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ARTICLE INFO ABSTRACT

Keywords: This paper presents an intensification study of an ozonation process through an ultrasonic pre-treatment for the

Advanced oxidation processes elimination of humic substances in water and thus, improve the quality of water treatment systems for human

:1“9“5,“5“& consumption. Humic acids were used as representative of natural organic matter in real waters which present low
onication

biodegradability and a high potential for trihalomethane formation. Ultrasonic frequency (98 kHz, 300 kHz and
1 MHz), power (10-40 W) and sonicated volume (150-400 mL) was varied to assess the efficiency of the ul-
trasonic pre-treatment in the subsequent ozonation process. A direct link between hydroxyl radical (HO*) for-
mation and fluorescence reduction was observed during sonication pre-treatment, peaking at 300 kHz and
maximum power density. Ultrasound, however, did not reduce total organic carbon (TOC). Injected ozone (O3)
dose and reaction time were also evaluated during the ozonation treatment. With 300 kHz and 40 W ultrasonic
pre-treatment and the subsequent ozonation step (7.4 mg O3/Lg,s), TOC was reduced from 21 mg/L to 13.5 mg/L
(36% reduction). HO* attack seems to be the main degradation mechanism during ozonation. A strong reduction
in colour (85%) and SUVAgs4 (70%) was also measured. Moreover, changes in the chemical structure of the

Water treatment
Humic subtances

macromolecule were observed that led to the formation of oxidation by-products of lower molecular weight.

1. Introduction

Humic acids (HAs) are naturally occurring high molecular weight
compounds easily found in natural water bodies. They are the main
component of organic matter in natural waters and responsible for
colour (yellow to black). These compounds are difficult to mineralise
completely as HAs tend to be refractory and possess low biodegrad-
ability. Additionally, HAs can act as trihalomethane precursors [1]. The
effects of ultrasonication on HAs have been studied in the literature,
showing a potential for humic acid (HA) degradation (change in mo-
lecular structure), as well as an increase in biodegradability.

At low frequencies (20 kHz), changes in UV absorption of HA sam-
ples have been reported [2]. According to the authors, sonication could
have induced alterations in the molecular structure of HAs. With an
initial TOC concentration of 18.6 mg/L (equivalent to 50 mg HA/L) and
50 mg NaOCl/L, a TOC removal of 26.5% was reported after 120 min of
treatment at 20 kHz [3]. Similar reactions have been measured at higher
frequencies (200 kHz), e.g. a change in UV absorption and a reduction in
the molecular weight of HAs [4]. Chen et al. [5] employed two different

* Corresponding authors.

ultrasonic reactors for the treatment of synthetic HA solutions (22.5 mg/
L initial TOC): a 20 kHz horn and a 354 kHz transducer. 354 kHz reactor
performed better in the reduction of TOC, achieving a TOC of 20.4 mg/L
after 4 h of treatment. No TOC removal was observed with 20 kHz. The
authors mentioned that even though TOC was not significantly reduced,
the reduction in colour, as well as in SUVAgs4 (specific ultraviolet
absorbance at 254 nm where the aromatic nature of the solution is
normalised over the total organic load [6]) would be translated into a
change in molecular structure (destruction of aromatic rings, conjugated
double bonds, etc.). Although different applied frequencies and power
densities have been reported, variations in sonication equipment and
reactor design makes it difficult to compare different studies to obtain a
reliable conclusion on the best parameters for HA removal with ultra-
sound. Considering chemical and physical effects produced by ultra-
sound vary significantly depending on the applied frequency, power and
sonication system [7-9], there is a need for a thorough study on the
influence of these parameters on the degradation of HAs.

Ozone (O3) has also been employed for the treatment of HAs. With an
initial TOC concentration of 100 mg/L and an Ogs saturated solution at
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0.46 mol/m®, TOC removal increased from 50% to 80% when treatment
time was increased from 30 min to 5 h [10]. A complete mineralisation
was difficult to reach considering refractory compounds were formed
during ozonation. Besides TOC, O3 can significantly reduce the molec-
ular size distribution, colourssg and UVas4 of HAs [11,12], as well as
increase its biodegradability [11,13]. The authors, however, concluded
that ozonation alone is insufficient to treat humic water [13].

