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Abstract

The objective of the present work was to study a synthetic solution containing an initial hydroquinone concentration (C0)
of 500 mg L-1 by using the advanced oxidation process (AOP) in a batch reactor. Furthermore, the aim was to propose an
optimization process based on hydroquinone degradation (HD) and mineralization of the total organic carbon (TOC) by using
hydrogen peroxide as a source of free hydroxyl radicals (¢OH). In designing was used to optimize the process, initial hydrogen
potential (pH), temperature of the liquid effluent (T), air flow supply (QAF), and stoichiometric molar ratio of organic toxic
compounds to hydrogen peroxide (RH) on the process of degradation and TOC conversion of toxic organic compounds. The
initial hydroquinone concentration was quantified and identified by high-performance liquid chromatography (HPLC). The
optimal conditions for a given HQ degradation (100%) and TOC conversion (>80%) were identified. The kinetic model used
to describe the profile of the TOC conversion remaining for the HQ was the lumped kinetic model (LKM), used to determine
the kinetic constants of the reaction and provide an accurate determination of the residual fraction of organic compounds.
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Introduction

The great technological growth of the chemical industry
has led to the discovery of numerous substances; however,
it has also led to the production of hazardous organic
compounds, byproducts of industrial processes, or simply
residues present in their effluents, which are harmful
to human health and the environment [1,2]. The main
sources of such waste are refineries that transform crude
oil, petrochemical plants, organic compound processing
apparatus, and factories operating in the food industry,
mineral industry, or in the manufacture of pulp and paper,
pharmaceuticals, plastics, and metals [3-8]. The class of
chemical compounds derived from industrial processes
typically present high levels of toxic and recalcitrant organics,
such as phenols, and benzene, toluene, ethylbenzene and
xylenos (collectively known as BTEX) [9,10].

According to Resolution 430 of the Conselho Nacional
do Meio Ambiente-CONAMA (National Council on the
Environment) [11], which follows the environmental
guidelines described in Standard Methods for the
Examination of Water and Wastewater, Brazil set the
maximum total concentration of phenols at 0.5 mg L™ for all
effluents originating from any polluting source that can be
released into water bodies, as of May 13, 2011.

Currently, many technologies have been employed for the
treatment of industrial wastewater, the three main groups
being biological, chemical, and physical. A combination of
processes, e.g., biological and chemical, it is also used, and
the advantages of these treatments enable them to become
efficient in the degradation of complex and toxic compounds,
such as phenols, hydroquinone, catechol, BTEX, among
others that are harmful and toxic to the ecosystem and the
health of living [12-19].

AOPs use various combinations of oxidants to generate
intermediate reactions involving the hydroxyl radical (¢OH),
a species that is unstable and very reactive owing to its high
oxidizing power (2.8 V) in acidic media, and is formed from
the degradation of toxic organic pollutants. These methods
are capable of converting almost all the most recalcitrant
organic compounds that cannotbe destroyed by conventional
methods into carbon dioxide and water, a process called
mineralization. This step results from oxidation-reduction
reactions as well as from reactions involving other free
radicals, except those involving simpler organic compounds
suchasoxalicacid, maleicacid,and acetone [20]. The AOPs can
be divided into homogeneous and heterogeneous systems,
with hydroxyl radical generation occurring in the presence
or absence of ultraviolet radiation. Recently, Brandao, et
al. [21] described the use of different treatments using
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AOPs for the removal of organic contaminants, including
homogeneous systems [21-25]. The heterogeneous systems
include for example the photocatalysis and electron-Fenton
process [22-25].

Currently, several computational tools are used to
optimize these technological processes. Among these
techniques, which include linear or nonlinear programming
methods, and simultaneous modeling of multiple responses,
the use of statistical software is highlighted. Thus, these
statistical tools are increasingly being used to optimize
chemical processes, which is remarkably effective for
creating process models that reduce the time and cost of
analysis [26-28].

The aim of the current work was mainly to propose an
optimization and modelling process to obtain the maximum
hydroquinone degradation (H_) and the highest percentage
of total organic carbon (TOC) conversion. Thus, this research
was important to assess a synthetic solution containing an
initial concentration of hydroquinone as a typical poison,
with the applicability of an advanced oxidation process
(AOP) in a batch reactor with a constant agitation speed of
500 rpm, in order to propose an optimization and modelling
process for H  and TOC conversion. This study presents the
first example of process modeling with optimization by the
use of a statistical software, and with hydrogen peroxide
(H,0,) as a source of free hydroxyl radicals (¢OH) for H,
and TOC conversion. The kinetic model used to describe
the profile of the TOC conversion was the lumped Kkinetic
model (LKM). The modelling methods (response surface
methodology—RSM) were used to determine the relationship
between input and output variables.

