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Abstract

Phenol is one of the dangerous organic pollutants in industrial effluents, and it has high toxicity and numerous environ-
mental problems. Thus, there is a growing need for more studies on its removal. The goal of this research is to provide a
statistical modeling, analysis, and optimization of the simultaneous impact of temperature and phenol concentration on
the efficiency of stabilization ponds in treatment of wastewater containing phenol. The experiments were performed using
two stabilization ponds at laboratory scales. The experiments were designed by using response surface methodology and
Design-Expert software. According to the presented model, optimum removal rate of phenol is achieve when temperature
and phenol concentration are 14.20° C and 109.58 mg/l, respectively. The results showed that the removal rate dropped
with decreased temperature and increased concentrations of phenol. At 20 °C, by increasing the concentration of phenol
from 40 to 130 mg/l, the removal rate dropped from 73 to 45%. Based on this research results, it can be concluded that
the stabilization pond had a proper performance in removing phenol, and stabilization ponds can be an alternative for

complex and expensive systems.
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Introduction

Today, the issue of pollution is a major concern of
many societies. A large quantity of industrial wastewa-
ter containing toxic and polycyclic aromatic hydrocar-
bon (PAHs) is produced every year (Qaderi et al. 2011;
Nassef 2014). PAHs compounds are highly resistant to
degradation and they may cause irreparable environmen-
tal damages. Therefore, addressing the pollution issue is
critical from an environmental and economic perspective
(Nassef 2014).

Phenol is an aromatic hydrocarbon pollutant with molec-
ular formula of C;H;OH and molar mass of 94.11 g/mol.
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At room temperature, solid phenol is colorless, transparent
and in the form of crystalline powder. It is also fragrant
with high solubility in oil, glycerin, and alcohol (Almasi
et al. 2014).

Due to their toxicity and persistence, phenols and phe-
nolic compounds, even in low concentrations, are highly
hazardous for humans and other living creatures. Phenol
and its derivatives are extremely detrimental and can be
absorbed by the body in various ways such as skin, res-
piratory system, eyes and the mouth (Pradeep et al. 2015).
This hazardous chemical is rapidly absorbed by the body
and cause to eye irritation, seizures and body tissue abla-
tion (Wang et al. 2011). Excessive contacting to phenol
may compromise the liver, lungs, kidneys, and the nerv-
ous and vascular system. According to the World Health
Organization, the maximum allowable concentration of
phenol in drinking water is 0.002 mg/l. Consuming 1 g
of phenol is lethal in humans (Almasi et al. 2014). Phe-
nol and its compounds are used in a variety of industries
such as pharmaceuticals, paper, oil, paint, polycarbonate
resins, pesticides, perfumes, coal tar, plastic and textile
industries (Kili¢ et al. 2012; Lee et al. 2014). Phenol
could be removed using various physical-chemical and
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biological methods (Hussain et al. 2015), the most com-
mon methods for phenol wastewater treatment are using
resin (Yamada et al. 2013), oxidation with ozone (Turhan
and Uzman 2008), irradiation (Yao et al. 2017), adsorp-
tion though different materials (Hameed and Rahman
2008; Bizerea Spiridon et al. 2013), photocatalytic degra-
dation (Lee et al. 2014; Jiang et al. 2017), and biological
degradation (Kilig et al. 2012).

Several studies have been conducted on using chemical
and physical methods for treatment of phenol in wastewater.
For example, in previous studies, phenol and COD removal
by ozonation, adsorption on activated carbon and catalytic
ozonation in a closed system have been studied in a fixed bed
reactor (de Souza et al. 2012). Also, photocatalytic degra-
dation of phenol using TiO, particles was one of the meth-
ods which has been used for phenol removal (Faghih Nasiri
et al. 2018). The removal of phenol through its adsorption
on zeolite compounds including zeolitic tuff and cellulose
has been examined in another study (Bizerea Spiridon et al.
2013). The removal of phenols from sour water with resin
(Yamada et al. 2013) and with iron nanoparticles and iron
microparticles has been studied in other studies (Singh et al.
2016). The physicochemical processes are less efficient due
to their high energy consumption, high costs, production of
secondary toxic pollutants, low productivity, and applicabil-
ity in a limited concentration (Almasi et al. 2014).