The combination of O3 and ultrasound to effectively treat HA has
also been studied in the literature. Olson and Barbier [14] coupled ul-
trasound (20 kHz horn) and Os to treat a purified fulvic acid fraction of
synthetic HA solution (10 mg/L initial TOC). Ultrasound alone had no
effect on the absorbance of fulvic acid at 200 and 340 nm, whereas
combined with O3 the rate of decolouration (230 nm) increased. In
regards to TOC, ultrasound alone did not mineralise carbon. When O3
was applied and during the first 10 min of treatment, the same oxidation
rate of TOC was observed between O3 alone and the combined setup.
Increasing treatment time in the coupled system induced a significant
enhancement in TOC removal. According to the authors, pyrolysis
mechanisms would explain the increase in O3 decomposition rate due to
ultrasound. Weavers et al. [15,16] stated that when O3 is combined with
ultrasound, an increase in O3 mass transfer is observed due to the tur-
bulence produced by acoustic streaming. Stepniak et al. [17] also used
ultrasound and Os to treat synthetic HA solutions of 10, 15 and 20 mg
HA/L. A 24 kHz ultrasonic horn with a maximum effective power of 300
W was used for sonication experiments. Two different configurations
were employed when combining O3 and ultrasound. In the first
configuration, O3 was first applied to the HA solution (3 mg Os/L for 3
min) and sonicated later on in a subsequent step (10 min) reaching a
TOC removal of 25.3%. The second configuration combined O3 and
ultrasound simultaneously for 10 min. The study reported no synergy
when ultrasound and O3 were applied simultaneously (second configu-
ration), showing a slight increase in TOC removal to 28.8% with the
coupled system. Chemical modification of aromatic structures of HAs
were reported in the combined configurations. An increase in treatment
time and increasing injected O3 dose from 1 to 3 and 5 mg/L led to a
higher removal of TOC for the coupled system.

Considering the above, the potential impact from the pre-treatment
using ultrasound in a subsequent treatment process (i.e. ozonation)
has not been investigated in the literature. Therefore, this research
article presents a thorough study on the effect of an ultrasonic pre-
treatment in a subsequent ozonation step for the treatment of HAs in
waters intended for human consumption.

2. Materials and methods
2.1. Chemicals

HA (CASRN: 1415-93-6, Sigma-Aldrich, technical), sulfuric acid
(H2SO4, Sigma-Aldrich, 98%), sodium hydroxide (NaOH, Panreac, 0.25
M), potassium iodide (KI, Panreac, 99%), sodium phosphate monobasic
(H204PNa-H;0, Fisher, 98%) and sodium phosphate dibasic heptahy-
drate (HNayO4P-H20, Fisher, 99%) were used as received. Deionised
water was supplied by a Milli-Q® water purification unit supplied by
Merck.

2.2. Experimental procedure

HA sample preparation was carried out as follows: 100 mg HA were
mixed with 2 L deionised water (50 mg HA/L) and dissolved by
increasing the pH to 11 with 0.25 M NaOH. The dissolution was then
stirred for 30 min at 400 rpm. Prior to sonication experiments, pH was
reduced to 7 with 0.1 M H3SO4. Elemental analysis (CHONS), fluores-
cence, 3C NMR, FTIR and HPSEC spectrum of the employed HAs are
shown in supplementary information (Fig. S1).

Sonication pre-treatment experiments (Fig. 1a) were carried out in a
jacketed cylindrical glass vessel (15 cm height and 6.7 cm inner
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Fig. 1. Schematic of the experimental setup. (a) Pre-sonication setup; (1)
Sonication vessel, (2) pH meter and thermometer, (3) Plate transducer, (4)
Fuse, (5) Power amplifier. (b) Ozonation setup, (6) O, bottle, (7) O3 generator,
(8) Flow metre, (9) O reactor, (10) pH meter and thermometer, (11) Magnetic
stirrer, (12) O3 destroyer, (13) O3 analyser.

=

diameter). The ultrasonic transducer (Honda Electronics Co. LTD) was
placed at the bottom of the vessel and powered by a power amplifier
(T&C Power Conversion AG1006). Three different frequencies (98 kHz,
300 kHz and 1 MHz) at four different applied powers (10, 20, 30 and 40
W) were employed, varying sample volume from 150 mL to 400 mL. HA
samples (50 mg HA/L) were sonicated for 10, 20 and 30 min. pH and
temperature were continuously monitored (model GLP 22 from Crison)
before and after pre-sonication experiments. When needed, pH was
adjusted to 7 prior to ozonation.

