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Abstract
The treatment of leachate from land�lls is an important issue from an environmental point of view, as such leachates are
classi�ed as hazardous materials. This issue has received the attention of researchers in several regions of the world,
especially in developing countries. Conventional biological treatment of leachate from mature land�lls has not yielded
consistent results, mainly because of the recalcitrance of humic substances. Little is known about the kinetic complexity of
leachate treatment by oxidative methods, representing a barrier to process scale-up from benchtop experiments. In this study,
a modeling approach was applied to describe the photodegradation of humic substances in a plug �ow reactor connected to
a stirred tank. The kinetic model provided an R2 of 0.974. Rate constants for humic acids (HA) and fulvic acids + humans
(FAH) were 2.96 and 1.03 × 10− 3 min− 1, respectively. Statistical models for the degradation reaction had R2 values of 0.96 for
HA and 0.99 for FAH. Both approaches indicated that HA degradation is greater at acidic pH and higher TiO2 concentrations.
FAH degradation was favored by acidic pH and higher ZnO concentrations. Statistical models showed the same signi�cant
difference in conversion between replicate runs, suggesting a uniform diffusion of fractions through catalysts.

1. Introduction
Municipal solid waste is commonly sent to land�lls or incinerators. Incineration processes are mostly used in European
countries; an advantage of incinerators is that they occupy small areas compared with land�lls, but a disadvantage is the
generation of persistent organic pollutants (Tait et al., 2020). Land�lls, widely used in Brazil, allow the reuse of methane gas
but require large areas and generate leachate, a liquid composed predominantly of natural organic matter, which, without
adequate treatment and disposal, causes numerous negative impacts to the environment (Costa et al., 2019).

Leachate composition varies according to environmental conditions, waste source, and land�ll age. Leachate from land�lls
with more than 10 years of operation is classi�ed as mature. This period represents a critical phase for leachate
physicochemical characteristics (Peng, 2017; Luo et al., 2020). Mature land�lls are characterized by an increase in humic
substances (humic acids, fulvic acids, and humins) and ammonia nitrogen, alkalization (pH > 8.0), and beginning of methane
production (methanogenic phase).2 At this stage, it is not possible to mineralize the entire organic load through biological
treatment, given the recalcitrance of humic substances (Costa et al., 2019), which are predominantly composed of aromatic
and aliphatic compounds containing carbon, oxygen, nitrogen, and sulfur (e.g., phenols and carboxylic acids) (Nguyen et al.,
2020).

In recent years, advanced oxidation processes, particularly heterogeneous photocatalysis, have been considered interesting
alternatives for treating leachate (Liu et al., 2008; Samanamud et al., 2012; Valencia et al., 2012; Mohd Omar et al., 2014;
Nguyen et al, 2020; Turkten and Bekbolet, 2020). Hassan et al. (2016), in a review article, highlighted that the use of
heterogeneous photocatalysis with TiO2 afforded satisfactory degradation of several recalcitrant compounds from land�ll
leachates. Good results were also obtained with ZnO, as assessed by Mohd Omar et al. (2014). One way to achieve even
more promising results is to combine these semiconductors. ZnO–TiO2 mixtures have high ability to absorb UV radiation
(including the visible spectrum) and reduce the recombination of electron–hole pairs, which, in turn, increases charge
separation and photocatalytic activity (Turkten & Bekbolet, 2020). These mixtures can be used in suspension or �xed on a
stationary support, the latter being the most economical option because it does not require �ltration steps. ZnO–TiO2

mixtures can be �xed on supports by incorporation into a polymer matrix, such as acrylic paints, allowing application in open
reactors operated under solar irradiation.

Oxidation kinetics of humic acids (HA), �uvial acids (FA), and humins have been studied using different techniques, including
photoelectrocatalytic processes (Selcuk et al., 2003), TiO2/activated carbon photocatalysis (Xue et al., 2011), and ZnO
nanophotocatalysis (Oskoei et al., 2016). The use of sunlight for photocatalysis of humic substances has also been explored
(He, 2013). Recently, a ZnO–TiO2 nanocomposite was applied in the photocatalysis of humic substances, and different
reaction orders were tested (Turkten and Bekbolet, 2020). The pseudo-�rst order kinetic constant of the binary mixture was
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found to be 0.902–0.735.10− 2 min− 1 for HA degradation, as assessed by determining non-purgeable organic carbon levels.
The simpli�ed photocatalysis mechanism of these mixtures was illustrated by the authors, as follows (Eqs. 1–6):