Materials and Methods

Chemicals

Experimental trials accomplished in a batch reactor were
achieved with the employment of a synthetic hydroquinone
solution (99% PA, Dindmica), hydrogen peroxide, H,0,,
analytical grade (35% PA, Vetec). Sulfuric acid (0.1 M) and
sodium hydroxide (0.1 M) were prepared by adjusting the
initial pH of the effluent as required. Methanol (UV/HPLC,
99.9% PA, Vetec) was used in the chromatographic analysis,
and phosphoric acid (25% PA, Vetec) was used in the TOC
analysis.

Experimental Setup

Figures 1A and 1B show a photograph and a schematic
representation of the PARR stainless steel reactor, model
4848, used in the experiments. The reactor is a batch-type
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system, mechanically agitated, and has a capacity of 1.8 L
(1.3 L usable volume), with simultaneous control of pressure,
temperature, and stirring speed.

Figure 1: A) Photograph of the Reactor; B) Scheme of the
Reactor.

1-Heating blanket; 2- Sample collector; 3- Condenser;
4- Coil for cooling; 5- Stirring and mixing system; 6-
Thermocouple; 7- Relief Valve; 8- Air distribution system;
9- Rotameter; 10- Discharge valve.

Initially, 1.3 L of a synthetic liquid effluent with an initial
hydroquinone concentration (C) of 500 mg L™ was prepared
by adjusting the initial pH of the effluent with 0.1 M H,SO,
or 0.1 M NaOH as required and transferred to a batch-type
reactor containing a stirring system. A rotation rate of 500
rpm was used, with a temperature control corresponding to
the factorial planning for each test, and the apparatus was
then connected to the cooling system. The pressure used in
the experiments was 1.0 kgf cm™. An small fraction of the
mole ratio of hydroquinone to hydrogen peroxide (R,) was
introduced into the reactor to initiate hydroquinone oxidation
in the liquid phase. For each assay, samples of approximately
20 mL of solution were collected in triplicate at successive
times in dark plastic bottles and refrigerated. A sample of
20 mL of treated water without HQ was also collected to
represent a blank for the hydroquinone solutions.

Analytical Method

High-Performance Liquid Chromatography (HPLC): The
hydroquinone concentrations was monitored by a HPLC
equipment (Shimadzu, prototypical LC-20AT, with included
acquisition numbers by means of a UV detector and a CLC-
0ODS (M)/(C-18) column (Shimadzu) that was 250 mm in
long and 4.6 mm in diameter. An isocratic elution method
was used under the following conditions: oven temperature
of 35 °C and injection volume of 20 pL. The flow rate 0.75

Branddo YB, et al. Treatment of Effluents Containing Hydroquinone in a Batch Reactor:

mL.min! used 10% methanol and 90% phosphoric acid with
pH adjusted of 2.2; and UV detector wavelength, 270 nm to
detect hydroquinone.

Total Organic Carbon (TOC): The percentage obtained in
the TOC conversion was determined from the TOC equipment
(VCSH prototypical, Shimadzu) to quantify the mineralization
of the hydroquinone concentration [29].

Application of the Mole Stoichiometric Ratio
and Definition of Response Variables

A molar stoichiometric of hydroquinone in the addition
of hydrogen peroxide of 100% was used to totally convert
1 mole of hydroquinone into carbon dioxide and water in
agreement with the reaction stoichiometry defined in the
subsequent equation:

C,H,(OH),+ 13H,0, >6CO,+ 16H,0 (1)

This molar ratio other than 100% was determined
comparably by means of the stoichiometry in Equation (1).
The percentage fraction of Hydroquinone Degradation (H)
obtained as a response variable, which is oxidizing during
the advanced oxidative process was evaluated.

oy G —C
Hy (%)==

0

x 100 2)

where: C = initial hydroquinone concentration in liquid
effluent; C= hydroquinone concentration in liquid effluent at
a given time.

The percentage conversion of TOC was obtained as a
response variable, measures the sum of Total Organic Carbon
(TOC) converted into CO, and H,0. The % adjustment of TOC
was determined using the subsequent calculation:

TOC,-TOC .
TOC, -TOC,
where: TOC,= initial total organic carbon in liquid effluent;

TOC= total organic carbon in liquid effluent at the given
instant; TOC,= total organic carbon in the pure water (blank).