Sonicated effluent was further treated with O3 (Fig. 1b) ina 2 L cy-
lindrical glass reactor previously described [18]. Two Og diffusers and a
magnetic stirrer were placed at the bottom of the reactor, maintaining a
constant injection gas flowrate (4.76 L/min) and mixing speed (60 rpm).
O3 was generated in-situ by the Triogen Lab2B generator from extra pure
oxygen. 1 L pre-sonicated HA solution was ozonated for 30 and 120 min
with Og injection at four different dosages: 5.4, 7.4, 11.3 and 19.7 mg
03/Lgas. Dissolved O3 (Rosemount Analytical model 499A0Z-54 probe)
and exhaust O3 (MT 964C ozone analyser) were continuously moni-
tored, as well as dissolved Oz (Rosemount Analytical Solu Comp II
recorder), pH and temperature (Rosemount Analytical model 399-09-62
probe). Exhaust O3 was destroyed by a Zonosistem thermocatalytic
ozone destructor. All experiments were run at least in duplicates.

2.3. Analytical methods

Carbon, hydrogen, nitrogen and sulphur content present in the HA
were determined by Euro EA Elemental Analyzer (CHNS). 10 mg of HA
was completely oxidised by combustion with oxygen at a temperature of
1020 °C and combustion products identified with a thermal conductivity
detector. Fourier-transform infrared spectroscopy (FTIR) was conducted
with a Jasco 4200 model to determine FTIR values in infrared medium
(4000-400 cm 1) using KBr pellets for solid sample preparation. Pellet
preparation was carried out by mixing 1.5 mg HA with 300 mg KBr. The
mixture was then subjected to high vacuum compression until a 10 mm
diameter and 1.5 mm thick pellet was obtained. Liquid sample analyses
were carried out by evaporating 240 pL of sample at 80 °C and
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atmospheric pressure in a 13 x 2 mm ZnSe tablet (Pika Technologies)
placed inside an oven. 13¢ NMR spectra were measured with a Bruker
Avance III 400 MHz NMR spectrometer configured with the following
characteristics: resonance frequency 100.62 MHz; n/2 pulse length 13.1
us; acquisition time 0.15 s; relaxation delay 1.5 s, "Jy. ¢ = 7.5 Hz and
120 scans. The pKa (acid dissociation constant) of the HA sample was
calculated using UV-Visible spectrophotometry (PerkinElmer Lamda 10
UV/Vis spectrophotometer) and according to the method described by
Reijenga et al. [19]. The determination of the E3/Es ratio (ratio between
UV absorbance at 350 and 550 nm and related to the molecular weight
of humic substances) was carried out by dissolving 2 mg of HA in 10 mL
of 0.05 M NaHCO3 and a subsequent absorbance measurement by Perkin
Elmer Lamda 10 UV/Vis spectrophotometer at wavelengths of 350 and
550 nm [20].

A Water 2695 HPSEC system with an Agilent ZORBAX GF-250 col-
umn (4.6 x 250 mm, 4 um) was used for HPSEC analyses. A phosphate
buffer (100% at pH 7) was injected at a flowrate of 1 mL/min with an
ionic strength of 0.2 M and an injection volume of 20 pL. The Waters
2487 absorbance detector was used at a wavelength of 254 nm. The
HPSEC system was calibrated with protein standards (Sigma-Aldrich) of
known molecular weight between 14 and 600 kDa. A semi-exponential
curve was obtained and used (MW = 3 x 108 x tﬁ%gl with an R? =
0.999 for MW > 47 kDa and MW = 21233 x t2-171755 X t, + 343352
with an R? = 1 for MW < 47 kDa) for the determination of molecular
weights at different retention times. Shimadzu TOC-VCSH Analyser was
used for TOC measurements. Perkin Elmer LS-50B luminescence spec-
trophotometer (pre-sonication experiments) and Jasco FP-8200 fluo-
rimeter (ozonation experiments) were used for fluorescence analyses,
running a synchronous spectrum with an excitation spectra between 250
and 550 nm, a displacement of 20 nm and a scanning speed of 100 nm/
min. Colour (PerkinElmer Lamda 10 UV/Vis spectrophotometer at 455
nm [21]) and SUVAgs4 (PerkinElmer Lamda 10 UV/Vis spectropho-
tometer at 254 nm) were also monitored. The concentration of I3
(proportional to the concentration of oxidising agents such as hydroxyl
radicals) was measured following the KI dosimetry method [22,23].

3. Results and discussion
3.1. Ultrasonic pre-treatment

No significant TOC removal was measured after 30 min ultrasonic
pre-treatment (300 kHz and 40 W). Therefore, impact of ultrasonic pre-

treatment on the fluorescence spectra were investigated for any change
at molecular level.

