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Highlights

o Oxidative processes were tested for AOM degradation.

¢ Highest removal was 29.8 and 67.0% for H,O/Fe(ll) and H.O./Fe(11)/UV, respectively.
¢ High pH values decreased the AOM removal for Fenton and photo-Fenton processes.

e H,O, decay was efficiently fitted in zero model order (R%>0.95).

¢ Significant THMFP reduction was found at optimal conditions (42.0 to 83.4%).
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ABSTRACT

Algal organic matter (AOM) in water reservoirs is a worldwide concern for drinking
water treatment, once it is one of the main precursors for disinfection by-product formation.
Oxidative processes have been widely applied in drinking water treatment to improve microalgae
removal, however, there is little information about their performance for AOM degradation. In
this context, this study aimed to evaluate the performance of hydrogen peroxide (H.O>), Fenton
(H202/Fe(1l)), and photo-Fenton (H.O2/Fe(11)/UV) processes for AOM removal. Low AOM
removals (0.46 to 12.02%) were found using H20.. The highest AOM removals for H,Oa/Fe(ll)
(29.8%) and H,O:/Fe(I1)/UV (67.0%) were obtained using 40 and 30 mg Fe-L! at 150 min,
respectively. In general, high pH values decreased AOM removals for H,O./Fe(ll) and
H2O./Fe(11)/UV processes and increased them for H,O, application. All oxidative processes had
stabilized at 150 min and further reaction time did not significantly increase the AOM removal.
Trihalomethanes formation potential (THMFP) was evaluated using the optimal conditions of
each process. Reductions of THMFP were 42.0, 74.0, and 83.4% for H,0,, H.O./Fe(ll), and
HO./Fe(11)/UV, respectively. This study showed the potential of oxidative processes to
complement AOM removal by the traditional technologies applied in water treatment. Further
studies are required to optimize the parameters involved in the process to improve the cost-

effectiveness of the processes and applicability in water treatment.

Keywords: AOM, natural organic matter, oxidation process, trinalomethane potential formation;
water treatment.



1. INTRODUCTION

The frequent occurrence of algal bloom in drinking water supplies has posed serious
problems in drinking water treatment. During algae growth, algal organic matter (AOM), which
comprises mainly carbohydrates and proteins, is released by the metabolic processes or cell lysis
(Henderson et al., 2008; Naceradska et al., 2019). The AOM presence has a strong impact in the
drinking water quality, once it is a well-known precursor of regulated disinfection by-products
(trinalomethanes and haloacetic acids) with carcinogenic potential (Goslan et al., 2017; Li et al.,
2020; Park et al., 2021). In this context, investigations to improve AOM removal are therefore
highly relevant.

Traditional clarification processes (e.g., sedimentation and flotation) applied in water
treatment show low/moderate efficiencies for AOM removal. AOM reduction by dissolved air
flotation ranges from 46 to 71% using aluminum sulfate (Henderson et al., 2010), while an
interval from 25 to 57% is observed for sedimentation using ferric sulfate or polyaluminium
chloride (Baresova et al., 2017; Naceradska et al., 2019). Considering the efficiencies shown by
these processes, safer water treatment methods are required to remove residual AOM before
chlorination to prevent the formation of disinfection by-products (Leite et al., 2022, 2021).

In light of this, oxidation processes are gaining importance to control disinfection by-
product formation in water treatment (Kralles et al., 2020; Popov et al., 2020). The H,O»/Fe(ll)
and HO./Fe(I1)/UV processes, known as Fenton and photo-Fenton, respectively, are the most
widely used advanced oxidation processes and involve the decomposition of hydrogen peroxide
(H20,) catalyzed by a ferrous ion to produce the hydroxyl radicals (HO") (Tsai et al., 2008;
Vasquez-Medrano et al., 2018). Dosage of Fenton reagent (H.0, and Fe(I1)) and UV dose are the
main variables to be considered in the design process and they directly impact the overall
efficiency and the total cost (Silva et al., 2016).

