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Abstract: In this work, a classical linear control approach for the peroxide (H2O2) dosage in a photo-
Fenton process is presented as a suitable solution for improving the efficiency in the treatment of
recalcitrant organic compounds that cannot be degraded by classical wastewater treatment processes
like anaerobic digestion. Experiments were carried out to degrade Lignin, Melanoidin, and Gallic
acid, which are typical recalcitrant organic compounds present in some kinds of effluents such as
vinasses from the Tequila and Cachaça industries. Experiments were carried in Open-Loop mode
for obtaining the degradation model for the three compounds in the form of a Transfer Function,
and in Closed-Loop mode for controlling the concentration of each compound. First-order Transfer
Functions were obtained using the reaction curve method, and then, based on these models, the
parameters of Proportional Integral controllers were calculated using the direct synthesis method.
In the Closed-Loop experiments, the Total Organic Carbon removal was 39% for lignin, 7% for
melanoidin, and 29% for Gallic acid, which were greater than those obtained in the Open-Loop
experiments.

Keywords: wastewater treatment processes; dynamics and control; modeling and identification;
heterogeneous photo-Fenton process; recalcitrant organic compounds degradation; automatic
peroxide dosage

1. Introduction

Vinasses are effluents generated during the distillation processes to produce alcoholic
beverages such as beer, wine, and liquors. In México, the most important industry of
distilled beverages is Tequila production (the worldwide known Mexican spirit), while
in Brazil the most popular spirit is Cachaça, produced from the fermented agave juice
and sugarcane juice, respectively. The Cachaça industry generates between 4 and 15 L
of vinasses per liter of product [1,2]. Considering that it is estimated that Brazil has an
installed production capacity of approximately 1.2 billion liters of Cachaça annually, but
less than 800 million liters are produced annually, this represents 3.2–12 billion liters of
vinasses [3]. The Tequila industry is still more polluting because when a liter of Tequila
is produced, 10 to 12 L of vinasses are generated [4]. For instance, with a production of
374 million liters of Tequila in Mexico in 2020 [5]; this represented 3.7–4.4 billion liters of
produced vinasses. Vinasses depend on the raw material but share general characteristics,
i.e., high organic load (50–150 gCOD/L) and low pH (3.5–4) [6]. They are also highly
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corrosive at high temperatures and concentrations, making them very strong polluting
effluents [6]. Moreover, the unregulated discharge of vinasses into the soil is related to its
salinization and the contamination of surface and groundwater [1]. In the state of Jalisco,
México, this has been a common practice. Unfortunately, even today vinasses are still
discharged by small and medium-sized Tequila producers into water bodies, or used in
crops with the risk that this implies for aquatic life due to the high content of organic matter
and color [7,8]. Table 1 shows the composition of the Cachaça and Tequila vinasses [9,10].

Table 1. Composition of the Cachaça and Tequila vinasses.

Parameter Unit Cachaça [9,11] Tequila [10]

pH, 25 ◦C 3.5–4.8 3.35
Temperature ◦C 80–100 50.4
Biochemical oxygen demand (BOD) gL−1 6–18 13–24
Chemical oxygen demand (COD) gL−1 14–39.5 28–50
Total suspended solids (TSS) gL−1 0.18 12
Volatile suspended solids (VSS) gL−1 20.3 9.8
Total volatile fatty acids (acetic acid) gL−1 na 2.5–3.4
Total nitrogen (NT) gL−1 0.15–1.19 0.243
Total phosphorus (PT) gL−1 0.004–0.32 0.021
Fats and oils gL−1 na 0.018–0.031

na: data not available.

Vinasses contain recalcitrant organic compounds (RC), which cannot be degraded
by conventional wastewater treatment processes [6,12]. The cloudy color of vinasses is
associated with melanoidins, affecting the passage of light in water and photosynthetic
processes, and, thus, affecting the aquatic life [13].

In addition, the phenolic and polyphenolic compounds (i.e., Gallic acid and lignin)
present in vinasses, can inhibit seed germination and damage crops, as well as negatively
affect the soil microbial activity [12]. Vinasses generated in the Tequila production can
have between 480 to 540 ppm of Gallic acid, and vinasses that come from the Cachaça
production have around 450 ppm of that compound [12,14].

