Ambiente & Agua - An Interdisciplinary Journal of Applied Science
ISSN 1980-993X — d0i:10.4136/1980-993X
www.ambi-agua.net
E-mail: ambi.agua@gmail.com

Study of the effectiveness of a ZnO-TiO formulation in the
degradation of humic substances in mature leachate by solar
photocatalysis Brazil

ARTICLES doi:10.4136/ambi-agua.2932

Received: 30 Apr. 2023; Accepted: 24 Jul. 2023

Nicoly Milhardo Lourengo Nohara®':'; Helcio José Izario Filho?
Adriano Francisco Siqueira?“'; Leandro Gongalves de Aguiar®*’;
Gabriel Caracciolo Koenigkam de Oliveiral™'; Evandro Luis Nohara?
Marco Aurélio Kondracki de Alcantara?™;
Diovana Aparecida dos Santos Napole&o?

!Departamento de Engenharia Quimica. Escola de Engenharia de Lorena (EEL-USP), Estrada Municipal
do Campinho, n° 100, CEP: 12602-810, Lorena, SP, Brazil. E-mail: nicoly.nohara@gmail.com,
helcio_izario@usp.br, leandroaguiar@usp.br, gabrielcaracciolo@hotmail.com
2Departamento de Ciéncias Basicas e Ambientais. Escola de Engenharia de Lorena (EEL-USP),
Estrada Municipal do Campinho, n° 100, CEP: 12602-810, Lorena, SP, Brazil.

E-mail: adrianoeel@usp.br, diovana@usp.br
SDepartamento de Engenharia Mecanica. Universidade de Taubaté (UNITAU), Rua Daniel Danelli, s/n,
(Campus da Juta), CEP: 12060-440, Taubaté, SP, Brazil. E-mail: evandro.nohara@unitau.com.br
“Corresponding author. E-mail: marko@usp.br

ABSTRACT

Treatment of landfill leachate is an important environmental issue, especially in
developing countries such as Brazil. Advanced oxidation processes (AOPs) have been
considered interesting treatment alternatives. In this study, ZnO-TiO2 mixtures were
incorporated into a paint polymer matrix and fixed onto supports. Paints were applied by
overlapping coat layers on plates, resulting in high film thickness (600 £ 80 um). Treatment of
mature leachate by an AOP was conducted in a plug flow reactor connected to a stirred tank
under solar irradiation. The objective was to evaluate the degradation of humic acid (HA) and
fulvic acid + humins (FAH). The highest HA and FAH removal efficiencies were 62% + 4.9%
and 16% =+ 4.2%, respectively. The kinetic model provided a coefficient of determination (R?)
of 0.974. Rate constants for HA and FAH removal were 2.96 and 1.03 x 107 min!,
respectively. Statistical models for HA and FAH degradation had R? values of 0.96 and 0.99,
respectively. 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 mean difference in conversion between
replicate runs of HA and FAH, suggesting a uniform diffusion of fractions through catalysts.

Keywords: heterogeneous photocatalysis, humic and fulvic acid, landfill leachate treatment, titanium
dioxide, zinc oxide.

@ @ This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.


http://www.ambi-agua.net/seer/index.php/ambi-agua/index
http://dx.doi.org/10.4136/1980-993X
http://dx.doi.org/10.4136/1980-993X
http://www.ambi-agua.net/splash-seer/
http://www.ambi-agua.net/splash-seer/
https://doi.org/10.4136/ambi-agua.2932
mailto:leandroaguiar@usp.br
mailto:diovana@usp.br
https://orcid.org/0000-0003-1326-4542
https://orcid.org/0000-0002-3815-8327
https://orcid.org/0000-0002-6920-7507
https://orcid.org/0000-0002-2055-9317
https://orcid.org/0000-0001-7926-9392
https://orcid.org/0000-0002-5477-5894
https://orcid.org/0000-0001-6884-0696
https://orcid.org/0000-0003-1056-6684

2 Nicoly Milhardo Lourenco Nohara et al.

Estudo da eficacia de uma formulacdo ZnO-TiO, na degradacao
de substancias humicas em chorume maduro por fotocatalise solar