H>O./Fe(11) and H2O/Fe(I1)/UV processes have been widely applied for natural organic
matter degradation (raw water or commercial humic acid). Dissolved organic matter (DOC)

removal ranging from 10 to 96% for H,O./Fe(ll) and from 10 to 88% for H,O./Fe(Il)/UV were



reported using different operational conditions (pH, concentration of H,O, and Fe(ll), and UV
radiation) (Goslan et al., 2006; Jin et al., 2013; Katsumata et al., 2008; Kitis, 2004; Murray and
Parsons, 2004; Wu et al., 2010). These processes are also extensively used as a feasible strategy
for improving Microcystis aeruginosa removal (Jia et al., 2018; Zhang et al., 2020). However,
cyanobacterium organic matter (COM) released from cyanobacteria cells during the oxidative
process hampers the determination of COM reduction. This trend in applications highlights the
importance of studies analysing only the AOM or COM during the oxidative processes
(Micheletto et al., 2020; Shahi et al., 2021). Furthermore, to our knowledge, no specific
information is available in the scientific literature regarding the degradation of AOM from green
microalgae (such as Chlorella), even though this genus is predominant in several algal blooms
(Rieper, 1976; Zhang et al., 2010).

In this context, this study investigated the removal of AOM from Chlorella sorokiniana
by H,0,, H202/Fe(ll), and H.O2/Fe(11)/UV processes. The main objectives of this paper were: (1)
to check the effect of operational variables (H.O./AOM ratio, Fe(ll) dosage, and pH values) on
the AOM removal; (2) to evaluate the kinetics of AOM degradation and H.O- decay; and (3) to

assess the test water quality after the oxidative process treatment using the optimal conditions.



2. MATERIAL AND METHODS

2.1 Chlorella sorokiniana cultivation

Chlorella sorokiniana 211-8 k (Culture Collection of Algae and Protozoa, Argyll,
Scotland) was used as a strain model in this study. Batch cultivation was carried out in 2.5 L glass
bottles at environment temperature (29 = 1 °C), under continuous illumination with an incident
light intensity of 86 HE-m2-s? and feeding of air enriched with 1.5 % CO, (v-v 1) at 180 L-h™* per
bottle. Each bottle contained 1.8 L of M8a medium, with the following initial concentration
(mg-L%): 1800 (NH,).CO, 840 NaHCOs3, 740 KH2-POs, 260 Na;HPO4-2 H,0, 400 MgSO.-7 H,0,
13 CaCl7 H,0, 116 C10H1,08N2NaFe-3 H,0, 37.2 C1o0H1sN2Na,0Os-2 H,0, 0.062 H3BOs, 12.98

MnCl2-4 Hz0, 3.2 ZnSO47 H20, and 1.83 CuSO4-5 H20.

2.2 Cell harvesting and AOM extraction

After 7 days of cultivation, the biomass was centrifuged (1500xg, 10 min) and washed
twice with ultrapure water to remove metabolites and residues of the culture medium. Then, the
biomass was maintained at -20°C until the lysis protocol was carried out.

The protocol of AOM extraction from Chlorella sorokiniana cells was performed
according to Leite et al. (2019). The centrifuged biomass was suspended in ultrapure water and
disrupted using an ultrasonic homogenizer (UP400S, Branson, USA) in batch ice at 75%
amplitude of ultrasonication (400 W) and pulse mode of 5 min. The samples were frozen at —20
°C, removed from a freezer, and after reaching the environment temperature, the ultrasonication
process was applied again. Then, the material was centrifuged (1500xg, 10 min) and the
supernatant was filtered using a 0.45 um membrane filter (GF-5, Macherey-Nagel, Germany) to
remove the residual solids. The concentrated AOM was stored at -20 °C until its use.

The AOM was characterized by the dissolved organic carbon (DOC) measured using a
Total organic carbon (TOC) analyzer (Shimadzu, Japan). AOM concentration used in the

oxidation test was expressed based on DOC value.



2.3 Oxidation experiments

The performance of H,O,, H.O/Fe(ll), and H.O./Fe(ll)/UV processes for AOM
degradation was assessed. Solutions of hydrogen peroxide (H20,> 35% (w-w 1), Sigma-Aldrich,
Germany) and ferrous sulfate heptahydrate (Fe(ll), Sigma-Aldrich, Germany) were prepared in
ultrapure water to be used in the tests.