It is well known that Anaerobic Digestion (AD) is a viable solution for the treatment
of Tequila and Cachaça vinasses, but due to the content of RC this process is not capable
of reaching regulatory discharge standards for wastewater [12,15]. On the other hand,
advanced oxidation processes (AOP) have been applied in the last decades to degrade
contaminants present in water that are chemically stable. For instance, Fenton uses the
hydroxyl radical (•OH), which is the second most oxidizing agent only after fluorine.
This AOP is effective in the degradation of RC because the •OH is not selective. Most of
these processes are carried out at room temperature and not all require an external energy
source. In general, AOP can reach total organic matter mineralization, producing CO2
and water, but it can also produce other compounds, which biological processes can later
treat. In such a case, AOP would be being used as a pretreatment. Furthermore, when
a biological process is the first step in wastewater treatment, a subsequent AOP process
could be necessary to reach total mineralization of the organic matter [16–18].

Among these AOP, the heterogeneous photo-Fenton process (HPP) has proved efficient
in the degradation of RC [15], and thus, it may be used as a post-treatment of AD effluents.
Moreover, the HPP can be improved by modeling the degradation of organic compounds,
monitoring the process variables, and applying control approaches to achieve better use
of the reagents and, consequently, a better degradation of pollutants. The photo-Fenton
process uses sunlight or UV light, Fe (II) ion, and H2O2. In this process, high mineralization
of organic matter is obtained. The overall organic reactions are depicted as follows:

RC + H2O2 → CO2 + H2O (1)
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H2O2 → H2O + 1/2O2 (2)

while the involved photo-Fenton reactions are the following:

Fe2+ + H2O2 → Fe3+ + OH− + •OH (3)

Fe3+ + H2O2 + hv→ Fe2+ + H+ + •OH (4)

H2O2 + hv→ 2 •OH (5)

Equation (3) shows the oxidation of Fe2+ to Fe3+, that is the Fenton reaction, Equation (4)
shows the reduction of Fe3+ to Fe2+ in the presence of light, and Equation (5) shows the
photolysis of hydrogen peroxide [15,18]. The main variables affecting the HPP are temperature,
pH, and H2O2 concentration. Several scientific articles have reported the photo-Fenton process
around 30 ◦C, avoiding the degradation of H2O2 at higher temperatures. It has also been
reported successful photo-Fenton process conditions of 50–75 ◦C, but this would increase
process costs. Concerning pH, H2O2 decomposition is accelerated at basic pH values, leading to
a lower generation of hydroxyl radicals. Recent studies have been performed at near-neutral
pH [19]. Furthermore, instead of homogeneous, the heterogeneous photo-Fenton processes,
would be advantageous as it allows for greater results at a neutral pH [20]. In addition, by
not having to lower the pH of the water to be treated, the costs associated with chemicals
can be reduced [21]. Indeed, some studies have been done without pH adjustment and
have had good results; this is due to the formation of intermediary compounds at the
beginning of the reaction that causes the decrease in pH [15,22].

Nevertheless, among operational photo-Fenton process conditions, the H2O2 concen-
tration present at each time is perhaps the most important parameter in the HPP affecting
both the reaction outcome and the cost of the process [23]. If an equivalent amount of H2O2
is added at the beginning of the reaction, the process could not reach total contaminant
degradation. It means the H2O2 could be being consumed by other reactions named scav-
engers. However, if the H2O2 is dosed, it could better degrade pollutants, even if smaller
quantities of H2O2 are added. Thus, H2O2 will be efficiently consumed [24].

When the H2O2 is added to the photo-Fenton reaction system, there is an effect on the
dissolved oxygen (DO) concentration. An increase in DO is related to H2O2 decomposition,
while a decrease in DO is related to a lack of H2O2. Therefore, the control of this variable has
been considered as a critical factor in this process [25]. Considering this fact, some authors
have modeled the homogeneous photo-Fenton process by the reaction curve method [24].