ZnO–TiO2 + ℎν → hVB
+ + eCB

− (1)

hVB
+ + H2O → OH• + H+ (2)

eCB
− + O2 → O2

•− (3)

O2
•− + H+ → HO2

• (4)

2HO2
• → H2O2 + O2 (5)

H2O2 + eCB
− → OH• + OH− (6)

Some studies, such as Brito et al. (2019), investigated the kinetics of photocatalytic degradation of organic load in leachates;
however, there is a knowledge gap regarding the speci�c degradation kinetics of HA, FA, and humins by heterogeneous
photocatalysis with ZnO–TiO2. Thus, this study aimed to investigate the decomposition of HA and FA + humins (FAH) in
land�ll leachate treated by heterogeneous photocatalysis involving binary mixtures of ZnO–TiO2 at different pH ranges under
sunlight. Kinetic and statistical approaches were used. The catalyst was obtained by a simple, low-input method, adding
value to the �nal result.

2. Experimental Section
A 22 full factorial experimental design was used, with one replication of each run and two replications of the center point,
totaling 10 runs grouped under conditions I to V (Table 1). Three ZnO–TiO2 mixtures (80% TiO2, 56% TiO2, and 35% TiO2) and
three pH ranges (4.5–5.0, 6.0–6.5, and 7.5–8.0) were evaluated. Materials containing only TiO2 or ZnO were not assessed, as
previous studies have indicated that these compounds have similar degradation e�ciencies for the evaluated organic
fractions. It is necessary, however, to explore different proportions of semiconductors for optimization.

Table 1
Experiments, factors, and levels

Conditions Runs Factor

[pH] [ZnO–TiO2]

I 1 and 5 (− 1) (− 1)

II 2 and 6 (− 1) (+ 1)

III 3 and 7 (+ 1) (− 1)

IV 4 and 8 (+ 1) (+ 1)

V 9 and 10 (0) (0)

[pH] = pH value; [ZnO–TiO2] = concentration of the binary mixture. pH levels are as follows: (− 1) = 4.5–5.0; (0) = 6.0–6.5;
and (+ 1) = 7.5–8.0. ZnO–TiO2 levels are as follows: (− 1) = 80% TiO2; (0) = 56% TiO2; and (+ 1) = 35% TiO2.

Material preparation, photocatalytic assays, and leachate characterization were carried out according to the methods
described in the Online Resources. It should be noted that treated leachate was collected every 5 min for the �rst 20 min and
then every 10 min until 240 min of reaction, totaling 26 samples per run. Furthermore, sample withdrawal did not affect
reaction kinetics.
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The system was modeled as a plug �ow reactor (PFR) connected to a stirred tank, and reactions were considered to occur
only in PFR (Fogler, 2016). A reaction volume of 0.47 L and a volumetric �ow rate of 12.5 L min− 1 were considered for
simulations. A simpli�ed �rst-order kinetics was used to compare the intrinsic reaction rate between systems. Eqs. 7 and 8
describe the PFR and stirred tank stages, respectively.

Ci = Ci0exp − ki
V
v0

7

dCi
dt =

v0
V Ci − Ci0

8
where:

Ci0
 = concentration of i at the PFR inlet (exiting the stirred tank)

Ci = concentration of i at the PFR outlet (entering the stirred tank)

ki = oxidation rate constant of i

V = PFR volume

v0 = volumetric �ow rate

t = time

i = HA or FAH

Model �ts were obtained by using the ode algorithm in Scilab version 6.1.1.

3. Results And Discussion
Curve �ts for the tested experimental conditions (Eqs. 1–2) are depicted in Figs. 1–5.

PLEASE, INSERT FIGURE 1 HERE

PLEASE, INSERT FIGURE 2 HERE

PLEASE, INSERT FIGURE 3 HERE

PLEASE, INSERT FIGURE 4 HERE

PLEASE, INSERT FIGURE 5 HERE

Mean R2 values were calculated for the curve �ts (Figs. 1–5), with R2 = 0.984 for HA and R2 = 0.964 for FAH. The rate
constants �tted in this study are listed in Table 2. 

( )

( )
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Table 2
First-order rate constants

Constant Experimental conditions (runs)

I (1 and 5) II (2 and 6) III (3 and 7) IV (4 and 8) V (9 and 10)

kHA (min− 1) 4.4 × 10− 3 3.0 × 10− 3 2.3 × 10− 3 3.1 × 10− 3 2.0 × 10− 3

kFAH (min− 1) 7.0 × 10− 4 9.0 × 10− 4 1.5 × 10− 3 1.3 × 10− 3 7.5 × 10− 4

kHA, kinetic constant for humic acids; kFAH, kinetic constant for fulvic acids + humins.