The experiments were carried out in test water (TW) prepared in ultrapure water with 5
mg-L of AOM, 25 mg CaCOs-L ! of total alkalinity (utilizing 8.5 g Na,HCOs-L* solution), and
pH 8. These values represent the quality usually found in the environment (Leite et al., 2021;
Naceradska et al., 2019). The experimental design was divided into three steps, as follows:

(1) H20, experiments - Response surface methodology was applied to quantify the
effect of mass ratio of H,O./AOM (MR, 2 to 42) and reaction time (RT, 30 to 150 min) on the
AOM degradation. The analysis was carried out using two factors (Table 1) and optimized using
a central composite design, based on a three-factor level (-1, 0, +1) design with face-centered
alpha (a=1). The experimental data were analysed by multiple regression and ANOVA using the
Minitab software (version 18.1, Minitab LLC., PA, USA). The optimal H,O,/AOM MR which

reached the highest efficiency was selected and tested in the following steps.

Table 1. Independent variables and their actual values for oxidation test using H20O-.

Variables Units -1 0 1
MR - 2 22 42
RT min 30 90 150

(2) H202/Fe(l1), and H2O./Fe(11)/UV experiments — The tests were carried out with
different Fe(I1) concentrations (10 to 100 mg Fe-L™?) to find the optimal value for each oxidative
process. Both processes were performed using 400 mL TW at pH 3, which is the optimum pH
value for H2O2/Fe(1l) and H,Ox/Fe(I1)/UV processes (Goslan et al., 2006). The H,Ox/Fe(ll) tests
were performed in 500 mL bottles wrapped with aluminum foil to protect the solutions from light.

The H202/Fe(11)/UV tests were performed in a collimated device with one low-pressure mercury



UV lamp (maximum 15 W, emitting light at 254 nm wavelength) used to deliver the UV dose to
the sample. The 400 mL TW was placed in a 1-L beaker resulting in a water layer of 3 cm. The
power density of the UV dose used in this study was measured as 0.658 mW-cm™. It represents a
UV dose of 1.18, 3.55, and 5.92 Ws-cm™ for the RT of 30, 90, and 150 min, respectively. The UV
lamp was turned on for 15 min to reach the maximum intensity before the tests. In the
experiments, the appropriate Fe(ll) concentration was added to the TW followed by the H,O>
solution. Then, the samples were continuously mixed using a magnetic stirrer at 100 rpm and
samples were collected at three RTs (30, 90, and 150 min) for characterization in terms of DOC.
The optimal Fe(ll) concentration of each process that reached the highest efficiency was selected
and tested in the following step.

(3) pH effect on these processes - The optimal conditions (MR and Fe(ll)
concentration) found for each oxidation process were tested in a wide pH range (pH 3 to 10) at
three RTs (30, 90, and 150 min). The pH of TW was modified by adding 1N HCI or 1N NaOH
(Qhemis, Brazil) before the addition of iron and H,O; solution.

At the end of each test, sodium metabisulfite solution (SMBS, Synth, Brazil) was added
to the solution at an SMBS/H,0, mass ratio of 3:1 to neutralize residual H.O before DOC
analysis. Furthermore, samples were collected without the SMBS addition to quantify the residual
H-0., soluble iron concentration, and pH. AOM removal from TW in different testing conditions

was calculated according to Leite et al. (2021).



2.4 Kinetics and H,0, decay modeling

The optimal conditions found for H,O2, H,O»/Fe(I1), and H.O/Fe(I1)/UV processes for
AOM degradation were performed at different RTs (30 to 390 min). The tests were carried out
using TW (5 mg-L? of AOM, 25 mg CaCOs-L* of total alkalinity) at pH 8. Samples were
collected at appropriate times to be characterized by DOC and residual H2O5.

The H,O;decay in each oxidative process was modeled using a zero-order mathematical

model (Equation 1) (Falsanisi et al., 2006):

Ct = (Co— D) — kot 1)

Where C, and C; (mg-L?) are the initial H,O, concentration (210 mg-L™) and the
concentration at time t (min), respectively. D (mg-L?) is the initial oxidant demand and k, (mg-L
L.min) is the first order constant of the model.

Non-linear regression was applied to evaluate the adjustment of the experimental data
to the mathematical model (Equation 1) using the Microsoft Office® Excel Solver. To verify
model fitting, the predicted and experimental data were analyzed by the coefficient of
determination (R?), the residual root mean square error (RMSE), and the reduced chi-square (32

according to Leite et al. (2018).

