68(pH)70'37 (T)O'O4 (Fe)O.M (HZOZ )0'09 (SO )’0'13 (20) lnEy VS. thZO2 EF y= 0.09x +4.11 0.90
PFP y=0.11x+4.28 0.99

s 013 - ol o1 InE vs. InS, EF y=-0.13x+4.93 0.85
E,=099(pH) " (T) " (Fe) " (H,0,)" (S,) (21) PFP y=-017x+514 091

As seen in Fig. 7, the plotting of experimental and pre-
dicted removal rate of DR80 by FP and PFP indicates good
agreement between experimental and predicted data and
also the value of R? for empirical model was found to be 0.81
and 0.72, respectively.

3.7. Sensitivity analysis

In present work, to determine effect of input parame-
ters (assumptions) on the target forecast, the Monte Carlo
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Economic data for FP and PFP methodologies

Process Sub-cost

Value

EP

PFP

Electrical power supplied for mixer (1,000 kW) and reactor volume (1 L)
Required energy of UV lamp

Power consumption of mixer = required energy x treatment time

Cost of H,O, (70 $/L) and optimum dose of H,O,: 80 mg/L or 0.0.08 L/m?

Cost of Fe* (68.4 $/kg) and optimum dose of Fe*: 35 mg/L or 35 g/m?

Total cost = cost of electrical energy (for industrial sector: 0.03 $/kWh) + cost of
chemicals

Electrical power supplied for UV lamp (150 W) and reactor volume (1 L)
Required energy of UV lamp

Power consumption of UV lamp = required energy x treatment time

Power consumption of mixer

Cost of H,O, (70 $/L) and optimum dose of H,O,: 15 mg/L or 0.015 L/m?

Cost of Fe*" (68.4 $/kg) and optimum dose of Fe*": 2 mg/L or 2 g/m?

Total cost = cost of electrical energy (for industrial sector: 0.03 $/kWh) + cost of

1,000 W/1 L = 1,000 kW/m?

1,000 kW/m? x 0.6 h = 600 kWh/m®
0.08 L/m? x 70 $/L = 5.6 $/m?

35 g/m® x 68.4 $/kg = 2.39 $/m’

(600 x 0.03) + (2.39 + 5.6) = 25.99 $/m?

150 W/1 L =150 kW/m?

150 kW/m? x 0.3 h = 45 kW/m?

300 kWh/m?

0.015 L/m?® x 70 $/L. = 1.05 $/m3

2 g L/m’ x 68.4 $/kg = 0.14 $/m>

(345 x 0.03) + (0.14 + 1.05) = 11.54 $/m®

chemicals

simulator using CRYSTAL BALL (11.1.2.4) software was run
for 50,000 iterations. The solution pH, contact time, Fe** con-
centration, H,0, dose, and initial DR80 concentration was
defined as a assumptions with uniform distribution and the
removal rate of DR80 (E)) was a target (output). The result of
Monte Carlo simulation is shown in Fig. 8.

The positive value indicating the increasing effect of
input parameters on target and negative coefficients revealed
the opposite situation [33]. From Fig. 8, the solution pH has
the greatest coefficient value of correlation and implying
the strongest effect on DR80 removal rate. Based on magni-
tude impact of input parameters on DR80 removal rate, the
assumptions rank for both FP and PFP was summarized in
descending order as shown below:

For FP:

Solution pH > Fe*" concentration > initial DR80 concentra-
tion > H,O, dose > contact time

For PFP:

Solution pH > contact time > initial DR80 concentra-
tion > H,O, dose > Fe* concentration

3.8. Cost evaluation for FP and PFP

The proposed methods by Korpe et al. [34] was used to
conduction cost evaluation of different treatment process. To
evaluation of cost of FP and PFP, the reactor with 1 m® capac-
ity has been considered as summarized in Table 3.

As summarized in Table 3, the total cost of treatment by
the FP and PFP were calculated to be 25.99 and 11.54 $/m?3,
respectively. The significant difference between costs of both
processes is due to the electrical energy of mixer for high con-
tact time.

4. Conclusion

In present study, DR80 removal efficiency by FP and PFP
were studied and effect of primary parameters on FP and PFP
viz solution pH, contact time, Fe** concentration, H,0, dose,

and initial DR80 concentration were systematically investi-
gated. In addition, to predict DR80 removal efficiency during
experiments, an empirical model was employed. Based on
the conducted experiments, the following conclusions can be
drawn.

¢ InFP and PFP, the DR80 removal efficiency was higher in
acidic pH than alkaline pH.

* With increasing contact time, H,O, dose and Fe?" concen-
tration, the DR80 removal efficiency increased.

e In FP with applying 20 mg/L of initial DR80 concentra-
tion, the highest removal efficiency was 95% and obtained
at solution pH: 2, H,0, dose: 80 mg/L, Fe* concentration:
35 mg/L, and 35 min contact time.

e  When PFP was used, under optimum conditions (solu-
tion pH: 2, H,O, dose: 15 mg/L, Fe?* concentration:
2 mg/L, and 20 min contact time), the removal efficiency
was 99.5% for 20 mg/L of DR80 concentration.

® The empirical model yielded a R? of 0.81 and 0.72 for FP
and PFP, respectively, and relatively good describe DR80
removal efficiency under different conditions.

® Sensitivity analysis demonstrating solution pH has a
strongest effect on DR80 removal rate in both processes.
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