RESUMO

O tratamento de chorume de aterro é uma questdo ambiental importante, especialmente em
paises em desenvolvimento como o Brasil. Os processos oxidativos avancados (POA) tém sido
considerados interessantes alternativas de tratamento. Neste estudo, misturas de ZnO-TiO>
foram incorporadas a uma matriz polimérica de tinta e fixadas em suportes. As tintas foram
aplicadas pela sobreposicdo de camadas de revestimento em placas, resultando em alta
espessura de filme (600 + 80 um). O tratamento do lixiviado maduro por um POA foi conduzido
em um reator de fluxo continuo conectado a um tanque de agitacdo sob irradiacdo solar. O
objetivo foi avaliar a degradagéo de &cido humico (HA) e &cido falvico + huminas (FAH). As
maiores eficiéncias de remocdo de HA e FAH foram 62% + 4,9% e 16% + 4,2%,
respectivamente. O modelo cinético forneceu um R? de 0,974. As constantes de velocidade para
remocgdo de HA e FAH foram 2,96 e 1,03 x 10 min!, respectivamente. Os modelos
estatisticos para degradacio de HA e FAH tiveram valores de R? de 0,96 e 0,99,
respectivamente. Ambas as abordagens indicaram que a degradacdo do HA é maior em pH
acido e concentracfes mais altas de TiO.. A degradacao de FAH foi favorecida por pH &cido e
maiores concentracbes de ZnO. Os modelos estatisticos mostraram a mesma diferenca
significativa na conversdo entre as execucdes repetidas, sugerindo uma difusdo uniforme das
fracdes através dos catalisadores.

Palavras-chave: acido humico e fulvico, diéxido de titanio, fotocatalise heterogénea, 6xido de zinco,
tratamento de lixiviados de aterros sanitarios.

1. INTRODUCTION

Municipal solid waste is commonly sent to landfills or incinerators. Incineration processes
are mostly used in European countries. An advantage of incinerators is that they occupy small
areas compared with landfills, but a disadvantage is the generation of persistent organic
pollutants (Tait et al., 2020). In many countries, including Brazil, solid waste is disposed of in
open dumping sites, and only a small amount is discarded in sanitary landfills (Costa et al.,
2019; Ye et al., 2018). Widely used in Brazil, landfills 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 on
the environment (Costa et al., 2019).

Leachate composition varies according to environmental conditions, waste source, and
landfill age. Leachate from landfills with more than 10 years of operation is classified as mature.
The maturation period represents a critical phase for leachate physicochemical properties
(Peng, 2017: Luo et al., 2020), characterized by an increase in humic substances (humic acids,
fulvic acids, and humins) and ammonia nitrogen, alkalization (pH > 8.0), and initiation of
methane production (methanogenic phase) (Costa et al., 2019). 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).

Different methods are available for treating and discarding waste. A detailed analysis of
the results of leachate treatment by different processes can be found in recent review studies
(Wang et al., 2013; Song et al., 2023). Advanced oxidation processes (AOPs), particularly
heterogeneous photocatalysis, show promise as complementary treatments to biological
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processes in sanitary landfills (Turkten and Bekbdlet, 2020; Silva et al., 2022). Hassan et al.
(2016), in a review article, highlighted that heterogeneous photocatalysis with the
semiconductor TiO; afforded satisfactory degradation of several recalcitrant compounds from
landfill leachates. Good results were also obtained with ZnO in a study 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 visible spectrum
wavelengths) and reduce the recombination of electron—hole pairs, which, in turn, increases
charge separation and photocatalytic activity (Di Mauro et al., 2017); Byrne et al., 2018;
Turkten and Bekbdlet, 2020). These mixtures can be used in suspension or fixed on a stationary
support, the latter being the most economical option because it eliminates the need for filtration
steps. ZnO-TiO, mixtures can be fixed on supports by incorporation into a polymer matrix,
such as acrylic paints, allowing application in open reactors operated under solar irradiation.

Removal of organic matter by photocatalysis with TiO2 or ZnO has been carried out for
more than two decades. Some studies combined semiconductors for the photodegradation of
synthesized humic acids (Wang et al., 2013; Zulfikar et al., 2020; Turkten and Bekbdlet, 2020)
or dissolved organic matter (Li et al., 2022) under solar irradiation or artificial light. Bah et al.
(2023) found that there are few studies on photocatalysis with sunlight as the irradiation source.
So far, there is no report of the combination of TiO2 and ZnO via heterostructures or binary
mixtures for the photodegradation of humic substances in mature landfill leachate using
sunlight as the light source.

The oxidation kinetics of humic acids (HA), fulvic 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 nano photocatalysis
(Oskoei et al., 2016). The use of sunlight for photocatalysis of humic substances has also been
explored (He, 2013). In a recent study, a ZnO-TiO. nanocomposite was applied for the
photocatalysis of humic substances, and different reaction orders were tested (Turkten and
Bekbolet, 2020). The pseudo-first order kinetic constant of the binary mixture was found to be
0.902-0.735.102 min* for HA degradation, as assessed by determining non-purgeable organic
carbon levels. The simplified photocatalysis mechanism of these mixtures was illustrated by
the authors, as follows Equations (1, 2, 3, 4, 5 and 6):

Zn0-TiO, + hv — hyg+ + ecp- @
hyg+ + H,0 — OH + H* 2
ecg- +0; — 0y 3)
O, +H" — HO, 4)
2HO, — H,0, + 0, )
H,0, + ecyg- — OH + OH™ (6)