2.5 TW quality

The TW quality after the oxidative process treatment was evaluated using the optimal
conditions (H.O,/AOM MR and Fe(ll) dosage) found in previous tests. The tests were done using
TW (5 mg-L* of AOM, 25 mg CaCOs-L ! of total alkalinity, pH 8) and an RT of 150 min. At the
end of the test, samples were collected to be characterized by physico-chemical parameters. Total
soluble iron, residual H.O,, and pH were immediately analyzed, while protein, carbohydrate, and

total carbon were quantified after the SMBS addition.



H.O, concentration was determined in presence of phenanthroline using the
Spectroquant® Hydrogen Peroxide test (Merck, Germany) at 445 nm. Total iron was quantified
by USEPA FerroVer® Method using the Iron Reagent Powder Pillows (Hach, USA) at 510 nm.
Protein was measured using the Bradford reagent (Sigma-Aldrich, USA) at 595 nm using bovine
serum albumin (Sigma-Aldrich, USA) as standard. Total carbohydrates were determined using
the phenol-sulfuric acid method (Dubois et al., 1956) at 488 nm using glucose (Qhemis, Brazil)
as standard. Each analysis was done in triplicate.

The potential formation of THM (THMFP) after initial TW and after each treatment
was also evaluated. Samples were prepared according to the quality found in the test (pH,
alkalinity, and AOM concentration). Chlorination tests were done in 20 mL samples and NaOCI
(Sigma-Aldrich, USA) was added at a Cl.:DOC mass ratio of 5:1. Amber glass bottles were sealed
and left in the dark at a temperature of 20 °C for 7 days. After this contact time, free chlorine was
guenched with ascorbic acid (Qhemis, Brazil) at a mass ratio of 6:1. Then, the samples were
immediately extracted using MTBE as a solvent (Sigma-Aldrich, USA). The THM concentration
was quantified using gas chromatography spectrometry (CG-2010 Shimadzu, Japan) using the

standard USEPA 551 method (U.S. EPA., 1995). Each condition was performed in duplicates.

2.6 Statistical analyses

Results were expressed as a mean value * standard deviation. The significance, as well
as differences among treatment results, were evaluated using a two-way ANOVA analysis
followed by the Tukey test. Statistical analyses were performed using GraphPad Prism software

(version 6.01, USA) with a significance level of 0.05.



3. RESULTS AND DISCUSSION

3.1 H,0,

The effect of MR (2, 22, and 42) and RT (30, 90, and 150 min) on the AOM degradation
is shown in Table 2. Low AOM removals were found in the H,O; experiments ranging from 0.46
to 12.02%. The highest AOM removal (12.02%) was obtained using MR of 42 and RT of 150
min, whereas the lowest removal (0.46%) was found using MR of 2 and RT of 30 min. H20>
showed a low capacity for AOM oxidation which can be observed by low oxidant consumption
during the reaction (Table 1). For instance, only 12.9 mg H,O,-L* was consumed in the best

condition (MR of 42 and RT of 150 min) from the 210 mg H,O,-L* initially added in this test.

Table 2 — Experimental results for the central composite design of AOM removal by H,0,.

AOM Removal Residual H,0,

Condition MR RT (min) (%) (mg-LY)

1 30 0.46 7.0

2 90 0.80 6.8

3 150 1.78 6.5

4 22 30 8.33 103.5
5 22 90 9.49 102.2
6 22 150 9.62 101.5
7 42 30 10.11 199.8
8 42 90 11.78 198.6
9 42 150 12.02 197.1

A second-degree polynomial function was generated by multiple regression analysis for
the data presented in Table 1. ANOVA analysis showed that the quadratic model was highly
significant (F-value=587.69, p < 0.001), and the lack of fit were statistically insignificant (p >
0.05) for the experimental data. A good correlation between experimental (R? = 0.997) and
predicted values (Adj. R? = 0.9959) was observed. The second-degree polynomial equation
generated demonstrated the significance (p < 0.05) of both linear (MR and RT) and quadratic

(MR?) factors in predicting the AOM oxidation by H.O,. Meanwhile, the interactive (MRxRT)



and quadratic (RT?) terms were statistically insignificant (p > 0.05). Therefore, the final function

for AOM degradation by H2O-, expressed in terms of actual values, is shown in Equation 2.