Biodegradation can transform pollutants into simpler
substances (Pradeep et al. 2011). Biological degradation
of different pollutants has been widely investigated (Qaderi
et al. 2018; Babanezhad et al. 2017). Among various meth-
ods of phenol removal, biodegradation is more environment-
friendly as it produces harmless products. For this reason,
growing attention has been paid to this technique (Pradeep
et al. 2015).

Biological methods can be proper alternative to the
usual methods of pollutants removal from water. These
methods have been extensively used in the previous
researches (Hussain et al. 2015). In one study, phenol
biodegradation has been analyzed using triacontanol hor-
mone in the presence and absence of light (Kilig¢ et al.
2012). Another study has been focused on the simultane-
ous removal of nitrate and phenol in anaerobic bioreactors
(Zhu et al. 2007). The simultaneous removal of nitrate
and phenol in anaerobic fluidized bed reactor (AFBR)
has been studied in another research (Omena et al. 2013).
In the same vein, the use of microbial fuel cells (MFCs)
as an effective method for biodegradation of phenol
has been assessed in another study and a removal rate
of 86.44% after 41 h at 30 °C for 500 mg/lit of phenol
was obtained (Wei et al. 2017). The ability of Rhodococ-
cus UKMP-5 M bacteria in biodegradation of phenol has
been studied in different batch and continuous bioreac-
tors, with the results indicating that the removal rate of
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phenol in continuous mode was 3.28 times greater than
the batch mode (Yaacob et al. 2016). Phenol degradation
and Cr(VI) reduction by sulfate-reducing bacteria (SRB)
have been assessed (Han et al. 2017).

In all of above studies, the operation of studied reactors is
complex and consumes a great deal of energy. Therefore, in
this paper, stabilization pond is used for treating wastewater
containing phenol, as one of the most convenient and eco-
nomic biological systems (Filho et al. 2013; Pham et al. 2014).
The stabilization ponds have been extensively used to remove
pollutants from municipal wastewater (Sabah et al. 2016).

According to the literature review, modeling and optimi-
zation of effective parameters on stabilization ponds effi-
ciency have not been studied. Also, analyzing of parameters
effects on degradation of phenol in stabilization ponds has
not been simultaneously studied.

The main novelty of this research is designing serial
ponds for treatment of phenol wastewater. Also, for the first
time, modeling, optimization, and statistical analyses were
performed on the phenol removal results of this reactor. Fur-
thermore, the mutual and simultaneous impact of tempera-
ture and concentration were analyzed using RSM.

Materials and methods
Research biological reactor

In this study, two optional stabilization ponds were devel-
oped at a laboratory scale with a capacity of 100 L using
metal sheets with a thickness of 6 mm. The retention time
of each pond was 3 days. The required light was provided
by fluorescent lamps (690 1x) and an electric blower sup-
plied the air flow. The sewage of the feed tank, including the
thermostat and the heater system, was directed by the flow
control valve to the first stabilization pond and after 3 days,
it was transferred to the second stabilization pond. Fluores-
cent lamps were installed on top of each stabilization pool.

Materials

Phenol and other chemical compounds used in this study
were purchased from Merck Company, Germany, with labo-
ratory purity.

Inoculation of stabilization ponds and seeding

To pace up the treatment of phenol wastewater, before
launching the systems first the sludge recycled from the
activated sludge unit of Tehran Oil Refinery wastewater
treatment plant was used as the biomass after integration.
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Response surface methodology and variables

Today, modeling and prediction were used widely in envi-
ronmental studies (Qaderi and Babanezhad 2017; Baban-
ezhad et al. 2018). In this study, pond series were used in
biological processes for the purpose of modeling, statisti-
cal analysis and the determination of optimal conditions
of treating wastewater containing phenol in the reactor.
To achieve these objectives, an experimental design was
developed using response surface methodology (RSM).

RSM is a set of statistical and mathematical methods used
to optimize a variety of processes. RSM helps describe the
behavior of the set. RSM applies a multivariate equation to
the data sets for statistical prediction (Bezerra et al. 2008).
RSM is useful for the analysis of experiments in which one or
more independent variables (as a response) are influenced by
several other variables to optimize the mentioned response.
One of the advantages of RSM, besides reducing the number
of experiments, is that it forges a mathematical relationship
between independent and dependent variables. Moreover, in
addition to the analysis of numerical variables, it allows stud-
ying the impact of qualitative variables (Bashi et al. 2012).

For designing the experiments and analyzing the results,
Design-Expert software (version: 10.0.6) was used. In this
research, a central composite design was used for the statisti-
cal analysis in RSM. The design requirements of the varia-
bles are presented in Table 2. In this table, names, types, and
units of variables as well as the rate of variables (between
—1 and 1) are displayed.