TOC (%)= 100 (3)

Experimental Methods

A statistical technique was used in the experiment to
optimize the process and to assess the effects, on the process
for hydroquinone degradation (H ) and TOC conversion, of
the following operating variables: the initial hydrogen ionic
potential of the reaction medium (pH, set at values of 4, 7,
and 10); the temperature of the liquid effluent (T, 60, 70, and
80 °C); the air flow rate (Q,, 50, 100, and 150 L h™); and
the molar stoichiometric ratio of hydroquinone to hydrogen
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peroxide (R, 25%, 50%, and 75%). First, a 2* factorial design
was carried out for the classification order of the significant
variables (pH, T, Q,, and R,). Second, the maximum
ascending gradient method (MAGM) was used to determine
the optimum point of the process for the same variables (pH,
T, Q,» and R). In this stage, the air flow rate was fixed at 50
L h!, and the temperature from the third assay was constant
at 90 °C. Third, the kinetic model used to describe the profile
of the mineralization of the hydroquinone concentration was
the lumped kinetic model (LKM).

Statistical Techniques: According to Galddmez and
Carpinetti [30] and Silva [31], the meaning of specific
parameters for a data analysis is always relevant to
good experimental planning. The control factors are the
parameters that aim to evaluate the effects produced in the
response variables.

In this first stage, the tests carried out to obtain the
experimental complete factorial design with factorial k, 24,
included 16 runs and four repetitions at the central point,
totaling 20 runs, with sample collection at times t= 0, 45, 90,
135, and 180 min, in junction to optimization by means of
the statistical analysis software package Statistic 8.0. The
best conventional classification of the linear model was used
for RSM in the experimental project [32-34].

In this second phase, the MAGM was applied to the
region to determine the optimum point of the process for the
same variables (pH, T, Q,,, and R, ). From the analysis of the
complete factorial, the parameters for the calculation of x,
Ax. and & were obtained.

For application of the statistical calculation, variables x.
and Ax, were estimated according to:

X = 5 -G
o (ag)

4)

where: x= variable i encoded; Cé_ = central point of the
variable,; &= level of the various i uncoded; A& =
difference between the maximum (or minimum) level and
the central point of the uncoded variable ¢,.
Ax, :L i=1,2,.,ki#j (5)
B,/ Ax,
where: Ax= increment (pitch size) of the coded variables x;;
B, = regression coefficient in module of the generated model
v =B, + Bx, + .. + Bx_+ ¢) for TOC variable; S, = higher
regression coefficient in module of the generated model (y
=B, + Bx, + ... + Bx,_+ &) for TOC variable; Ax= difference
between the maximum (or minimum) level and the center
point of the X, encoded variable.
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In this third phase, kinetic modeling, based on the
lumped (or grouped) kinetic model (LKM), was used for HQ
oxidation.

Kinetic Modeling

In obtaining the kinetic model for the HQ oxidation,
the lumped (or grouped) kinetic model (LKM) proposed
by Li, et al. [35] was used for the total organic carbon
(TOC) conversion response factor. Proposed scheme for
hydroquinone oxidation in the parallel stages is given by
Equation 6

ks
A—>C

(6)
B

where: A- Initial contaminant (hydroquinone); B- Refractory
organic species resulting from the oxidation of A; C— Carbon
dioxide formed from the complete oxidation of species
(complete mineralization, CO, and H,0).

The mass balance for each group of species is given by
Equation 7,8 and 9

dc
th =—(k +ky)C, (7
dc
th =—(k +ky)C, (8)
dc
th =—(k +ky)C, 9

where: k, k, and k, are the velocity constants of reactions
from A to B, from B to C and from A to C, respectively.

Grouped Kinetic Model (Lumped Kinetic Model-LKM):
Optimization methods are used to determine the best values
of the variables that minimize or maximize an objective
function.

The experimental constants k, k, and k, were
determined by applying the LKM model (Equation 10) to the
data obtained in the HQ optimization (mineralization at the
optimum point) using the solver from Excel software.

TOC(’) :( kl ].ekyt _( kz _k3 j'e(k, +hy )t [10)
) k =k, +k, k =k, +k,

T0C
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Results and Discussion

Stability  Evaluation for
Mineralization

Hydroquinone

Table 1 shows the measures of the experimental assay
to evaluate the hydroquinone mineralization, without the
existence of an oxidant such as hydrogen peroxide (H,0,)
and at the temperature of 70 °C. In this process, the TOC
conversion was 1.2% after 180 min. This result shows that
hydroquinone oxidation depends on other factors, such as
the increment of an oxidant, the pH, and the temperature. The
results obtained were analyzed using statistical software,
with a significance level of 95% confidence.