AOM removal (%) = -1.610 + 0.5815xMR + 0.02813xRT - 0.5815%(MR)? @)

The low AOM removals (0.46 to 12.02%) observed in the experiments can be explained
by the oxidation mechanism and properties of H.O,. Although H,O; has a high oxidation potential
of 1.37 V, it is a weak oxidant for organic compounds. The H,O, mechanism for organic
compound oxidation is the transfer of an electrophilic single oxygen atom from H,O, to an
electron-rich site on the compound (Kim and Huang, 2021). However, in the presence of other
electrophilic compounds, the H>O, can react as a nucleophile and undergo substitution reactions
(a functional group is replaced by another functional group), without showing oxidizing
properties during the process (Krupinska, 2020).

It should be noted, however, that the results found in this research are a little higher than
other studies about dissolved natural organic matter (NOM) oxidation by H2O.. Jin et al. (2013)
did not find an apparent humic acid removal using H.O concentrations lower than 60 mg-L 2. In
contrast, high H,O, concentrations (50-1000 mg-L™?) provided low DOC reductions (less than
7%) in samples from a drinking water reservoir in Turkey (Kitis and Kaplan, 2007). These
differences are may associate with the complexity of the water matrices used in each study.

Despite its low potential for the standalone application for AOM oxidation, H>O- has a
high capacity for combining with other agents (catalysts or radiation) to lead to the formation of
hydroxyl radicals (-OH), which are very strong and nonspecific oxidants (Tsai et al., 2008).
Considering this, the performance of H.O./Fe(ll) and H.O./Fe(l1)/UV processes were also
evaluated for AOM degradation. Based on the previous results, the optimal condition (MR of 42,
displayed in bold in Table 2) was used in the following steps. A high H.O, concentration was
used to hydrogen peroxide not be a limiting reagent in the reactions during the iron variation and

the kinetics tests due to H.O> decay in H20/Fe(11)/UV process.



3.2 H,O/Fe(11) and H2Oo/Fe(11)/UV

The H20./Fe(ll) process results for AOM degradation using different Fe(ll)
concentrations are shown in Figure la. The presence of Fe(ll) significantly increased AOM
removal (Tukey test, p < 0.05). For instance, AOM removal increased from 6.0 to 21.0 % at 150
min, when 10 mg Fe-L™* was added in the test. The RT showed a significant effect on the AOM
removal and [significant differences were observed between the results found at 30 and 150 min
(Tukey test, p < 0.05). Furthermore, the highest AOM removal (29.8%) was obtained using 40

mg Fe-L ™t and RT of 150 min.

Figure 1 — Performance of (a) Fe(ll)/UV and (b) H.O:/Fe(ll)/UV with different Fe(ll)
concentrations (0 to 100 mg Fe-L ™) and reaction times (30, 90, and 150 min) at pH 3. The tests

were carried out using an AOM concentration of 5 mg-L™* and MR of 42.
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The Fe(1l) dosing showed two different trends in AOM removal by H,O./Fe(ll) process.
The AOM removal increased until the concentration of 40 mg Fe-L™* and decreased when higher
Fe(Il) concentrations (>40 mg Fe-L 1) were added. AOM removals were 29.8 and 25.4% for 40
and 100 mg Fe-L?, respectively. Compared to similar research, the same behavior was observed
for humic acid oxidation by Fenton (Wu et al., 2010). According to the authors, this happened
because the high Fe(Il) concentration favored the occurrence of scavenging reaction in the chain
termination. Based on these results, the optimal Fe(ll) concentration found was 40 mg Fe-L ™.

The effect of different Fe(ll) concentrations on the H,Ox/Fe(I1)/UV performance for
AOM degradation was also analysed (Figure 1b). Adding Fe(ll) significantly increased AOM
removal (Tukey test, p < 0.05). For example, the AOM removal increased from 7.5 to 44.3% at
150 min, when 10 mg Fe-L™! was added to the test. The RT also led to a significant effect on
AOM degradation and significant differences were observed between results found at 30 and 150
min (Tukey test, p < 0.05). Additionally, the highest AOM removal (67.0%) was obtained using
30 mg Fe:'Ltand an RT of 150 min.