Some studies, such as that of Brito et al. (2019), investigated the kinetics of photocatalytic
degradation of organic load in leachates; however, there is a knowledge gap regarding the
specific degradation kinetics of HA, FA, and humins by heterogeneous photocatalysis with
ZnO-TiO. This study therefore aimed to investigate the decomposition of HA and FA +
humins (FAH) in landfill leachate by heterogeneous photocatalysis using binary mixtures of
ZnO-TiO; 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 final result. The
results of this study can be used as a basis for future research on the photocatalysis of HA, FA,
and humins from mature landfill leachate.
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2. MATERIALS AND METHODS

Binary mixtures of the photocatalyst were prepared by simple mixing. The inputs used for
preparation of photocatalytic materials were acrylic paint (60% w/v), photocatalysts (ZnO—
TiO2, 20% w/v), deionized water (15% w/v), ammonium polyacrylate (PAA-NH4, 4% wi/v),
and carboxymethylcellulose (CMC, 1% wi/v). The commercial acrylic paint was colorless,
semi-gloss, and water-soluble. The paint is mainly composed of methyl methacrylate
copolymer, butyl acrylate, 2-hydroxyethyl methacrylate, and acrylic acid at a weight ratio of
60:22.2:10:7.8, with an average molar weight of 15,000 to 35,000 g mol~* (Jones et al., 2017).
Regarding photocatalysts, which also served as pigments, TiO2 had a purity of 99.9% (J.T.
Baker) and was composed of mixed phases (60% anatase and 40% rutile). ZnO had a purity of
99.5% (synthesized at the Department of Chemical Engineering, Lorena School of Engineering,
University of Sdo Paulo, Brazil), and the predominant phase was wurtzite (>90%). The weight
composition of the solid binary mixtures used in this study was as follows: (a) 1-65% ZnO +
35% TiOz, (b) 2-20% ZnO + 80% TiO2, and (c) 3-44% ZnO + 56% TiO>. The control consisted
of a mixture of varnish and water, used to assess the occurrence of direct photolysis by solar
radiation.

Oxide mixtures were homogenized for 60 min using a basic analytical mill (IKA A11) and
then suspended in water. In parallel, CMC and PAA-NH4 were solubilized in deionized water.
Subsequently, the solution was mixed with paint by using a mechanical agitator simultaneously
with an ultrasound. Mixtures were stirred for 15 min for homogenization.

Figure 1a—c shows the structure assembled for painting the plates. In this step, a spray gun
(DeVilbiss JGA-503), a dual air filter regulator (DeVilbiss FRC-600), and an air compressor
(SCHULZ Classic, mobile MSL) were used.

AR e e \u e

Figure 1. Paint lab assembled for the present study: a) Painting
system consisting of a (A) sample holder, (B) mobile car with
spray gun, and (C) fixed structure; b) Front view of the sample
holder with a 750 x 250 x 0.5 mm galvanized steel plate and six
height adjustments; c¢) Side view of the sample holder with the six
height adjustments and a reference line; d) Schematic (not to
scale) showing the horizontal motion of the spray gun along the
galvanized steel plate at heights 1 to 6 to complete a coating.
Source: Nohara et al. (2022).
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Figure 1b and c shows the six height adjustment points of the sample holder, equally spaced
at 5 cm. The adjustments are placed in such a manner so as to allow for overlay painting.
Position number 1 consists of a solid metal bracket measuring 2.5 cm in height, resulting in a
total distance of 25 cm between the upper end of the metal plate and the reference line (marked
in blue in Figure 1c). By removal of the solid metal support at position 1, position 2 is achieved.
Position 3 is achieved by removing the support at position 2, and position 4 is achieved by
removing the support at position 3. Position 5 is achieved by positioning the lower end of the
plate at height 5, and position 6 is achieved by positioning the lower end of the plate at height
6.

The distance between the reference line and the gun nozzle was 20 cm. Suspensions were
applied by horizontal spraying on four different galvanized steel plates measuring 750 x 250 x
0.5 mm each (Figure 1b). The vertical fan of the spray gun was adjusted to 5.0 cm height. The
following instructions exemplify the application of the first stroke of the first coating: (i) adjust
the galvanized steel plate to height position 1, (ii) securely attach the paint sprayer to the sliding
track (placed at 90° to the plate), (iii) bring the sliding track to the left side (beginning) of the
fixed structure, and (iv) move the sliding track to the right side, covering a distance of 750 mm
in 4.0 s at constant speed with the trigger pulled to the desired pressure. After this procedure,
the galvanized steel plate is set to height position 2, and the second stroke is applied in the
opposite direction (from right to left). Each coating consisted of six strokes.