70

60

50

40 -

30

20

10

Fluorescence emission % [a.u.]

0 1
250 300 350 400 450 500 550
Wavelength [nm]

Ultrasonics Sonochemistry 71 (2021) 105359

3.1.1. Fluorescence spectra and degradation mechanisms

Fluorescence emission intensity was monitored during ultrasonic
pre-treatment in order to evaluate the impact of different frequencies
and power densities on the fluorescence emission intensity band.
Changes to the fluorescence emission indicates a change in the molec-
ular structure of HAs [24], although this was not translated into carbon
mineralisation (TOC removal).

Fig. 2a shows the reduction in fluorescence intensity after 30 min of
treatment at an applied power of 40 W for 98 kHz, 300 kHz and 1 MHz in
400 mL samples. Fluorescence intensity at A max was reduced the most
at 300 kHz (31%), followed by 1 MHz (20%) and 98 kHz (11%). At 300
kHz, the reduction in fluorescence intensity was proportional to the
applied power density (Fig. S2a). Reducing sample volume at a given
applied power (increase in power density) also leads to a higher pro-
duction of HO* [25] and has a similar effect on the fluorescence intensity
reduction as decreasing applied power (Fig. S2 b). It is well known that
ultrasound can produce HO* through the dissociation of water vapour
when a cavitating bubble collapses [26,27], also leading to the forma-
tion of localised microjets when bubbles collapse asymmetrically near a
surface [28,29]. These chemical (HO®) and physical (shear forces pro-
duced by microjets) processes are the principal mechanisms taking part
in the degradation of compounds when ultrasound is applied. At low
frequencies (98 kHz) physical effects are predominant due to a stronger
collapse of the bubbles, while the highest HO* production is observed at
medium-high frequencies (300 kHz) [26].

To evaluate whether the HO* production is the mechanism behind
the reduction in fluorescence emission intensity of HAs, the concentra-
tion of HO* was evaluated in terms of concentration of I3 formed for
each of the frequencies and different sample volumes. This was plotted
against the fluorescence intensity reduction (Fig. 2b) to investigate its
correlation that is independent of the applied frequency, increasing
treatment time, applied power and sample volume. The strong correla-
tion shown in Fig. 2b confirms that the reduction in fluoresce intensity
could be mainly attributed to the attack of oxidising agents (HO* pri-
marily) produced by ultrasound, and not to the mechanical (physical)
effects.

3.2. Ogzonation treatment

3.2.1. Effect of ozone injection dose on TOC

O3 injection dose was varied (5.4, 11.3 and 19.7 mg O3/ Lgss) to
maximise Os injection efficiency relative to TOC removal. Fig. 3 shows
that increasing injected O3 dose, TOC removal rate increased within the
first ten minutes of the experiment. However, further increase in ozon-
ation time up to 30 min, led to a similar TOC removal percentage for the
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Fig. 2. Effect of ultrasound (40 W) on fluorescence emission of 50 mg HA/L samples. (a) Fluorescence emission percentage after 30 min and 400 mL sample. Initial
sample with no sonication (—), 98 kHz (—), 1 MHz (- " -) and 300 kHz (...... ). (b) Fluorescence emission intensity reduction percentage at 470 nm as a function of
I3 concentration at 10, 20 and 30 min. 98 kHz (empty symbols), 300 kHz (black filled symbols), 1 MHz (grey filled symbols) and 150 mL (o), 200 mL (A), 300 mL (),

400 mL ([7J) samples.
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Fig. 3. TOC concentration as a function of treatment time for O3 alone for
different injected O3 dosages of 5.4 mg O3/ Lgas (4), 7.4 mg O3/ Lgas (A), 11.3
mg O3/ Lgas (@), 19.7 mg O3/ Lgas (WD-

three highest applied O3 dosages (~36% reduction) and 27.8% reduc-
tion was measured for the lowest applied O3 dosage of 5.4 mg O3/Lgas.
The difference in TOC removal rates between the aforementioned O3
dosages (mainly 7.4 mg O3/ Lgas and 11.3 mg O3/ Lgas) would come from
the action of molecular Os, considering a similar concentration of HO*
would be expected from the two injection dosages (Fig. S3). Increasing
O3 injection dose increased dissolved O3 concentration (Fig. S4a) in the
HA solution, leading to a higher TOC removal rate within the first mi-
nutes of the treatment. This is supported by a strong correlation between
TOC removal and dissolved O3 concentration (Fig. S4b).