According to the conditions set forth in Table 1, since
there are two independent variables (the temperature of
influent wastewater and the concentration of phenol in
influent wastewater) and one dependent variable (phenol
removal), 13 tests were conducted by the software in the
original trial period, as shown in Table 2.

Feeding and operation of reactors and the test
reference

pH levels at all stages were periodically measured and main-
tained in the range of 6.8—7.2. The C/N/P ratio was 100:5:1
which was injected into the bioreactor at the beginning of
each period. The carbon was provided by the phenol.

In this study, a new concentration of phenol feeding
was used at each stage and this feeding concentration was
retained until the reactor outflow concentration reached
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Table2 RSM tests
Run Factor 1 Factor 2
A: temperature (C) B: influent
phenol (mg/l)
1 15.50 85.00
2 15.50 21.36
3 21.86 85.00
4 20.00 40.00
5 15.50 85.00
6 15.50 85.00
7 15.50 148.64
8 11.00 40.00
9 11.00 130.00
10 9.14 85.00
11 20.00 130.00
12 15.50 85.00
13 15.50 85.00

the steady state. In the course of the research, urea, as
a major source of nitrogen, and phosphate buffer salts
compounds (K,HPO,, KH,PO,), as a source of phospho-
rus, were injected into the system to provide C/N/P ratio
(100:5:1). Other compounds of the synthetic wastewater
formula were used as trace elements in order to increase
the efficiency. The specifications of these compounds are
shown in Table 3.

All the experiments of this research were performed
based on the instructions provided in “Standard Methods
for the Examination of Water and Wastewater” (Green-
berg et al. 2000). Phenol was determined based on 5530-D
of Standard Methods for the Examination of Water and
Wastewater. The Unico spectrophotometer was used. In
every step of the experiment, pH was kept constant (Neu-
tral Range); so that microorganisms could continue living
and serving as purifier of the pollutants. All of the experi-
ments were repeated at least three times. Relative Standard
Deviation (RSD) of the reported results being less than 5%.

Results and discussion

In this study, two independent variables under study were
influent phenol concentration (mg/l) and temperature (°C)
in the stabilization pond. Table 4 shows the test results. In

Table 1 A summary of the test

e . Design summary
conditions in RSM experiment

design Factor Name Units Type Low actual High actual Low coded Highcoded Mean
A Temperature C Numeric 11.00 20.00 —1.000 1.000 15.500
B Influent phenol mg/l  Numeric 40.00 130.0 —1.000 1.000 85.000

]
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Table 3 Synthetic wastewater
composition

Materials Commercial name Formula Concen-
tration
(mg/l)
Carbon source Phenol CcHsO According
to RSM
tests
design
Nutrients Urea H,NCONH, 10
Di-potassium hydrogen phosphate K,HPO, 1
Potassium dihydrogen phosphate KH,PO, 1
Micronutrients Magnesium sulfate MgS0O,-7H,0 5
Calcium chloride CaCl, 3.75
Iron(III) chloride FeCl;-6H,0 1
Sodium molybdate Na,Mo0O,-2H,0 1.26

Table 4 Phenol removal percentage of RSM tests

this table, two major factors are considered: (A) is the tem-

perature and (B) is the concentration of the influent phenol.

Run i%ct?rilgl)erature g?ci:)éuim phenol ﬁZ:l(l)tval A comparison of the results reported in Table 4 suggests that

©) (mg/1) percent temperature has a positive effect on the removal rate while
(%) the concentration of influent phenol has a negative impact

1 15.50 35.00 53 on the removal efficiency. These findings were observed in

2 15.50 21.36 57 all samples.

3 21.86 85.00 70

4 20.00 40.00 7 Simultaneous effect of parameters

5 15.50 85.00 53

6 15.50 85.00 53 Figure 1 shows the effects of two independent variables of

7 15.50 148.64 30 temperature and concentration on the phenol removal rate.

3 11.00 40.00 36 As can be seen, the phenol removal rate at 20 °C and a con-

9 11.00 130.00 19 centration of 40 mg/l was approximately 73%. According

10 914 85.00 18.4 to Fig. 1, phenol removal percentage was directly related to

1 20.00 130.00 41 the temperature, so that increased temperature was caused

12 15.50 85.00 53 by improving the removal rate. Microorganisms consti-

13 15.50 85.00 53 tute a main factor in the pond treatment. As temperature

Fig. 1 Effect of temperature and
influent phenol concentration on

phenol removal rate
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as well. Thus, it can be stated that temperature rise has a
positive effect on the phenol removal efficiency.