DO measuring is essential for carrying out two important tasks. In offline DO mea-
surement mode, the first one is to obtain a model of RC degradation. In the online DO
measurement mode, the second one is to use this measurement as an output variable in
applying an automatic closed-loop control law. This last task carries out the dosing of input
H2O2 to optimize its consumption, as well as other reagents into the reactor, which allows
reaching better degradation results [23,24].

Several researchers have reported a continuous dosage of H2O2 using DO as control
variable [23,24]. To the best of our knowledge, no works upon (i) the treatment of more
complex wastewater, (ii) modeling and control heterogeneous photo-Fenton processes
without pH adjustment at the same time has been reported.

The aims of this work are focused upon the following: (a) the modeling of HPP as a
function of the measured DO for three RC present in Tequila and Cachaça vinasses, i.e.,
lignin, Gallic acid, and melanoidin, and to use the obtained models to design a simple
and classical linear control approach for each one by implementing the automatic dosage
of hydrogen peroxide in the HPP for degrading this compounds, (b) to compare the
implementation of the automatic dosage against the conventional H2O2 dosage in terms of
COD, TOC, H2O2 consumption.
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2. Materials and Methods
2.1. Reagents

Synthetic samples of RC were elaborated with soluble water and low sulfonated
lignin (Sigma™), and Gallic acid (97.5%) (Sigma™). Melanoidin was synthesized [26] using
glycine (99%), D-(+)-Glucose (99.5%) and bicarbonate of sodium (Sigma™). The degrada-
tion of lignin was carried out using H2O2 (50%) (Fermont™) and a zinc ferrite catalyst,
which was provided by the Federal University of São Carlos [27,28]. The degradation of
Gallic acid and melanoidin was carried out using H2O2 (50%) (Fermont™) and, respec-
tively, an iron or a zirconium catalyst [29,30]. The TiSO4 compound used in the analytical
methods (see the next section), was obtained by reaction between titanium oxide (99%) and
sulfuric acid (99%) (Sigma™). The Folin and Ciocalteu’s phenol reagent (Hycel™), as well
as sodium carbonate (99.6%) (Fermont™) were used to quantify the phenol concentration.

2.2. Analytical Methods

Concentrations of lignin and melanoidin were measured by UV/Vis, at 280 nm and 420
nm, respectively, using a Genesys™10S spectrophotometer. The Folin–Ciocalteu method,
which is a colorimetric technique for measuring phenols, was used to determine the
concentration of Gallic acid at 760 nm also using the Genesys™10S spectrophotometer.
Over time, the degradation of RC was monitored with typical variables, chemical oxygen
demand (COD) and total organic carbon (TOC). For the determination of COD, TNT
822/Hach vials and COD-Reactor/Hach were used. The TOC was determined by using a
Shimatzu™TOC analyzer. The H2O2 concentration was determined by UV-Vis through the
formation of the colored complex TiSO4/H2O2 at 405 nm.

2.3. Reaction System

The reaction system (see Figure 1) consisted of a 0.5 L (effective liquid volume) reactor
placed in the center of a LED camera. It was placed inside a box to keep the system isolated
from sunlight to have a constant light source. The reactor was kept under continuous
agitation to maintain homogeneous concentration conditions. In the upper box side, it was
placed a peristaltic pump that provided the flow of H2O2. A water jacket surrounded the
reactor to keep the temperature constant.

Figure 1. Diagram of the photo-Fenton reaction system: (1) reactor, (2) dissolved oxygen sensor,
(3) magnetic stirrer, (4) stirring plate, (5) water recirculation, (6) water pump, (7) water container,
(8) peroxide container, (9) H2O2 pump, (10) H2O2 input, (11) wood box, (12) circular LED camera.

2.4. Experimental Procedure

Each RC was degraded separately, with an initial concentration of 200, 100, 600 ppm
for Gallic acid, lignin, and melanoidin, respectively. The amount of catalyst was the same
in all the experiments; in lignin, a zinc ferrite catalyst (0.25 g) was used, while in the case of
Gallic acid and melanoidin, a mass of 0.25 g of the iron catalyst was used.