As also observed in the Fenton experiments, the increase in Fe(ll) concentration showed
two different trends in AOM removal by photo-Fenton. AOM removal increased until the
concentration of 30 mg Fe-L ™! and decreased the degradation when higher Fe(ll) concentrations
(>30 mg Fe-L 1) were dosed. The AOM removals were 67.0 and 26.4% for 30 and 100 mg Fe-L ™.
The negative effect of a high concentration of Fe(ll) was also observed for humic acid degradation
using photo-Fenton (Katsumata et al., 2008). Based on the results, the optimal Fe(ll) dosage was
30 mg Fe-L ™%

These results are in agreement with previous studies about natural organic matter
degradation (raw water or synthetic matrices based on commercial humic acid) by H>O/Fe(ll)
and H,O,/Fe(I1)/UV processes. DOC removals from 10 to 96% for H,O/Fe(ll) and from 10 to
88% for H.Ox/Fe(I1)/UV were observed using different operational conditions (pH, concentration

of H,O; and Fe(I1), and UV radiation) (Goslan et al., 2006; Jin et al., 2013; Katsumata et al., 2008;



Kitis, 2004; Murray and Parsons, 2004; Wu et al., 2010). The high range reported makes clear
that the water composition plays a significant role in the oxidative process efficiency.

As previously mentioned, H.O./Fe(ll) and H,O»/Fe(11)/UV have also been applied for
cyanobacteria removal, and it includes cyanobacterium organic matter (COM). Zhang et al.
(2020) used HO/Fe(ll) to remove Microcystis aeruginosa cells and found high efficiencies for
COM removal (> 70%). The authors concluded that Fe(lll) can destabilize the COM and
coagulate cells to settle them down simultaneously. However, the release of COM during the test
and the presence of microalgae cells (Jia et al., 2018) hinder an appropriate comparison between
the present data and these COM results from peer literature. Besides that, our results for AOM
removal were higher than those obtained by studies targeting COM from Microcystis aeruginosa.
Micheletto et al. (2020) reported the DOC removal ranging from 9.4 to 29.4 % using solar
H20./Fe(11)/UV, while Shahi et al. (2021) found low extracellular COM removals (2 to 5.9 %)
using UV/H,0,, UV/CIO,, and UV/CI; processes. These differences are may be associated with
the source of organic matter (e.g., type of microorganism, composition, etc.) and the water
matrices used in the tests (e.g., culture medium, ultrapure water, etc.)

H202, H202/Fe(ll), and H202/Fe(11)/UV processes were tested in a wide pH range (pH
3 to 10) and the obtained results are shown in Figure 2. pH had a significant effect on the
performance of such processes (Tukey test, p < 0.05) In general, high pH values decreased the
AOM removal for H,O./Fe(ll) and HO2/Fe(I)/UV processes and increased for hydrogen
peroxide application.

Low AOM removals (6.0 to 12.0%) were found for H,O- tests varying from 6.0% at pH
310 10.5% at pH 10. At high pH, the H,O, decomposition is catalyzed by the hydroxyl radicals
(OH") forming the hydroperoxyl radical (HO."), which is a strong nucleophile and can oxide
organic compounds (Clayton et al., 2011). It may explain the increase in AOM removal at high

pH values.

The efficiency observed for the H,O./Fe(ll) process decreased from 29.7% at pH 3 to

22.5% at pH 10, while the decay found for H.O./Fe(11)/UV process was more drastic from 67.0 %



at pH 3 to 29.3% at pH 10. Both decreases in performance are associated with the iron form
present in the solution, as well as H.O, decay during the reactions. The H,O»/Fe(ll) and
H>Oa/Fe(11)/UV processes have their maximum catalytic activity at pH 3.0, after which their
efficiencies decrease due to the degradation of H,O; into O, and H.,O and the precipitation of
soluble iron as Fe(OH)s (Vasquez-Medrano et al., 2018). The higher pH effect on H.O./Fe(I1)/UV
compared to H,O2/Fe(ll) process may be due to the higher H,O, decomposition during the test,
which is demonstrated in section 3.3. This pH effect on H.O./Fe(ll) and H.O./Fe(l)/UV

processes is in agreement with a previous study (Murray and Parsons, 2004).