It can be seen that kinetic parameters did not vary greatly as a function of pH range or catalyst system. Therefore, we applied
analysis of variance (ANOVA) to assess the signi�cance of these variables in organic fraction degradation. However,
differences as a function of contaminant type (HA or FAH) are evident.

A study on HA decomposition by FeNi3-SiO-TiO2 photodegradation found a kHA of 15.5 × 10− 3 to 220 × 10− 3 min− 1 for HA

concentrations in the range 15 to 2 mg L− 1, respectively (Khodadadi et al., 2020). These results indicate that higher HA
concentrations lead to lower �rst-order rate constants. In the current study, we obtained even lower kHA values, which is

consistent with the HA concentrations used here (about 600 mg L− 1). Oskoei et al. (2016) observed a similar behavior for
UV/ZnO nanophotocatalysis under pH 4: kHA ranged from 0.038 to 0.112 min− 1 for HA concentrations of 10 to 5 mg L− 1,

respectively. He (2013) estimated a kHA value of 9.6 × 10− 3 min− 1 for the photocatalytic degradation of HA by TiO2 under
natural sunlight. The referred process is similar to that applied in the current study, and the �ndings corroborate those
described in Table 1. For solar photocatalysis of HA (68 mg L− 1) catalyzed by TiO2 in pH 7.8, a slightly higher kHA value

(0.092 min− 1) was estimated (Al-Rasheed and Cardin, 2003).

Rajca and Bodzek (2013) studied FA and HA photodegradation by TiO2 and found a kHA value of 0.0025 min− 1 and a kFA

value of 0.0024 min− 1 for initial HA and FA concentrations of 9.6 and 8.8 mg L− 1, respectively. It can be observed that FA rate
constants are slightly lower than those for HA. The kinetic data obtained in the current study are in agreement with literature
data.

From the ANOVA results presented in Table S1, a regression model for HA conversion after 240 min was developed (Eqs. 9
and 10 for replicates 1 and 2, respectively). The model had an R2 of 0.96, with normal distribution of residuals (p > 0.15,
Kolmogorov–Smirnov test) (Fig. S5).

HA1 = 0.4130 − 0.03125 ZnO–TiO2 + 0.1088 ZnO–TiO2 × ZnO–TiO2 + 0.07375 ZnO–TiO2 × [pH]

9

HA2 = 0.3570 − 0.03125 ZnO–TiO2 + 0.1088 ZnO–TiO2 × ZnO–TiO2 + 0.07375 ZnO–TiO2 × [pH]

10
In the model, run replication was considered a categorical variable, given that higher conversions were obtained in the �rst run
(replicate 1) of each condition than in the second run. The model (Eqs. 9 and 10) showed that the replicate variable was
signi�cant. According to the model, the mean difference in HA conversion between replicates 1 and 2 was 5.6% (0.413 − 
0.357 = 0.056). Such a difference might be due to the possibility that HA was adsorbed on the plate painted with the catalyst
mixture. We highlight that plates were washed with detergent at the end of each run. Thus, it is possible that there was an
average decrease in HA adsorption after the �rst run. Liu et al. (2008) found that HA have a�nity for adsorption onto TiO2

surface, particularly under acidic pH conditions (close to 4.0), because of its point of zero charge and zeta potential. Tran et

[ ] [ ] [ ] [ ]

[ ] [ ] [ ] [ ]
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al. (2006) found that carboxylic acids have greater tendency for adsorption, whereas alcohols and long-chain saturated
aliphatic compounds do not. Ren et al. (2018) explained that adsorption is undesirable and represents an inhibitory factor in
photocatalysis. To decrease the occurrence of adsorption onto TiO2, it is necessary to operate under more alkaline pH
conditions. However, in this study, we used a pH greater than 4.

ZnO has a positive zeta potential at pH 6.7 to 9.3 (Mohd Omar et al., 2014). HA molecules, in turn, are negatively charged at
pH 2.0 to 10.7. With the increase in solution pH (> 7.0), HA molecules become more easily ionized because of the action of
electrostatic attraction forces (Nguyen et al., 2020). However, the same adsorption potential was observed when pH was
lower than the point of zero charge, resulting from a complex interaction between attractive and repulsive electrostatic forces,
van der Waals bonds, and other interactions with humic substances (Mohd Omar et al., 2014). A similar effect was observed
in dairy wastewater, as described by Samanamud et al. (2012). The authors observed enhanced ZnO photocatalytic activity
at acidic pH; however, the possible adsorption of contaminants onto the semiconductor surface was not discussed.