Figure 1d shows the six preset positions of the spray gun along the galvanized steel plate
and the direction of each stroke. The figure also highlights the area covered by stroke 2. Note
that each stroke overlaps 50% of the area covered by the previous stroke. Nine coatings of
suspension were applied per sample. The first coating was semi-wet and applied at 40 psi. This
procedure ensured the deposition of a uniform coating without coalescence of droplets. The
remaining eight coatings were wet and applied at 20 psi, forming a continuous, uniform film of
coalescent droplets. At the end of the procedure, film thickness was measured using a Mitutoyo
digital micrometer. Films had a mean thickness of 600 = 80 pm.

Leachate was collected from the municipal landfill of Cachoeira Paulista, Sdo Paulo State,
Brazil (22°39'4” S 45°3'18"” W). After collection, the sample (100 L) was homogenized by
mechanical stirring and stored in a cold room at 4°C until use. The physicochemical
characteristics of leachate samples, namely chemical oxygen demand (COD), biochemical
oxygen demand (BOD), total organic carbon (TOC), fixed and volatile solids, organic and
ammoniacal nitrogen, phenols, residual peroxide, oils and greases, color, pH, and turbidity
(Table Al), were determined according to standard methods (APHA et al., 2017).

Photocatalytic tests were performed on bench-scale thin-film fixed-bed reactors operated
in continuous recirculation mode under solar irradiation. Reactors were positioned in the
direction of the Equator at an inclination angle of 23° (Figure 2).

Raw
leachate

Thin-film
fixed-bed
solar reactor

Ry emmei |

Pump Treated leachate

Figure 2. Thin-film fixed-bed solar
reactor used in  heterogeneous
photocatalytic experiments.
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The total volume of fresh leachate used during the experiments was 3 L. The flow rate was
maintained at 12-13 L min*. Reactions were run between 11:00 h and 15:00 h during 5 days
with sunny weather and temperatures ranging from 28 to 32°C in autumn. Solar irradiance was
measured by using an ILT 1400A International Light radiometer, which recorded values of
750-872 mJ cm2 at the end of each operation. The mean evaporation rate of leachate during
an experimental cycle was 160 mL; this volume was replaced with water, added in 20 mL
aliquots every 30 min during the photocatalytic process. Before the beginning of the
experiment, the pH of fresh leachate was measured (pH = 7.8-8.0) and adjusted according to
the experimental design by adding small portions of 98% (w/w) sulfuric acid (H2SOs). pH
adjustments during photocatalysis were performed with 10 mol L™ H,SO4 solution, added
directly to the reactor reservoir. Aliquots from the reservoir were collected every 20 min for pH
control and adjustment during operation. During the photocatalytic process, treated leachate
was collected every 5 min for the first 20 min and then every 10 min until 240 min of reaction,
totaling 26 samples per experiment.

To assess possible effects of non-catalyzed photolysis on degradation, we performed a
control test without addition of oxides or additives. A sample aliquot was collected at the
beginning and another at the end of the reaction (240 min). Environmental conditions
(temperature, leachate volume, and solar irradiation) were similar to those of other experiments.
The control test indicated minimal occurrence of photolytic degradation.

Separation of humic substances was performed according to the method described by
APHA et al. (2017). Separation steps are illustrated in Figure Al. Analytical characterization
of humic substances was carried out on a Shimadzu TOC-V system by the total combustion
method (680°C) with non-dispersive infrared detection. The equipment can determine total
carbon, inorganic carbon, TOC, and non-purgeable organic carbon in aqueous samples within
the concentration range of 2.0 to 1,000 mg L. TOC is obtained by subtraction of inorganic
carbon from total carbon. Inorganic carbon is determined by acidification of samples and
consequent conversion of carbonates into CO», which was shown to be negligible in preliminary
analyses. Finally, the remaining fraction is quantified as non-purgeable organic carbon. It
should be noted that HA was determined separately from FAH.

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 | to V (Table 1).
Three ZnO-TiO2 mixtures (80% TiO2, 56% TiO2, and 35% TiO.) 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 indicated that these compounds have similar degradation
efficiencies for the evaluated organic fractions. It is necessary, however, to explore different
proportions of semiconductors for optimization.

Table 1. Experiments, factors, and levels.

Factor
[pH] [ZnO-TiOy]

| land5 455.0(-1) 80% TiOs(~1)
I 2and6  455.0(-1) 35% TiO, (+1)
1 3and7 7.5-8.0(+1) 80% TiO: (~1)
\Y; 4and8 7.5-8.0(+1) 35% TiO, (+1)
v 9and10 6.0-65(0) 56% TiO2 (0)

[pH], pH value; [ZnO-TiO;], concentration of the
binary mixture. Numbers in parentheses indicate coded
levels for pH values or concentration.