Once O3 was transferred to the aqueous phase, a decrease in TOC was
measured during the first stages of degradation probably due to decar-
boxylation reactions that can strongly oxidise the humic structure [30].
However, given the nature of the HA used, after the first degradation
stages, the rate of oxidation decreased. The appearance of degradation
by-products such as acids and esters could be responsible for the
reduction in the oxidation rate, which have a lower reactivity (k =
0.0019 mg TOC™! s71) than the aromatic groups, alcohols and phenols
(k = 0.071 mg TOC ! s7!) that initially predominate in the first
oxidation states of the HA structure [31]. The identification of these by-
products was carried out using the FTIR spectra in Fig. 8, where an in-
crease in 1260 cm ™! and 1720 cm™! bands was observed, indicative of
the formation of carboxylic acids. In addition to these organic com-
pounds that are formed during ozonation, there are other inorganic
compounds that are difficult to remove, such as bromate ions. Therefore,
the increase in the TOC elimination rate in the initial stages of the
treatment could be also related to the characteristics of the HA at that
specific time [32].

3.3. Ultrasonic pre-treatment and ozonation

3.3.1. Effect on TOC

With 30 min ultrasonic pre-treatment (300 kHz and 40 W) and a
subsequent ozonation (Fig. 4), a similar behaviour in TOC removal was
observed. It is important to highlight, however, that the TOC reduction
rate between 7.4 mg O3/ Lgas and 11.3 mg O3/Lgas seemed to be similar,
contrary to non-sonicated values (Fig. 3). This could be related to the
change in the molecular structure of HAs during sonication pre-
treatment stated earlier, leading to a lower demand in O3 (reduction
from 11.3 mg O3/ Lgas to 7.4 mg O3/Lgys) to obtain a similar TOC
removal rate. Similarly, Ma and Lin [3] showed that ultrasound pre-
treatment (combined with Oj) decreased the consumption of chlorine
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Fig. 4. TOC concentration as a function of treatment time for injected Os
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mg O3/ Lggs (D). 30 min ultrasound (300 kHz and 40 W) pre-treatment applied
400 mL sample and 50 mg HA/L.

in a subsequent chlorination process. Ultrasonic pre-treatment, none-
theless, did not increase the final TOC removal of O3 treatment for the
two abovementioned applied Os dosages. As it happened with non-
sonication experiments, the lowest TOC removal percentage (24.3%)
was once again obtained with 5.4 mg O3/ Lgys. For a given O3 treatment
(mg O3/ Lgas), pre-sonication at different frequencies had no notable
impact on the TOC reduction rate. (Fig. 5).

3.3.2. Effect on colour and SUVA254

For both ozonation alone and pre-sonication/ozonation experiments,
a significant reduction in colour was observed. However, 30 min of
sonication (300 kHz and 40 W) showed no significant reduction in
colour, compared to 85% colour removal with ozonation treatment
(Fig. 6a). Therefore, the colour reduction can be attributed to the
breaking of polymers of humic material in water and the reactivity of O3
with chromophore groups [33]. Although the final colour removal
percentage was similar for the three O3 dosages used (5.4, 7.4 and 11.3
mg O3/ Lgas), a difference in colour removal rates between 5.4 and 7.4
mg O3/Lg,s was evident (e.g. compared to 7.4 mg O3/ Lgas, colour values
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Fig. 5. TOC concentration as a function of treatment time for 30 min ultrasonic
pre-treatment (40 W) and 120 min O3 treatment (7.4 mg O3/L). 98 kHz (a);
300 kHz (A); 1 MHz (A). 400 mL sample and 50 mg HA/L.
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at 10 and 15 min were double for 5.4 mg O3/Lgas). 3.4. Degradation mechanisms
Similarly, ultrasonic pre-treatment had negligible effect on the
SUVAgs4 (Fig. 6b) and a reduction of 70% was measured for the two 3.4.1. HOr yield