Another interesting result of the ANOVA table (Table S1) is the signi�cant interaction between pH and catalyst concentration
(p < 0.001). The highest HA conversion was estimated to be achieved using acidic pH (− 1) and high TiO2 concentration (− 1).
This result suggests that, when working with binary mixtures, synergy between compounds favors degradation kinetics.
According to the model, the action of TiO2 is favored by acidic medium and that of ZnO by alkaline medium, greatly
enhancing absorption of the solar spectrum.

The ANOVA table for FAH (Table S2) allowed the construction of a regression model for FAH conversion after 240 min (Eqs.
11 and 12 for replicates 1 and 2, respectively). The model had an R2 of 0.992, with normal distribution of residuals (p > 0.15,
Kolmogorov–Smirnov test) (Fig. S6).

FAH1 = 0.18800 + 0.06000 ZnO–TiO2 + 0.04500 ZnO–TiO2 × ZnO–TiO2 − 0.02000 ZnO–TiO2 × [pH]

11

FAH2 = 0.13200 + 0.06000 ZnO–TiO2 + 0.04500 ZnO–TiO2 × ZnO–TiO2 − 0.02000 ZnO–TiO2 × [pH]

12
Similar to that found for HA degradation, the categorical replicate variable was signi�cant in the study of FAH degradation
(Eqs. 11 and 12) (p < 0.001). The mean difference between FAH conversion replicate runs was of 5.6% (0.188–0.132 = 0.056),
suggesting that both fractions (FAH and HA) diffused in a similar manner inside catalyst pores. The model suggests an
antagonistic behavior in the preference of the catalyst for FAH over HA. This is because, according to the model (Eqs. 11 and
12), FAH conversion is highest at acidic pH (− 1) and high ZnO concentration (+ 1). The �nding is corroborated by the kinetic
model for the degradation of humic substances: a higher rate constant for FAH (kFAH = 1.5 × 10− 3 min− 1) was obtained when
using higher ZnO concentrations and acidic pH (4.5–5.0) (condition III), in agreement with the observations of Mohd Omar et
al. (2014). Thus, the results show a greater a�nity of the binary mixture for photocatalytic FAH degradation when high ZnO
concentrations are used.

4. Conclusions
A �rst-order kinetic approach was used to study the oxidation of HA and FAH by ZnO–TiO2 photocatalysis under solar

radiation. Predictions provided mean R2 values of 0.984 and 0.964 for HA and FAH degradations, respectively. A rate constant
of 2.96 × 10− 3 min− 1 and 1.03 × 10− 3 min− 1 was estimated for HA and FAH degradation, respectively, by considering the best
operating conditions for each fraction. The modeling results of the current study are in agreement with literature data and
con�rm the inverse relationship between contaminant concentration (HA and FAH) and �rst-order kinetic constants (kHA and
kFAH).

[ ] [ ] [ ] [ ]

[ ] [ ] [ ] [ ]
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The statistical models for HA and FAH degradation had R2 values of 0.96 and 0.99, respectively. It was possible to observe a
signi�cant interaction effect of pH and catalyst concentration on HA and FAH degradation. Statistical and kinetic models
suggest that HA degradation is higher under acidic pH and high TiO2 concentration conditions. For FAH, degradation is
favored at acidic pH and high ZnO concentrations.

Statistical models revealed a mean difference in HA and FAH degradation of 5.6% between the �rst and second experimental
runs. Such a difference between replicates can be explained by the adsorption of HA and FAH onto the catalyst. Given that
differences between runs were the same for HA and FAH, it is possible to a�rm that both fractions have a uniform diffusion
through catalyst pores. The results con�rm that the proposed method for developing photocatalytic materials was successful
and shows promise because of its ease of preparation and low input requirements.
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Figure 1

Curve �ts for experimental condition I (runs 1 and 5). HA, humic acids; FAH, fulvic acids + humins; exp, experimental data;
mod, model �t.
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Figure 2

Curve �ts for experimental condition II (runs 2 and 6). HA, humic acids; FAH, fulvic acids + humins; exp, experimental data;
mod, model �t.
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Figure 3

Curve �ts for experimental condition III (runs 3 and 7). HA, humic acids; FAH, fulvic acids + humins; exp, experimental data;
mod, model �t.
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Figure 4

Curve �ts for experimental condition IV (experiments 4 and 8). HA, humic acids; FAH, fulvic acids + humins; exp, experimental
data; mod, model �t.

Figure 5

Curve �ts for experimental condition V (experiments 9 and 10). HA, humic acids; FAH, fulvic acids + humins; exp, experimental
data; mod, model �t.
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