Solutions of 0.5 L were prepared with a pH of 2.8 with the corresponding recalcitrant
compound to be degraded. The bath was adjusted to 30 ◦C. The reactor was charged with
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the solution and the stirring was adjusted to 400 rpm. Then the catalyst was placed, and
it was left under agitation for 5 min in darkness. Then, the source of light was connected.
The irradiance was adjusted to 3400 µ Em−2 s−1. Depending on the type of experiment,
the following steps were carried out:

• Open-Loop (OL) (Modeling) experiments: The reaction time began when the peri-
staltic pump started dosing 0.1 mL/min of a solution of H2O2 with a concentration of
1000 ppm. The initial concentration of H2O2 in the reactor was zero. Samples were
taken through time;

• Closed-Loop (CL) (Automatic Control) experiments: The H2O2 dosing was carried
out automatically following the control law depicted in the following sections. The
online DO measurement, which was used as an indirect control variable instead of
true RC measurements, was measured every 5 min to calculate the new H2O2 flow.
The reaction started when the peristaltic pump was operated with the first calculated
flow. During experiments, samples were taken to analyze the different variables.

2.5. Instrumentation

Atlas-Scientific™devices were used, i.e., the peristaltic pump (EZO-PMP/ Atlas-
Scientific) and the dissolved oxygen sensor (ENV-40-DO/Atlas-Scientific). The sensor had
a card (DO-EZO/Atlas-Scientific) that supported the UART communication protocol. The
data acquisition card was an Arduino-Mega UNO™, which facilitated the collection of
data and sending of input signals to the peristaltic pump. The programs used were made
in Python. Sensor data were taken every second.

2.6. Modeling and Control

As it was already depicted beforehand, the H2O2 flow (mL/min) was used as the
input variable (manipulable variable) and the dissolved oxygen as saturation percentage
as the output variable (measurable variable). The modeling (OL experiments) was carried
out applying the reaction curve method (which consists in registering the output variable
response in the face of a step-change in the input variable) [31]. In all the cases, the applied
step-change was 0.1 mL/ min of H2O2 flow with a concentration of 1000 ppm. The system
without the presence of H2O2 was defined as the equilibrium point.

Following this method, a typical first-order behavior was observed for each RC as
depicted in the following section. Thus, in consequence, a first-order transfer function
in the Laplace domain was proposed for modeling the degradation of each RC under
consideration as follows:

G(s) =
κ

τs + 1
(6)

where the system gain κ is defined as the ratio between the change in the output variable
and the change in the input variable, while the time constant τ, represents a measure of
the system response velocity [31]. Once the first-order transfer function was obtained, the
direct synthesis approach indicates that a PI controller should be used. Thus, this method
was used to design and synthesize that PI controller, which resulted in the following
discrete generic control input:

u(k) = Kc

[
ε(k) +

∆t
τi

k

∑
i=0

ε(k)

]
(7)

where k is the discrete sampling counter, Kc is the proportional gain, τi is the integral time,
ε(k) is the error between the measured dissolved oxygen concentration and its set-point
(desirable value of dissolved oxygen), and ∆t is the sample time). According to the direct
synthesis method, these parameters are calculated as follows: Kc = τ/(κτr), τi = τ, where
τr is the time constant of a reference trajectory (usually a first-order one as well), while, κ
and τ are obtained from Equation (6) [32].
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3. Results and Discussions
3.1. Open-Loop Experiments

Figures 2–4 show the reaction curves obtained for each RC. Table 2 shows the degra-
dation of the RC at the end of the reaction time. The variables TOC, COD, and pollutant
concentrations were analyzed to assess the degradation percentage concerning the initial
concentration of each RC and to compare in the face of closed-loop experiments. Notice that
in the case of Gallic acid and melanoidin, the initial DO percentage is reported as greater
than 100%. Measurements are correct, but a possible explanation for this phenomenon is
that from the first peroxide dosage, these RC released O2 contributing to an initial increase.
The H2O2 consumption in the OL experiments was 70% for Gallic acid, 20% for lignin, and
55% for melanoidin. The percentage of H2O2 consumption was evaluated considering the
entire compound added throughout the experiment. In the case of lignin and melanoidin,
which are colored compounds, the final sample showed a color difference concerning the
initial ones. At the beginning of the experiment, a darker color was observed, but a clearer
color was obtained at the end.

Table 2. Degradation of the studied RC obtained at the end of the applied OL experiments.