Conditions Runs

As already mentioned, the treated leachate was collected until 240 min of reaction. Sample
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withdrawal did not affect reaction kinetics. A reaction volume of 0.47 L and a volumetric flow
rate of 12.5 L min~* were considered for simulations. A simplified first-order kinetics was used
to compare the intrinsic reaction rate between systems. Equations 7 and 8 describe the plug
flow reactor and stirred tank stages, respectively.

C; = Cjexp (—kl- vlo) (7

ac; _ v
—=2(6-C,) 8)

Where Cio = concentration of i at the plug flow reactor inlet, Ci = concentration of i at the
plug flow reactor outlet, ki= oxidation rate constant of i, V = plug flow reactor volume, vo=
volumetric flow rate, t = time and i = HA or FAH.

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

3. RESULTS AND DISCUSSION

The procedure adopted here for coating (overlapping) allowed obtaining films with high
thickness (600 £ 80 pm). Such thickness is in line with the recommendations of Samanamud et
al. (2012). High thickness is an important characteristic, as it is associated with coat durability
and reduced operation and production costs. However, no study has yet assessed the durability
of similar films. The paints formulated for the thin-film fixed-bed reactor (galvanized steel test
bodies) were prepared by our group using an innovative method. It is worth emphasizing that
the paints had low additive concentration and good load distribution.

Table 2 shows the results of HA and FAH removal efficiencies. The highest HA removal
efficiency (62% + 4.9%) was achieved under experimental Condition I, that is, in acidic
medium with a high TiO2 concentration. The highest FAH removal efficiency (16% + 4.2%)
was obtained under experimental Condition Il, characterized by high ZnO concentration and
acidic medium. Such results demonstrate that it is important to use mixtures of these two
catalysts to degrade different groups of recalcitrant humic substances.

Table 2. Removal efficiency of humic acids (HA) and fulvic acids + humins (FAH).

Experimental condition [pH] [ZnO-TiO2] Substance Removal efficiency (%), mean = SD

| 1) “1) HA 62+4.9
FAH 13+4.2
HA 44+ 4.9

I (+1) (+1)
FAH 16+ 4.2
" | | HA 41+49
h h FAH 29+4.2
HA 52+2.8

v (+1) (+1)
FAH 24+2.8
HA 39+21

\ (0) (0)
FAH 16+ 4.2

Levels for [pH]: (-1) = 4.5-5.0, (0) = 6.0-6.5, and (+1) = 7.5-8.0. Levels for [ZnO-TiO2]: (-1) =
80% TiO2, (0) = 50% TiO2, and (+1) = 35% TiO2.
Source: adapted from Nohara et al. (2022).
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Curve fits for the tested experimental conditions (Equations 1 and 2)) are depicted in Figure
3. Mean R? values were calculated for curve fits, with R? = 0.984 for HA and R? = 0.964 for

Condition I - [pH]: (-1) ; [ZnO-TiO,): (-1) Condition Il - [pH]: (-1) : [ZnO-TiO,): (+1)
10 *,7 10+ ‘]1
. v N s
: N I I Y ry vy v vy yvy - AT IRy Yy, ,,,,
2 N W W 2 ~. A i,
S .. S S R e X v o 0 =Bl 4 i T TTEwea
o0& . S Pt "ug
£ e HEEEEE S e
2 2 3 "a.
E 06 E 06 e, Uag
2 5 | P
S S
2 ol (@) e ()
2 o2 &
e HAlexp ® HASexp 4 FAHlexp v FAHSexp e HA2exp ® HAGexp 4 FAH2exp v FAH6exp
HA | mod HASmod « FAH | mod = FAH 5 mod HA 2 mod HA6mod - FAH 2 mod = FAH 6 mod
0 0
0 50 100 150 200 250 ) 50 100 150 200 250
Time (min) Time (min)
Condition 11 - [pH]: (+1) : [ZaO-TiOy]: (-1) Condition IV - [pH]: (+1) : [Za0-TiOs): (+1)
Lo 1o
They. vy i &
2 oy "f‘l:,h‘!l =S e “E:,- rry
S ” "r":‘I‘LLxJ 3 S~ a T”"Xi
o 08 e Xrrvyy Q 08 ﬁqxullj
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-3 y—t g A b < -
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E o6 [ e g g0 ~— E 06 P ]
? L E ° » °
':3 04 (c) ‘3 4 (d)
£ g2 = !
® HAlexp = HATexp A FAH3exp v FAH7exp ® HAadexp HA A FAH4cxp v FAHScxp
— HA3mod -<- HA 7 mod FAH 3 mod ~= FAH 7 mod — HA 4 mod HASmod - FAH 4 mod -~ FAH § mod
0= 0
0 50 100 150 200 250 5 100 150 0 50
Time (min) Time (min)
Condition V - [pH]: (0) ; [ZnO-TiO3): ()
10 cogy
LS g g s I
= v2a, iy
= — AT rrryy
5 o0s 2z RSy AT,
: B e s
s Lo XU
B e
E 06 s