On the other hand, as shown in Fig. 1, the removal
efficiency dropped with an increase in the concentrations
of phenol. This could be due to the toxic effects of phe-
nol on the microorganisms. A study on the removal of
phenol from oil refinery wastewater in anaerobic stabili-
zation pond reported similar results, according to which
the removal efficiency dropped with the increased con-
centration of phenols, and soared with rising tempera-
ture (Dargahi et al. 2016). In a study on the simultaneous
removal of phenol and nitrate in anaerobic fluidized bed
reactor (AFBR), it was observed that the removal effi-
ciency dropped with excessive increase in phenol levels
(Omena et al. 2013).

Individual effect of parameters
At this stage, the relationship between each parameter

and the removal rate was evaluated separately by drawing
one-dimensional graphs.
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A: Temperature (C)

Effect of temperature

Figure 2 shows the phenol removal rate in different tem-
peratures (for 85 mg/l of influent phenol concentration). As
temperature rises, the phenol removal rate also increases,
rapidly. According to Fig. 2, there is a nonlinear relation-
ship between the phenol removal rate and the temperature.
The removal rate was approximately 65% at 20 °C. As dis-
cussed earlier, with increasing in temperature, the removal
efficiency enhanced because of increased activity of the
microorganisms in the pond. The growth and metabolism
of microorganisms decreases at low temperatures. The tests
were conducted at temperatures near to ambient tempera-
ture; therefore, maintenance did not require a lot of energy
and expense. Given their proximity to the ambient tempera-
ture, the tests were economically justifiable. Similar results
have been reported in other biological studies (Alemzadeh
et al. 2002; Lakshmi et al. 2009).

Effect of influent phenol concentration

Figure 3 shows the effect of initial phenol concentration
on the phenol removal rate at a temperature of 15.5 °C.

(b)
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Fig. 2 Effects of a Temperature and b Influent phenol concentration on phenol removal rate
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Interaction

A: Temperature (C)
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« Design Points
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Removal percent (%)
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40 50 60 70 80 90 100 110 120 130

B: Influent phenol (mg/l)

Fig.3 Effect of temperature and influent phenol concentration on
phenol removal efficiency [A— 11.00 (red filled circle), +20.00 (black
filled circle)]

According to Fig. 3, phenol removal rate has a reverse
relationship with the influent phenol concentrations. So
that with an increase in the influent phenol concentration,
the nonlinear decreasing was observed in phenol removal
rate. The removal rate of the phenol shown in Fig. 3 is
approximately 57.75% for a concentration of 40 mg/l.
Furthermore, the removal rate of the phenol for a phenol
concentration of 130 mg/l is about 38%. Phenol has toxic-
ity and it has negative effect on the growth of algae and
bacteria in the stabilization pond. It seems that phenol
toxicity is the main factor for the lower efficiency of sta-
bilization ponds in removing phenol during high influent
phenol concentration. This finding is consistent with other
biological studies on this subject (Moussavi and Heidarizad
2010; Omena et al. 2013; Almasi et al. 2014). The results
have shown that in other biological systems such as MBBR
and activated sludge processes, removal efficiency reduces
by increased phenol (Kukadiya 2016). According to the
results of biodegradation of phenol in the RBC system,
there seems to be a reverse relationship between loading
and removal of phenols (Alemzadeh et al. 2002).

]
* @ Springer

According to the World Health Organization, the permis-
sible concentration of phenol in drinking water is 0.002 mg/1
(WHO 1984), and in accordance with the provisions of the
Environmental Protection Agency, the maximum permissi-
ble concentration of phenol content in wastewater is 1 mg/1
(Senturk et al. 2009). According to the Iranian national
standard, the maximum permissible concentration of phenol
outlet in surface water, agriculture and irrigation is 1 mg/l.
Thus, it can be stated that the stabilization pond is effec-
tive in removing phenol and its compounds, and it can be
used as a pre-treatment for industrial effluents and domestic
wastewater.

According to above points, the stabilization pond pro-
vides a simple and flexible system with optimum produc-
tivity and efficiency for the removal of phenol and phenolic
compounds in wastewater. The system is cost-effective and
can be used as an alternative to complex and expensive
systems.