Time (min) TOC (mg.L?) TOC (%)
0 330.6 0
90 3274
180 326.7 1.2

Table 1: Experimental results for TOC conversion in the
nonexistence of an oxidant.

Operational Parameters: pH=7; T=70°C; Q,, =100 Lh™; R =
0.

Table 2 shows the experimental complete factorial 2*
The H, and maximum TOC conversion achieved were 41.5%
and 94.8%, respectively, for assay number 16, when the
factors were used at their maximum levels.

Tests Time (min) pH () T (°C) QAF (L.h') R, (%) TOC (%) H_ (%)
1 180 4 60 50 25 4.17 37.55
2 180 10 60 50 25 3.48 32.36
3 180 4 80 50 25 12.2 51.25
4 180 10 80 50 25 25.84 83.21
5 180 4 60 150 25 2.19 16.95
6 180 10 60 150 25 1.09 37.66
7 180 4 80 150 25 18.97 56.92
8 180 10 80 150 25 21.27 59.17
9 180 4 60 50 75 3.44 13
10 180 10 60 50 75 5.37 40.32
11 180 4 80 50 75 31.61 72.49
12 180 10 80 50 75 30.11 76.19
13 180 4 60 150 75 4.08 35.56
14 180 10 60 150 75 6.27 28.12
15 180 4 80 150 75 30.09 75.22
16 180 10 80 150 75 41.45 94.83

17* 180 7 70 100 50 10.4 45.6
18* 180 7 70 100 50 9.67 39.26
19* 180 7 70 100 50 12.2 42.3
20* 180 7 70 100 50 8.94 36.03

*CP: Central Point

Table 2: The experimental complete factorial 2*. The reaction time (t) was 180 min.

Statistical Analysis of the TOC Conversion

Full factorial (2%): Table 3 shows the variance analysis
with the results obtained from the full factorial for the TOC
conversion, containing the regression coefficient values, b1
(PH), b, (T), b, (Q,), b, (R,), b,, (pH.T), b, (PH.Q,,), b,, (PH.
R, b,,(TQ,.), b,, (TR,) and b,, (Q,..R,) the quadratic sum
values, the degrees of freedom, the quadratic average, the
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F test, and the significance level p-values (p) of 0.19, 0.82,
0.98, 0.08, 0.09, and <0.05, respectively. This indicates
that the linear coefficients (pH), (T), and (R,) as well as
the coefficients (pH.T) and (TR,) are all significant at the
95% confidence level (p-value <0.05). However, the linear
coefficient (Q,,) and the coefficient (pH.Q,.), (PH.R,), (T.Q,;)
and (Q,..R,) are not significant at the 95% confidence level
(p-value < 0.05) in the model.
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The determination coefficient (R?) and adjusted
determination coefficient (R?, d].) values for the model were
94.04% and 87.42%, respectively, for four factors: one block,
20 runs, and a pure error of 1.957. The analysis of the data

through ANOVA for the significant factors is also described
in Table 3. The determination coefficient (R?) and adjusted
determination coefficient (R?, dj) values for the model were
92.90% and 90.80%, respectively.

Experimental Complete Factorial, (24), Full Factorial

QS DF QA F p
(1) pH 49.424 1 49.424 25.25 0.0151
(2)T 2058.052 1 2058.052 1051.441 0
(3)Q,, 5.286 1 5.286 2.7 0.1989
(4)R, 249.843 1 249.843 127.643 0.0015
1by?2 34.408 1 34.408 17.579 0.0247
1by3 0.12 1 0.12 0.061 0.8204
1by 4 0.002 1 0.002 0.001 0.9782
2by 3 13.787 1 13.787 7.044 0.0767
2 by 4 136.603 1 136.603 69.789 0.0036
3 by 4 11.455 1 11.455 5.852 0.0942
Lack of Adjustment 156.35 6 26.058 13.313 0.0288
Pure Error 5.872 3 1.957
QS Total 2721.201 19

QS= Quadratic Sum; DF= Degrees of Freedom; QA=Quadratic Average; F= F Test; p= p-value.
R2=0.94039; RzAdjz 0.87415.