Relative Concen

04
(e)
02
® HAYcxp ® HAl0exp 4 FAHYexp v FAH 10exp
— HA9mod +=+ HA 10 mod ~ FAH 9 mod = FAH 10 mod
0- ¥
0 50 150 200 250

Time (min)

Figure 3. Curve fits for experimental Conditions | to V (a—€). HA, humic
acids; FAH, fulvic acids + humins; exp, experimental data; mod, model fit.
For [pH]: (—1)=4.5-5.0, (0) =6.0-6.5, and (+1) = 7.5-8.0. For [ZnO/TiO2]:

(—1) = 80% Ti02, (0) = 56% Ti02, and (+1) = 35% TiO2 (see Table 1).

The rate constants fitted in this study are listed in Table 3. 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 significance of these variables in organic
fraction degradation. However, differences as a function of contaminant type (HA or FAH) are

evident.

Table 3. First-order rate constants.

Experimental Conditions (runs)

Constant
I(land5) I (2and6) Ill1(3and7) IV (4and8) V (9and 10)
kna (Min™t)  44x10° 3.0x10°% 23x10° 31x10° 2.0x1073
Kean (Min™?) 7.0x10* 9.0x10* 15x10°% 13x10°%® 75x10*

kna, Kinetic constant for humic acids; kran, Kinetic constant for fulvic acids + humins.

A study on HA photodegradation by FeNiz—SiO-TiO, found a kna of 15.5 x 103 to 220 x
1073 min? for HA concentrations in the range of 15 to 2 mg L%, respectively (Khodadadi et
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al., 2020). These results indicate that higher HA concentrations lead to lower first-order rate
constants. In the current study, we obtained even lower knua values, which is consistent with the
HA concentrations used here (about 600 mg L™). Oskoei et al. (2016) observed similar
behavior for UV/ZnO nanophotocatalysis under pH 4: kua ranged from 0.038 to 0.112 min™?
for HA concentrations of 10 to 5 mg L2, respectively. He (2013) estimated a kua value of 9.6
x 1072 min! for photocatalytic degradation of HA by TiO under natural sunlight. The referred
process is similar to that applied in the current study, and the findings corroborate those
described in Table 1. For solar photocatalysis of HA (68 mg L) catalyzed by TiO2 in pH 7.8,
a slightly higher kua value (0.092 min™t) was estimated (Al-Rasheed and Cardin, 2003).

Rajca and Bodzek (2013) studied FA and HA photodegradation by TiO2 and found a kna
value of 0.0025 min* and a kra value of 0.0024 min™? for initial HA and FA concentrations of
9.6 and 8.8 mg L%, 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 A2, it was possible to develop a regression
model for HA conversion (Xna) after 240 min (Equations 9 and 10) for replicates 1 and 2,
respectively). The model had an R? of 0.96, with normal distribution of residuals (p > 0.15,
Kolmogorov—-Smirnov test).

Xya, = 04130 — 0.03125[Zn0 — Ti0,] + 0.1088[Zn0 — Ti0,] X [Zn0 — i0,] + 0.07375[Zn0 —
Ti0,] x [pH] 9)

Xya, = 03570 — 0.03125[Zn0 — Ti0,] + 0.1088[Zn0 — Ti0,] X [Zn0 — Ti0,] + 0.07375[Zn0 —
Ti0,] X [pH] (10)

In the model, run replication was considered a categorical variable, given that higher
conversions were obtained in the first run (Replicate 1) of each condition than in the second
run. The model (Equations 9 and 10) showed that the replicate variable was significant.
According to the model, the mean difference in XHA between Replicates 1 and 2 was 5.6%
(0.413 — 0.357 = 0.056). Such a difference might be due to HA adsorption on the plate painted
with the catalyst mixture. We point out that plates were washed with detergent at the end of
each run. Thus, it is possible that there was a moderate decrease in HA adsorption after the first
run. Liu et al. (2008) found that HA has affinity for adsorption onto TiO> surface, particularly
under acidic pH conditions (close to 4.0), because of its point of zero charge and zeta potential.
Tran et 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 TiO., 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). Interestingly, this adsorption potential was observed when the 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 found enhanced ZnO photocatalytic activity
at acidic pH; however, possible adsorption of contaminants onto the semiconductor surface was
not discussed.

Another interesting result of ANOVA (Table A2) is the significant interaction between pH
and catalyst concentration (p < 0.001). The highest XHA value was estimated to be achieved
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using acidic pH (—1) and high TiO2 concentration (—1). This result suggests that, for 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 conversion (Table A3) allowed the construction of a
regression model for FAH conversion (Xran) after 240 min (Equations 11 and 12) for Replicates
1 and 2, respectively). The model had an R? of 0.992, with normal distribution of residuals (p
> 0.15, Kolmogorov—-Smirnov test).