RC RC Degradation TOC Removal COD Removal

Gallic acid 38% 19% 21%
Lignin 28.8% 21.5% 20.8%

Melanoidin 72% 0% 5%

Although in the degradation of melanoidin, there was a reduction in the initial dark
color, in the OL experiment, there was no appreciable TOC removal (0%), and the COD
removal was minimal (5%), but its degradation was 70%. Considering this result, it may
be possible that the melanoidin molecule was fractionated, not presenting an appreciable
color; and anyway, it did not reach complete mineralization. In the OL experiments, the
reaction time was 3 h for Gallic acid and lignin (see Figures 2 and 3). On the other hand,
the reaction time was 4 h for melanoidin (Figure 4) because to apply the reaction curve
method, it was necessary to achieve stabilization of the dissolved oxygen concentration.

Figure 2. Degradation of Gallic acid during the Open-Loop experiment.
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Figure 3. Degradation of lignin during the Open-Loop experiment.

Figure 4. Degradation of melanoidin during the Open-Loop experiment.

3.2. Modeling Ol Degradation of the Studied Recalcitrant Compounds

As depicted beforehand, first-order transfer functions (TF) (Equation (6) type) were
obtained for each studied RC.

In addition, the OL experimental data, Figures 2–4 show, the obtained model curve
(in red) for each respective TF, as well as the constant H2O2 flow applied to each experi-
ment. The TF parameters are shown in Table 3. The system gain κ for each compound is
negative because the DO tends to decrease with the progress of the reaction. Unlike the
homogeneous photo-Fenton process, the release of oxygen is slower in the heterogeneous
process, however this does not limit the degradation of pollutants.

Table 3. Transfer function parameters in the Laplace domain for each RC obtained from OL experi-
ment data.

κ (% DO h/mL) τ (h)

Gallic acid −9.97 0.65
Lignin −3.70 0.57

Melanoidin −2.00 0.80
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3.3. Controllers Design by the Direct Synthesis Method

For calculating the parameters of the PI controllers, the sampling ∆t was set at 5 min,
due to the specifications of the pump, which could dose a minimum volume of 0.5 mL in a
time of 5 min, so the lowest flow that it could be dosed was 0.1 mL/min. These controller
parameters are shown in Table 4.

Table 4. Calculated PI controller parameters, and considered reference-trajectory time constants for
each RC according to Equation (7).

Kc (mL/(%DO h)) τi (h) τr (h)

Gallic acid −0.856 0.65 0.01
Lignin −1.542 0.57 0.10

Melanoidin −0.741 0.80 0.09

3.4. Closed-Loop Experiments

The CL experiments were carried out through the automatic dosing of H2O2. A
reaction time of 3 h was selected for each studied RC because the added volume of H2O2
could not exceed 5% of the original volume in the reactor since if this happens, the solution
would be diluted, affecting the results.

Similarly to Table 2, now Table 5 shows the degradation of the studied RC under the
CL experimental conditions. Again, melanoidin showed low reduction values of TOC and
COD, but it showed significant degradation. So, it can be considered as the most recalcitrant
compound compared with Gallic acid and lignin. In the Gallic acid CL experiment, 73% of
all the H2O2 added was consumed. In its turn, only 36% of the H2O2 added was consumed
for lignin and 50% for melanoidin.

Table 5. Degradation of the studied RC under CL experimental conditions.

RC RC Degradation TOC Removal COD Removal

Gallic acid 58% 29% 57%
Lignin 37% 39% 16%

Melanoidin 68% 7% 6.5%

Figures 5–7 show the degradation dynamics for the different RC in the CL experiments.
In the degradation of Gallic acid (Figure 5) a Set-Point (SP) of 45% Dissolved Oxygen (DO)
was selected, but through 3 h, the percentage of DO decreased faster within the first 45 min
of reaction, and later it diminished slowly. After 3 h, it did not reach the SP, but it was
very close. Maybe a larger reaction time should be necessary. The highest flows calculated
by the controller were given at the beginning; thus, the greatest degradation occurred at
this time.