Experimental Complete Factorial, (2*), Significant Terms

QS DF QA F p
(1) pH 49.424 1 49.424 25.25 0.0151

(2)T 2058.052 1 2058.052 1051.441 0
(4)R, 249.843 1 249.843 127.643 0.0015
1by?2 34.408 1 34.408 17.579 0.0247
2 by 4 136.603 1 136.603 69.789 0.0036
Lack of Adjustment 186.999 11 17 8.685 0.0506

Pure Error 5.872 3 1.957
QS Total 2721.201 19

QS= Quadratic Sum; DF= Degrees of Freedom; QA=Quadratic Average; F= F Test; p= p-value.
R?=0.9290; RzAdi= 0.9080.

Table 3: Analysis of variance for TOC conversion.

The analysis shows that the optimal point for the
variable TOC response has not yet been achieved since
there is no curvature within the range of values used for the
factors. The application of RSM offers parameter estimation
for TOC conversion. The empirical relationship between TOC
conversion and the significant independent variables studied
for the model was determined using Equation (11)

Branddo YB, et al. Treatment of Effluents Containing Hydroquinone in a Batch Reactor:

TOC (%)= 14.14 + 1.76 pH + 11.34 T + 3.95 R, + 1.47 pH*T +
2.92 T*R, (11)

To analyze the mathematical model, adjustments to
the measures were distributed to obtain the RSM for TOC
conversion as a function of the main variables that were
significant. Figures 24, 2B, and 2C show the RSM from the
simulated data in the statistical analysis of TOC conversion.
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Figure 2A shows that variation in the initial pH had little
influence on the mineralization of HQ. However, a high
temperature of the liquid effluent was more important in
increasing the mineralization rates of the organic compounds
analyzed. The TOC conversion increased (>35%) when the
levels of these factors (pH and T) increased to T= 80°C and
pH>7, showing a positive interaction between these two
variables for the mineralization of hydroquinone, with the
temperature having the greatest effect. Figure 2B presents
the highest hydroquinone mineralization with a TOC
conversion (>35%) for pH and R, values at their maximum

levels of >7 and 75%, respectively, while for their minimum
levels, the mineralization exhibited the lowest values for
TOC conversion (<20%). The variable R, had the greatest
effect. Figure 2C shows the influence of the interaction
between R, and T on hydroquinone mineralization. The
highest mineralization values with a TOC conversion >35%
occurred for the maximum levels of R, and T, 75% and 80 °C,
respectively. The action of the oxidant through the solution
leads be related to the temperature of the system. Thus,
variation in R, had a small effect on the mineralization of the
compound at the lowest temperatures.

Figure 2: Response surface methodology for TOC conversion.
A) T(°C) versus pH; B) R (%) versus pH; C) R (%) versus T(°C).

Brandao, et al. [36] using the DiCTT technique to
treat phenolic organic effluents reported the production
of hydroquinone, catechol, and parabenzoquinone
intermediates during the degradation and mineralization
of phenol. These authors also related that the highest
percentage mineralization was obtained using a large
amount of free hydroxyl radicals (¢OH) in the medium.
According to studies by Oliveira, et al. [37], in the phenol
oxidation stage, the appearance of secondary compounds
in the form of organic acids and, in the subsequent stages,
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of aldehydes and alkenes, reduces intermediates during the
phenol degradation reaction.

Statistical
Degradation

Analysis of Hydroquinone

Table 4 shows the variance analysis with the results
obtained from the full factorial for the H,, containing the
regression coefficient values, b, (pH), b, (T), b, (Q,.), b, (R,),
b, (pH.T), b , (pH.Q,;), b,, (PH.R), b,, (T.Q,.), b,, (TR,), and
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b,,(Q,-R,) the quadratic sum values, the degrees of freedom, (pH.T), (pH.Q,.), (PH.R,), and (T.Q,,) are not significant at the
the quadratic average, the F test, and the significance level 95% confidence level (p-value <0.05) in the model.

p-values (p) of 0.91, 0.27, 0.26, 0.72, 0.66, and <0.05,

respectively. This presents that the linear coefficients (pH), The determination coefficient (R?) and adjusted
(T),and (R,) as well as the coefficients (T.R,) and (Q,.R,) are determination coefficient (R?, o) values for the model were
all significant at the 95% confidence level (p-value <0.05). 88.00% and 75.00%, respectively, for four factors: one block,
However, the linear coefficient (Q,.) and the coefficients 20 runs, and a pure error of 16.808.