Figure 2 — Performance of H.O2, H.O2/Fe(ll), and HOx/Fe(11)/UV at different pH values (pH 3
to 10) at 150 min. Tests were carried out using an AOM concentration of 5 mg-L™* and the optimal

conditions (MR of 42, 40 mg Fe-L™* for H,O./Fe(ll), and 30 mg Fe-L ™ for H,O2/Fe(11)/UV).
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3.3 Kinetics and HO- decay modeling

AOM oxidation kinetics and H,O. decay at different reaction times were analyzed
(Figure 3) under environmental conditions (AOM concentration of 5 mg-L'and pH 8). All
oxidative processes had stabilized at 150 min and further reaction time did not significantly
increase AOM removal (Figure 3a). Residual AOM ratio (C/Co) at 150 min was 0.88, 0.74, and

0.43 for H20;, H202/Fe(1l), H202/Fe(11)/UV, respectively.



The results showed a low oxidant demand followed by a slow decline decay for H,O»,

H2O2/Fe(ll), and a strong decrease for H.O./Fe(ll)/UV (Figure 3b). After 390 minutes,

considerable residual H.O, was still available in the solution. At the end of the tests, residual H,O,

of 196.3, 140.5, and 20.4 mg-L™! were observed for H,O,, H.O2/Fe(ll), and H.O2/Fe(l1)/UV,

respectively. The behavior of hydrogen peroxide decay in H.O2/Fe(11)/UV experiments happens

due to UV radiation, which can also decompose H,O; into H,O, HO", and O (Hunt and Taube,

1952).

Figure 3 — Variation of residual (a) AOM and (b) H,O; for the application of H.O, H.O2/Fe(ll),

and H.O./Fe(I1)/UV processes at different reaction times. Predicted values using the zero-order

mathematical model are shown in the dashed line. The tests were carried out using an AOM

concentration of 5 mg-L™! at pH 8 and the optimal conditions (MR of 42, 40 mg Fe-L™ for

H,02/Fe(ll), and 30 mg Fe-L ™" for HO2/Fe(I1)/UV).
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Considering modeling can be an important tool to optimize the residual concentration

and improve the cost-effectiveness of these oxidative processes, fitting the experimental data to

the zero-order mathematical model (Equation 2) was evaluated. The goodness of fit was analyzed

by the coefficient of determination (R?), residual root mean square error (RMSE), and reduced

chi-square (y2). The parameter results found by the non-linear regression and the statistical

analysis are shown in Table 3. Great adjustments were found to the zero-order model, which is

demonstrated by high R? (>0.95) values and low 2 (<49.6), and RMSE (<5.95) values (Leite et



al., 2018). Therefore, these models can be used to optimize the H.O, dose used and improve the
cost-effectiveness of these processes. Although the fact that the zero-order model is used
frequently to model the PAA decay (Falsanisi et al., 2006) which contains H.O; in the commercial

solution, it had not yet been used for H,O, decay individually.

Table 3 - Results of model fitting parameter for H,O, decay.

Process  k, (mg-L*-min?) D (mg-L?) R2 N RMSE
H-0: 0.01132 7.4 0.967 8.72 2.50
H.0./Fe 0.05203 50.1 0.957 2.76 1.40
H20./Fe/UV 0.40811 31.9 0.987 49.60 5.95
3.4 TW quality

TW quality after the oxidative process treatment was assessed using the optimal
conditions found in previous experiments (Table 4). The oxidative processes significantly
modified TW quality (Tukey test, p < 0.05). The efficiencies of AOM removal in environmental
conditions were 12.0, 25.4, and 53.4 % for H.O,, H,O./Fe(ll), and H.O./Fe(I1)/UV processes,
respectively.

AOM removal may be also observed by the removal of its main compounds (protein
and carbohydrate). Protein removals were 33.5, 37.5, and 57.9 % for H,0,, H.O./Fe(ll), and
H.O./Fe(11)/UV, respectively. As for carbohydrate removals, H.0, H.O./Fe(ll), and
H2O,/Fe(11)/UV led to 8.8, 40.9, and 60.6%, respectively. As can be observed, similar removals
of protein and carbohydrate were obtained in H.Oa/Fe(ll) and H.O2/Fe(11)/UV.

pH decreased after the oxidative processes and the pH values of 7.4, 3.2, and 3.2 were
observed for H.0,, H,O4/Fe(l1), and HOx/Fe(I1)/UV experiments, respectively. It might happen
due to the H* formation in the solution by the addition of ferrous sulfate heptahydrate as a Fe(ll)
source, which consumes the alkalinity initially added in the TW. This observation is confirmed

by the decay of dissolved total carbon content due to inorganic carbon consumption. For instance,



the inorganic carbon (total carbon - AOM) removal was 0.0, 70.6, and 96.1% for hydrogen
peroxide, Fenton, and photo-Fenton processes, respectively.