A SP of 60% of DO was selected in the degradation of lignin at CL conditions (Figure 6).
Similar to Gallic degradation, in this case, the SP was not fully achieved since an 18% control
error persisted after a 3 h reaction time. However, in Figures 5 and 6, it can be noted that the
tendency to decrease the %DO continues so that the SP in both cases would be reached in a
longer reaction time. However, such a situation would have involved unwanted reactor
media dilutions. Therefore, to reach a defined SP, it is advisable to use a larger reactor
volume or devices that dose smaller volumes at higher peroxide concentrations. On the
other hand, in Figures 5 and 6 it can be seen how the H2O2 concentration increased slowly
during the first hour of reaction and later began to accumulate. In this case, the more
significant amount of H2O2 was added at the beginning as well.
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Figure 5. Degradation of Gallic acid under Closed-Loop experiment conditions.

Figure 6. Degradation of lignin under Closed-Loop experimental conditions.

Figure 7. Degradation of melanoidin under Closed-Loop experiment conditions.

Figure 7 shows the degradation of melanoidin in the Closed-Loop mode. In this ex-
periment, a SP of 75% of DO was selected. However, the obtained results showed a greater
control error, even with percentages again greater than 100% in the cases of melanoidin
degradation and Gallic acid degradation. As in the Open-Loop experiments, a possible
explanation is that these RC released oxygen from the first peroxide addition, increase the
initial DO concentration. However, as can be seen in this figure, despite this initial situa-
tion, a tendency to decrease was observed after that. Indeed, as stated above, melanoidin
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showed to be the most recalcitrant studied compound, and thus, a longer reaction time
should be advisable but under different experimental design conditions (mainly volume)
to avoid dilution effects. Nevertheless, even under experimental conditions showed in this
work, the positive tendency to reach the SP is remarkable if the adopted degradation time
had been enough.

3.5. Comparison between Ol and Cl Experiments

The removal of TOC was greater in the closed-loop experiments than in the Open-
Loop ones. The removal of TOC in CL experiments was higher by 10% for Gallic acid,
17.5% for lignin and 7% for melanoidin. Similar results were obtained for COD in Gallic
acid and melanoidin. Still, the COD removal of lignin at OL experimental conditions was
better than at CL experimental conditions.

For Gallic acid and lignin, the decrease in the RC concentration was better at CL
experimental conditions than those at OL experiment conditions, in which a difference
between both of 20% for Gallic acid and 8.2% for lignin was observed.

In melanoidin, more significant degradation was obtained at OL experimental condi-
tions because this experiment used a longer reaction time, even though the degradation
difference was only 4%. From a general analysis and considering the mineralization vari-
ables, i.e., TOC, better degradation was achieved at Closed-Loop experimental conditions.

In addition, it is worth mentioning that the degradation of these compounds tends to
slow down after the first hour, so the rate of degradation after this time decreased. However,
in some cases, the degradation of these RC continued, although the removal of TOC and
COD did not follow, suggesting that the molecules of lignin, Gallic acid, and melanoidin
were fractionated into smaller molecules, but without achieving total degradation.

In a homogeneous photo-Fenton process, it has been observed that dissolved oxygen
is released quickly during the reaction. Still, in the case of a heterogeneous photo-Fenton
process, under the conditions used, this variable decreased, which indicates that the reaction
is slower. However, even with this limitation, the %DO is still a variable to consider to
improve lignin and Gallic acid degradation by a heterogeneous photo-Fenton process.

4. Conclusions

In the studied heterogeneous photo-Fenton process, dissolved oxygen as an output
variable was useful to perform an automatic H2O2 dosage because it can provide real-
time data from the system, which is not possible to do with variables that require offline
physicochemical analysis.

Applying the reaction curve method was a viable option for modeling the degradation
of recalcitrant compounds in the heterogeneous photo-Fenton process. Modeling this
process, starting from a pseudo-equilibrium (where the H2O2 concentration was zero),
was adequate because the degradation was faster at the beginning of the experiment and
tended to decrease with time.

By calculating the parameters of the controller with the direct synthesis technique, it
was possible to provide a quick way to perform the tuning of the controllers. Although the
reference was not reached in a relatively short time, studied systems showed a sufficiently
fast dynamic at the start to achieve acceptable results.
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