Experimental Complete Factorial, (2*), Full Factorial

Qs DF QA F p
(1) pH 539.731 1 539.731 32.111 0.0109
2)T 6713.698 1 6713.698 399.4282 0.0003
(3) Q. 0.234 1 0.234 0.0139 0.9136
(4R, 230.133 1 230.133 13.6916 0.0343
1by2 30.612 1 30.612 1.8213 0.2699
1by3 32.135 1 32.135 1.9118 0.2607
1 by 4 2.659 1 2.659 0.1582 0.7174
2by 3 3.925 1 3.925 0.2335 0.662
2 by 4 358.023 1 358.023 21.3004 0.0191
3by 4 267.353 1 267.353 15.906 0.0282
Lack of Adjustment 1060.709 6 176.785 10.5177 0.04
Pure Error 50.425 3 16.808
QS Total 9289.635 19

QS= Quadratic Sum; DF= Degrees of Freedom; QA=Quadratic Average; F= F Test; p= p-value.
R*=0.8800; R?, = 0.7500.

Experimental complete factorial, (2*), Significant Terms

Qs DF QA F p
(1) pH 539.731 1 539.731 32.111 0.0109
2)T 6713.698 1 6713.698 399.4282 0.0003
(4) RH 230.133 1 230.133 13.6916 0.0343
2 by 4 358.023 1 358.023 21.3004 0.0191
3by 4 267.353 1 267.353 15.906 0.0282
Lack of Adjustment 1130.273 11 102.752 6.1132 0.0813
Pure Error 50.425 3 16.808
QS Total 9289.635 19

QS= Quadratic Sum; DF= Degrees of Freedom; QA=Quadratic Average; F= F Test; p= p-value.
R*=0.8700; R?, = 0.8300.

Table 4: Analysis of variance for the hydroquinone degradation.

Table 4 also shows the variance analysis with the results the F test (F), in addition the significance level p-values (p)
obtained from the full factorial, with the significant terms <0.05 for all effects. Thus, the linear coefficients (pH), (T),
for the H, containing the regression coefficient values, b, and (R,), moreover the coefficients (TR,) and (Q,..R,) are
(pH), b, (T), b,(R,), b,, (TR} and b, (Q,..R,), the quadratic all significant at the 95% confidence level (p-value <0.05).
sum values, the degrees of freedom, the quadratic average, However, the linear coefficient (Q,.) and the coefficients
Branddo YB, et al. Treatment of Effluents Containing Hydroquinone in a Batch Reactor: Copyright© Brandao YB, et al.
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(pH.T), (pH.Q,.), (PH.R,) and (T.Q,,) are not significant at the
95% confidence level (p-value <0.05) by the model.

The analysis of the data through analysis of variance
(ANOVA) for the significant factors is also presented in
Table 4. The determination coefficient (R?) and adjusted
determination coefficient (R?, d].) values for the model were
87.00% and 83.00%, respectively.

The mathematical model and adjustments to the results
were analyzed. The utilization of RSM wtih nonlinear
regression offers parameter approximation for H,. The
empirical relationship between H_ and the significant
independent variables studied for the model was determined
using Equation (12)

H (%) =48.42+587pH+2042T+3.86R, +4.79 TR, (12)

To analyze the mathematical model, adjustments to the
measures were distributed to obtain the RSM for H_ as a
function of the main variables that were significant. Figure
34, 3B, and 3C show the RSM results from the simulated
data by statistical analysis of H,. Figure 3A indicates that the
variation in the initial pH had little influence on H,. However,
a high temperature of the liquid effluent had a greater
influence on the increase in the degradation indexes of the

organic compound studied. The hydroquinone degradation
was greater than 80% when the levels of these factors (pH
and T) increased to a T above 80°C and a pH greater than
10, showing a positive interaction effect between these two
variables and H, with the temperature having the greatest
effect. Thus, these results show that, with an increase in the
initial pH of the reaction medium, hydroquinone reacts very
quickly with molecular oxygen (self-oxidation in alkaline pH)
to produce quinones, producing a reddish-brown solution.
Figure 3B shows the highest H_ (>80%) for pH and R values
at maximum proportion of 10 and 75%, respectively, while
for low values, the levels of degradation were lowest (<60%).
The pH had the greatest effect. Figure 3C shows the influence
of the interaction between R, and T for H  that occurs at the
maximum levels of 75% and 80 9C, respectively. The strong
relationship between these increases in the degradation
of toxic organic compounds was above 80%. However,
variation in R, had a small effect on Hj (<40%) at the
lowest temperature. Brandao, et al. [21] studied the level of
phenol oxidation using a new technique called direct contact
thermal treatment (DiCTT), which is characterized by the
formation of hydroxyl radicals (¢OH) and is considered to
be an unconventional AOP. In the range studied, variation in
the effluent flow allowed to obtain a phenol degradation of
almost 100%, which was achieved in 180 min.