Xpan, = 0.18800 + 0.0600[Zn0 — Ti0,] + 0.04500[Zn0 — Ti0,] x [Zn0 — Ti0,] — 0.02000[Zn0 —
Ti0,] x [pH] (11)

Xp4, = 0.13200 + 0.0600[Zn0 — Ti0,] + 0.04500[Zn0 — Ti0,] X [Zn0O — Ti0,] — 0.02000[Zn0 —
Ti0,] X [pH] (12)

Similar to that found for XHA, the categorical replicate variable was significant in the
study of XFAH degradation (Equations 11 and 12) (p < 0.001). The mean difference between
XFAH replicate runs was 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 (Equations 11 and 12)), XFAH is highest at acidic pH (—1) and high ZnO concentration
(+1). The finding is corroborated by the kinetic model for humic substance degradation: a
higher rate constant for FAH (kFAH = 1.5 X 10—3 min—1) was obtained when using higher ZnO
concentrations and acidic pH (4.5-5.0) (condition I1l), in agreement with the observations of
Mohd Omar et al. (2014). Thus, the results show a greater affinity of the binary mixture for
photocatalytic FAH degradation when high ZnO concentrations are used.

Previous studies have assessed the removal of HA in wastewater using the most diverse
treatment techniques. Bekbolet and Balcioglu (1996) investigated the photocatalytic
degradation of HA. The authors found that treatment with 1.0 g L™* TiO2 (P25) for 1 h under
irradiation removed 40% of TOC and 75% of color (400 nm). In another study, Bekbdlet et al.
(1998) removed color caused by HA in the presence of common inorganic anions (chloride,
nitrate, sulfate, and phosphate ions) at pH 6.8. HA was used as an additional matrix for the
degradation of some organic contaminants, leading to more than 80% removal of commercial
HA by irradiation in the presence of TiO2 (P25) (Minero et al., 1999). Eggins et al. (1997)
found that TiO. (P25) under irradiation from a mercury lamp was efficient in reducing HA,
achieving about 50% reduction in 12 min.

It is not possible to directly compare our results with those of previous studies, as no study
has yet used this mixture of photocatalysts under solar irradiation for the photodegradation of
humic substances (separately) in mature leachates. A somewhat similar study was that of
Turkten and Bekbdlet (2020), who investigated the photodegradation of humic acids
(synthesized in the laboratory) by ZnO-TiO2; however, the data were obtained qualitatively,
using UV-Vis spectroscopy and fluorescence methods. Other studies on the photodegradation
of mature leachate from sanitary landfills obtained similar results; however, they used a greater
amount of energy during the process (for material synthesis, intermittent artificial irradiation,
etc.) and required additional filtration steps (Jiaet al., 2011; Wang et al., 2021). Jia et al. (2011).
For instance, obtained 60%-97% degradation of dissolved organic carbon using UV + TiOa.
Wang et al. (2021) applied TiO2 nanoparticles obtained by the solvothermal method for the
photodegradation of dissolved organic carbon from mature landfill leachate and achieved a
minimum COD reduction of 70%.

The focus of the current study was to decompose recalcitrant substances such as HA and
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FA. In general, the resulting compounds, which have low molecular weights, can be readily
utilized in bioprocesses. In view of this, only the degradation kinetics of HA and FA were
assessed here.

4, CONCLUSION

The paint mixtures formulated in this study were obtained using a successful method.
Paints were applied by overlapping coat layers on experimental plates, resulting in films with
high thickness. High film thickness is an important characteristic, as it is related to coat
durability and reduced operation and production costs.

The highest HA removal efficiency (62% + 4.9%) was achieved in acidic medium
containing high TiO2 concentrations, whereas the highest FAH removal efficiency (16% *
4.2%) was obtained under high ZnO concentration and acidic conditions.

It should be noted that little is known about the kinetic complexity of leachate treatment
by oxidative methods, representing a barrier to process scale-up from benchtop experiments.
To better understand the degradation process, we used a first-order kinetic approach.
Predictions provided mean R? values of 0.984 and 0.964 for HA and FAH degradations,
respectively. A rate constant of 2.96 x 103 min~t and 1.03 x 102 min"* 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
confirm the inverse relationship between contaminant concentration (HA and FAH) and first-
order kinetic constants (kna and krar).

The statistical models for HA and FAH degradation had R? values of 0.96 and 0.99,
respectively. It was possible to observe a significant 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. The model also revealed a
significant difference of 5.6% between replicates, attributed to initial adsorption of wastewater
onto the photocatalytic reactor plate in the first run.