Interaction and perturbation graphs

Figures 4 and 5 show interaction effects of parameters
and perturbation, respectively. As mentioned, the removal
efficiency rises with reduced phenol concentration and
increased temperature. According to Fig. 4, at 11 °C, with
an increase in phenol concentrations from 40 to 130 mg/l,
the removal rate drops from 34 to 20%. At 20 °C, the
removal rate declines with increased concentration of phe-
nol, but this time, the change is doubled and the removal
rate is reduced by about 28%, from 73% in a phenol con-
centration of 40 mg/1 to about 45% in a phenol concentra-
tion of 130 mg/l. Therefore, these two variables seem to
have a synergistic effect. In other words, as noted earlier,
at constant temperature, an increase in the concentration of
influent phenol leads to a decrease in the phenol removal
rate; nevertheless, the intensity of this reduction depends
on the ambient temperature.

Variance analysis and mathematical model

After a complete analysis of the results, the model is pre-
sented in Eq. (1). According to the presented model, the tem-
perature had the greatest impact on the removal efficiency. In
Table 5, the values predicted by Eq. (1) for 13 experiments
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Table 5 Predicted result of RSM tests based on Eq. 1

Run Factor 1 Factor 2 Result
A: temperature B: influent phenol Removal
© (mg/1) percent (%)

1 15.50 85.00 50.5

2 15.50 21.36 57.95

3 21.86 85.00 64.39

4 20.00 40.00 73.36

5 15.50 85.00 50.5

6 15.50 85.00 50.5

7 15.50 148.64 18.75

8 11.00 40.00 33.49

9 11.00 130.00 12.25

10 9.14 85.00 17.2

11 20.00 130.00 39.16

12 15.50 85.00 50.5

13 15.50 85.00 50.5

(shown in Table 2) are depicted. Equation (1) was validated
based on laboratorial data; root-mean-square error was less
than 5%.

Removal percent =12.51 X T + 045X C - 0.016 X T
X C—024xT?-0.003%xC*-81.24
ey
where T is temperature (C) and C (mg/l) is the influent phe-
nol concentration.

According to Table 6, the results of the analysis of the
variance demonstrated the validity of the proposed model
with p value of 0.0001. An acceptable lack of fit is shown
in this table. Furthermore, the p value for temperature and
influent phenol concentration was less than 0.0001. There-
fore, the hypothesis that these two factors have no impact
was rejected, as these two parameters had a significant effect
on phenol removal efficiency.

Optimum conditions
According to the results of RSM, the optimal phenol removal

rate conditions were achieved in a phenol concentration of
109.58 mg/I and at 14.20° C. Using the presented model, a
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Table 6 ANOVA analysis

ANOVA for response surface quadratic model

Source Sum of squares df  Mean squares F_value  p value prob>F
Model 3381.53 5 676.31 93.88 <0.0001 Significant
A-temperature 2111.64 1 2111.64 293.11 <0.0001
B-influent phenol 907.03 1 907.03 125.90 <0.0001
AB 42.25 1 42.25 5.86 0.0460
A? 168.73 1 168.73 23.42 0.0019
B? 193.57 1 193.57 26.87 0.0013
Residual 50.43 7 7.2

Lack of fit 50.43 3 16.81

Pure error 0.000 4 0.000
Cor total 3431.96 12
df degree of freedom

removal rate of 41.2% was achieved under these conditions,
which was less than 5% different from the lab results. A dif-
ference of less than 5% is considered acceptable in biologi-
cal research (Rastegar et al. 2011; Langroudi et al. 2014;
Arshadi et al. 2016). According to Fig. 5, the accuracy of the
proposed model can be assessed. The proximity of the points
to the trend line suggests that the results were identical to the
tests results, and the model was able to predict the behavior
of the response variable.

Conclusion

The results of this study showed that pond systems due to
featured such as high efficiency, simplicity, and low costs
could be an appropriate alternative to complex and expen-
sive systems. In the present study, the stabilization pond
system has low efficiency in low concentrations of phenol
(between 40 and 130 mg/l). Based on the result, the inter-
action effect between influent phenol concentration and
temperature can be concluded. The model designed by the
software showed that optimum conditions for removal were
at a phenol concentration of 109.58 mg/l and temperature
of 14.20 °C. Therefore, given their low costs, stabilization
ponds can be used for treating wastewater containing phenol,
provided that the variables affecting their performance are
set in the proper range.
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