Figure 3: Response surface methodology for the hydroquinone degradation.
A) T (°C) versus pH; B) R, (%) versus pH; C) R, (%) versus T (°C).

When present in aqueous media, hydroquinone can
react easily in response to the conformation of metal ions, the

Branddo YB, et al. Treatment of Effluents Containing Hydroquinone in a Batch Reactor:

oxygen concentration, and the pH of the liquid phase. Thus,
the proportion of oxidation of HQ increased at higher pH
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results. Hydroquinone also has higher stability in acid media
from pH 4.5 to 5.0 [38]. The ionization state of hydroquinone
is affected by the pH of the solution, even in aqueous solutions
and without the free electrons. Hydroquinone is oxidized by a
variety of oxidizing agents, including nitric acid, persulfates,
some metal cations, and molecular oxygen, reacting with
these compounds in alkaline solutions [39,40]. According
to data in the literature, the percentage of self-oxidation of
hydroquinone depends on the pH, and occurs very slowly at
acidic pH but very quickly at alkaline pH [40]. The quantity
of quinone, an intermediate product of the reactions during

B, HO  I0ee, MO G5

I < _: B-4.
H H H

H_I

HQ

H,, accelerates the oxidation of this organic compound by
catalysis. Quinone reacts with the hydroquinone dianion
to form an unstable radical (semiquinone), which then
reacts quickly and spontaneously with oxygen, forming two
molecules of quinone and hydrogen peroxide, or a stable
dimer. Proportionally with hydroquinone oxidation and
subsequent benzoquinone formation, a darkening of the
color of the solution occurs during the reaction [41,42].
The average results of the data obtained from the analytical
results for H, and the possible subsequent benzoquinone
formation are represented by Equation (13) [43-45].

98-8 R BB g o
[gu_.[ |

% Gl b (13)
L. ~ — L SE—

SQ BQ

where: HQ= hydroquinone; SQ= semiquinone; BQ= benzoquinone.

Maximum Ascending Gradient Method

The mineralization of the toxic effluent at this stage of
the research became the considerable factor of the study,
observing that the H  reached values of approximately 95%
(assay 16, Table 2), while for mineralization, the highest value
achieved was approximately 42%. The model generated for
TOC conversion (Equation 11) was used to implement the
MAGM (Table 5). Thus, the air flow rate (Q,.) was fixed at
50 L h™! because this variable was not significant for either
mineralization or degradation of the synthetic HQ effluent.

Table 5 shows that the effluent temperature was
kept constant at 90°C from the third test of the MAGM
to minimize the results of evaporation in the analyzed
solution. The experiments were carried out from assay 4,
since the tests performed in previous stages showed small
variations in the levels Hj and TOC conversion. At this stage,
the TOC conversion value increased, then reached a region
of approximately constant values (assays 7 to 9), followed
shortly afterwards by a reduction in these values. Thus,
the analysis of these results showed that there is possibly a
point where the replacement of organic carbon is maximum
around this region (assays 6 to 10).

Test Increment X, X, X, pH(-) T(°C) R, (%) TOC (%) H_ (%)
1 Cxi 0 0 0 7 70 50 8.1 38.2
2 Cxi + Axi 0.16 1 0.35 7.5 80 59 - -
3 Cxi + 2Axi 0.31 2 0.7 7.9 90 67 - -
4 Cxi + 3Axi 0.47 3 1.04 8.4 90 76 58.9 94.9
5 Cxi + 4Axi 0.62 4 1.39 8.9 90 85 - -
6 Cxi + 5Axi 0.78 5 1.74 9.3 90 94 72.6 98.8
7 Cxi + 6Axi 0.93 6 2.09 9.8 90 102 82.6 100
8 Cxi + 7Axi 1.09 7 2.44 10.3 90 111 84 100
9 Cxi + 8Axi 1.24 8 2.79 10.7 90 120 83.2 100
10 Cxi + 9Axi 1.4 9 3.13 11.2 90 128 74 100
11 Cxi +10Axi 1.55 10 3.48 11.5 90 137 - -

Q,,=50L h?; C_ - Central point of the coded variable x.
Table 5: Test of the MAGM.
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The increase in TOC conversion in trials 6 to 9 was
possibly due to an increase in the products of oxidation of
HQ at higher pH values. The continuation of the pH increase
of the initial solution from test 9 shifts the balance of the
reaction in the direction of para-benzoquinone formation. H,
during the adjustment of the initial pH in the liquid phase was
verified by the darkening of the model effluent (red-brown
color). H of approximately 100% was obtained from assay
6 (Table 5). The quinone percentage, a secondary product
of the reactions leading to H, accelerates the oxidation of
this organic compound by catalysis. Quinone reacts with the
hydroquinone dianion to generate a semiquinone, which then
reacts with oxygen to form benzoquinone and subsequently
organic acids, thus decreasing the extent of TOC conversion
[42]. The products of the oxidation of hydroquinone are
possibly aldehydes (glyoxal) and alkenes (1,4-dioxo-2-
butene) [21,46].