In addition to the experimental evidence, both kinetic and statistical models proved the
importance of mixing the two catalysts for effective degradation of humic substances. The
results confirm that the proposed method for developing photocatalytic materials was
successful and shows promise because of its ease of preparation and low input requirements.
Future studies should assess the biodegradability of leachate as a complementary step to the
treatment process.

5. ABBREVIATIONS

ANOVA — Analysis of variance
AOPs — Advanced oxidation processes
Ci, — Concentration of species i at the plug flow reactor inlet

C; — Concentration of species i at the plug flow reactor outlet
CMC — Carboxymethylcellulose

CO. — Carbon dioxide

FAH — Fulvic acid + humins

HA — Humic acid

H2SO4 — Sulfuric acid

i — Subscript indicating HA or FAH
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kran — Kinetic constant for fulvic acids + humins
kna — Kinetic constant for humic acids

k; — Oxidation rate constant of species i
PAA-NHs — Ammonium polyacrylate

pH — Hydrogen potential

[pH] — pH value

R? — Coefficient of determination

SD — Standard deviation

t—Time

TiO, — Titanium dioxide

V' — Plug flow reactor volume

v — Volumetric flow rate

Xean — FAH conversion

Xnua — HA conversion

ZnO — Zinc oxide

ZnO-TiOz — Binary mixture of ZnO and TiO>
[ZnO-TiO2] — Concentration of the binary mixture
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7. APPENDICES

Figure Al illustrates the separation of humic substances performed according to the
method described by APHA (2017).
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Figure Al. Separation of humic substances (HS). FA, fulvic acids; HA, humic acids.
Source: adapted from APHA (2017).

Table Al presents the physicochemical characteristics of mature leachate and the
regulatory requirements for disposal, as determined in CETESB (2007) Resolution Article 18
and CONAMA (2005). The results found for the amount of COD, 4541.24 mg L™, is considered
high, but the factors related to the types of residues, climate and the form of final disposal of
residues must be taken into consideration. The pH of the leachate undergoes large variations
depending on the residues degradation phase. Alkalinity may occur due to the presence of
bicarbonates, carbonates or hydroxides and represents the ability of the medium to resist
possible variations of pH. Regarding oils and greases, there is a limit established by federal law:
mineral oils up to 20 mg L™ and animal and vegetable oils up to 50 mg L. The value found
for the analyzed leachate is above the maximum allowed limit. For parameters without
limitation of maximum concentration, there is a marked change in the ammoniacal nitrogen
parameters, phenol, oils and greases and turbidity.
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Table Al. Analytical parameters of landfill leachate and regulatory requirements for disposal according
to Brazilian legislation.

CETESB 2007 Resolution, CONAMA Resolutions Nos.

Parameter Value Article 18 357/05 and 430/11
COD
(mg L) 4541.24 - -
BOD:s i Up to 60 mg/L or above 0
(mg L) 80% removal Above 60% removal
TOC (mg L™?) 1471.11 -
Ammonlacal_?ltrogen 1262.49 i 20
(mg L™)
Organic nitrogen i i
(mg L) 11.49
Phenol
(mg L) 164.34 - -
Residual peroxide 0 - -
Oils and greases
(mg L) 726 20 50
Color
(Pt-Co units mg™ L™) 571141 i [E
pH 9 5.0-9.0 5.0-9.0
Turbidity (NTU) 302 40 100

(-) There is no regulatory requirement for the parameter.

Tables A2 and A3 present the analysis of variance for the photocatalytic degradation of
HA and FAH, respectively.

Table A2. Analysis of variance for humic acid degradation.
Source df AdjSS AdjMS F-value P-value

Regression 4 0.078088 0.019522 33.98 0.001
[ZnO-TiO,] 1 0.007812 0.007812 13.60 0.014
Replicate 1 0.007840 0.007840 13.65 0.014
[ZnO-TiO;] X [ZnO-TiOz] 1 0.018922 0.018922 32.94 0.002
[ZnO-TiO;] % [pH] 1 0.043513 0.043513 75.74 0.000
Error 5 0.002873 0.000575
Total 9 0.080960

S =0.0239687. R? = 96.45%. Adjusted R2 = 93.61%.
Predicted R? = 86.03%.
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Table A3. Analysis of variance for fulvic acid + humin degradation.

Source df AdjSS AdjMS F-value P-value
Regression 4 0.043080 0.010770 149.58  0.000
[ZnO-TiO4] 1 0.028800 0.028800 400.00  0.000

Replicate 1 0.007840 0.007840 108.89  0.000
[ZnO-TiO7] x [ZnO-TiOz] 1 0.003240 0.003240  45.00 0.001
[ZnO-TiO7] x [pH] 1 0.003200 0.003200 44.44 0.001
Error 5 0.000360 0.000072
Total 9 0.043440

S =10.0084853. R? = 99.17%. Adjusted R? = 98.51%. Predicted R? = 96.94%.
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