The potential formation of THM was also evaluated (Table 4). The THM present in the
samples was chloroform, once the bromide was not present in the AOM. THMFP reduction found
was 42.0, 74.0, and 83.4% for H,O,, H.O./Fe(11), and H.O./Fe(11)/UV, respectively. It is important
to mention that low pH values found in the H.O2/Fe(Il) and H.O»/Fe(I1)/UV experiments favor

the THMFP formation (Goslan et al., 2006).

Table 4. Comparison between the TW quality found after the oxidation treatment of H,O;,
H2O./Fe(1l), and H.O./Fe(I1)/UV processes. Tests were carried out using an AOM concentration
of 5 mg-L ™ at pH 8 and the optimal conditions (H.O,/AOM ratio of 42, 40 mg Fe-L* for

H.O./Fe(ll), and 30 mg Fe-L ! for H,O/Fe(l1)/UV). Average removals are shown between

parentheses.
Parameters W Oxidation processes
H20: H202/Fe(ll) H202/Fe(11)/UV
AOM (mg-L%) 50+0.0  4.4+0.2(12.0) 3.7+0.3(25.4) 2.3+0.1(53.6)
Total carbon (mg-L %) 10.1+0.1  6.7+0.0(335) 5.2 +0.0 (48.5) 2.5+0.0(75.2)
Protein (mg-L™?) 2.4+0.4 1.6 +0.1(33.5) 1.5+0.1(37.5) 1.0+0.0 (57.9)
Carbohydrates (mg-L™) 5.5+04 5.1+0.7 (8.8) 3.3+0.5(40.9) 2.2+£0.1(60.6)
pH 8.0+£0.0 74+0.0 3.2+£0.0 3.2+£0.0

Dissolved iron (mg Fe-L™?) - - 16.1+1.3 146+1.1

Residual H20, (mg-L™Y) - 199.8 £ 0.4 150.3 £ 0.5 1034+ 1.7
THMFP (ug-L%) 311.6 +5.0 180.6+0.4 (42.0) 81.0+0.7(74.0) 51.8+1.1(83.4)

These results showed the potential of applying H.O./Fe(ll) and H>Ox/Fe(ll)/UV
processes coupled with other technologies for AOM degradation. However, high residuals of
H.O, and Fe were still present in the solution, as displayed in Table 3. The residual H,O, were

199.8, 150.3, and 103.4 mg-L for H,0,, H,O/Fe(l1), and H.O2/Fe(11)/UV processes, respectively.



Considering that the costs associated with Fenton reagent (iron and H,O;) and UV
system are the major issue for the use of this process at full-scale (Silva et al., 2016; Vasquez-
Medrano et al., 2018), further studies are required to optimize the parameters involved (UV dose,
H202, and iron concentration). That is encouraged to obtain better cost-effectiveness of the

processes and the applicability in water treatment.



4. CONCLUSIONS

This study investigated the removal of AOM from Chlorella sorokiniana by HO;,
H202/Fe(1l), and H.O/Fe(I1)/UV processes. Low AOM removals (0.46 to 12.02%) were found
using H20.. The highest AOM removals for H.O./Fe(ll) (29.8%) and H,O»/Fe(11)/UV (67.0%)
were obtained using 40 and 30 mg Fe-L ™ at 150 min, respectively. In general, high pH values
decreased AOM removal for H.O»/Fe(ll) and H.O,/Fe(I1)/UV processes and increased it when
H.0.was applied. All oxidative processes stabilized at 150 min and further contact time did not
significantly increase AOM removal. THMFP reductions in the optimal condition were 42.0,
74.0, and 83.4% for H.0O,, H.O2/Fe(ll), and H.O./Fe(l1)/UV, respectively. Overall, this study
elucidated the potential of oxidative processes to complement AOM removal by the traditional
technologies applied in water treatment. Further research is recommended to assess detailed cost-
effectiveness of these processes and provide a framework for implementation in specific

contamination scenarios
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