Figure 4 shows the region that probably represents the
results for maximal TOC conversion, which is more easily
observed through the formation of a maximum point. This
shows the excellent efficiency of the method for obtaining
the best optimized process conditions, allowing an increase
in hydroquinone mineralization by a factor of 2.

-

Figure 4: Evolution for TOC conversion as a function of the
tests developed after the application of MAGM.

Kinetics of Hydroquinone Mineralization

The experimental results achieved for TOC conversion
(Table 6) at the optimal point was used to obtain an
approach of the coupled kinetic models to predict the kinetic
parameters, which govern the mineralization reaction of
hydroquinone. The Lumped Kinetic Model (LKM) proposed
by Li, et al. [35] was used to determine the specific velocities
(k) under the experimental operating conditions for the
hydroquinone oxidation reaction (pH= 9.3, T= 90°C, R =
110%, Q,,=50 L h™).

Branddo YB, et al. Treatment of Effluents Containing Hydroquinone in a Batch Reactor:

Time (min) TOC (mg L) TOC (%)
0 323.12 0
20 307.76 4.8
40 236.92 26.7
60 185.88 42.5
80 143.16 55.8
100 98.16 69.7
120 89.38 72.3
140 77.36 76.2
160 67.92 79.1
180 64.52 80.1

Table 6: Hydroquinone Oxidation Reactions with TOC
conversion.

Operational parameter: R,= 110%, pH=9.3,

T=90°C,Q,,=50 Lh™.

Table 7 shows the values obtained for the speed
constants (specific speed). Thus, nonlinear regressions
were performed with the data in Table 6, from Equation 9
(presented in item 2.6), using the solver of the excel software
(version 8.0).

Operational Parameter Speed Constants
k1 0.076
k2 0.012
k3 0

Table 7: Values obtained of the speed constants for the
hydroquinone reaction.

Table 7 shows that the value of the velocity constant, k.,
was zero. Therefore, it was possible to observe that the direct
mineralization of hydroquinone does not occur for the range
used in this stage. Thus, all hydroquinone was converted
into organic intermediates until mineralization into carbon

dioxide and water.

Figure 5A shows the results obtained by the model versus
the experimental data, respectively, for the TOC conversion.
Thus, it was possible to observe a good fit in the model data,
obtaining a coefficient of determination of 0.986. Figure 5B
shows the predicted values obtained by the model versus the
observed values (experimental) at the optimal point for the
TOC conversion. Again, a good fit was observed between the
experimental results and the data of the proposed model.
Figure 5C shows that, through the residuals graph, a good
fit between the experimental results and the model data
can also be observed. In this, the variation around the mean
shows an adequacy of the mathematical model in relation
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to the experimental results for the TOC conversion, that is,
the kinetic model adjusted to the experimental data, with a

coefficient of determination of 0.986 from the model for the
reaction process.

residuals for the TOC conversion by the model.

Figure 5: A) Adjustment of experimental data with model; B) Predicted values versus observed values; C) Graph of the

Conclusions

The results obtained during this research showed that
the relevant factors for the two response variables, H, and
TOC conversion, were the T, pH and R. At this stage, the
H, was approximately 100%; however, the TOC conversion
did not exceed 42%. Thus, the MAGM was used, and the
TOC conversion values increased. Hence, when H_  of
approximately 100% was obtained, a maximum percentage
of TOC conversion of approximately 84% was achieved after
the application of MAGM, showing the excellent efficiency of
the method. The kinetic model used to describe the profile of
the TOC conversion for the HQ was the lumped kinetic model
(LKM). Thus, the model was achieved after the experimental
data obtained at the optimal point and it showed that the
direct hydroquinone mineralization does not occur (k,=
0), that is, the formation of CO, and H,O occurs before the
production of intermediates. Thus, the results achieved in
this research showed greater hydroquinone degradation
(almost 100%), a higher TOC conversion (>80%), at the
same reaction time (t) (180 min), with the most important
operating variables for the process (pH= 9.3, T= 90 °C, R =
110% and Q,,= 50L h™).
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