highest O3 dosages, reducing slightly the removal percentage to 62% As indicated in Fig. 2b there is a strong correlation between HO*
with 5.4 mg O3/ Lg. The difference during ozonation in SUVAzs4 (quantified by measuring concentration of I3) and the degradation of
removal rates between 5.4 and 7.4 mg O3/ Lgas was also maintained in HAs. Fig. S3 shows that the concentration of I3 achieved with O3 (7.4
this case (e.g. SUVAgs4 values at 10 and 15 min). and 11.3 mg O3/Lg,s injected) is approximately 10 times higher than the
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concentration obtained with ultrasound. This could explain the differ-
ence in TOC removal of HA solutions between ultrasound pre-treatment
(<5%) and Og treatment (>40%) shown in Fig. 5, where the effect of a
30 min sonication pre-treatment is shown to have negligible effect on
the subsequent ozonation process. During the first 25 min of ozonation,
a sharp decrease in TOC is accompanied by a fast reduction in pH from 7
to 4. At pH between 7 and 4, both HO* and molecular O3 would take part
in the oxidation process of compounds due to a fast decomposition of O3
[34,35]. When the pH reached 4 or below, a considerable reduction in
TOC removal rate was observed, where oxidation and mineralisation of
HAs would come primarily from the action of molecular O3 (signifi-
cantly lower oxidation potential compared to HO* [36]).

All this indicates that O3 would have played a minor role in the
reduction of TOC compared to HO*. That would explain why after
approximately 25 min of ozonation TOC removal rate decreased
significantly with only a 12% additional removal between 30 min and 2
h with 7.4 mg O3/Lg,, injected compared to a 30% reduction in the first
30 min (Fig. 5). The formation of refractory compounds during ozona-
tion could have also reduced further mineralisation of HAs [10].
Therefore, ozonation time was set at 30 min for further experiments.

3.4.2. Effect on fluorescence spectra

The evolution of fluorescence is compared in Fig. 7a (ultrasound pre-
treatment without and with post O3 treatment) and 7b (O3 treatment
alone). In both cases, a significant decrease in 460-550 nm emission
band was observed (Fig. S5) indicating decomposition of HAs which are
composed of aromatic groups, alcohols and phenols, as well as ketone
and aldehyde groups [37]. However, there was as negligible impact
from US pre-treatment and ozone dosage. There is a second region
consisting of proteins with a maximum emission peak at 405 nm. In this
region, the fluorescence intensity for ozonation alone resulted in a
consistently lower intensity compared to ozonation with ultrasonic pre-
treatment, indicating higher degradation of proteins by ozone (Fig. S6).

In the fluorescence emission region between 340 and 410 nm, there
is a notable increase in the intensity when ultrasound pre-treatment is
applied compared to only ozonation. This could indicate that ozonation
after ultrasonic pre-treatment led to an increase in the more biode-
gradable part of the humic structure (340-410 nm) [38], increasing: (i)
the protein-like group that consists of xenobiotic compounds, (ii) the
tryptophan-like group constituted by low molecular weight compounds
and (iii) the tyrosine-like group composed of free molecules or mole-
cules bound to higher molecular weight proteins, as well as peptides
[39]. On the other hand, with O3 treatment alone, although the humic
region decreased its intensity in the same way as with the ultrasonic pre-
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Fig. 8. FTIR spectra in the region between 3100 and 700 cm ™~ of initial sample
(50 mg HA/L and 400 mL), 30 min ultrasound (US, 300 kHz and 40 W), 30 min
US + 30 min O3 (7.4 mg O3/ Lgss), 30 min US + 1 h O3 and 30 min US +- 2 h Og.
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treatment, an increase in the 340-390 nm band (Fig. S7) that could
indicate a greater oxidation of the humic structure into other by-
products with more biodegradable characteristics was not observed.

3.4.3. HPSEC analysis

Fig. 7c and d correspond to HPSEC chromatography of the ultrasonic
pre-treatment followed by the ozonation process. In general terms, a
gradual reduction in humic substances up to 80% was observed along
with the generation of lower molecular weight oxidation compounds
such as carboxylic acids and esters. HAs were broken down into lower
molecular weight compounds (from >640 kDa to ~20 kDa) during the
treatment process as shown by Fig. 7d. No major difference was found in
the formation of lower molecular weight compounds during ozonation
with and without ultrasonic pre-treatment (Fig. S8).

3.4.4. FTIR analysis

With regards to the FTIR analysis, Fig. 8 shows the infrared spectra
obtained during the ozonation process with ultrasonic pre-treatment. A
decrease in the transmittance intensity at 1620-1630 cm™! indicates a
decrease in aromatic groups after 30 min O3 injection [40,41], likely due
to O3 being highly selective towards complex aromatic compounds [30].
The decrease in aromaticity is consistent with the decrease in SUVAgs4
and fluorophore concentration in the emission band of 405-461 nm
observed in fluorescence analyses [42,43]. After the hydroxylation and
opening of aromatic rings, a slow oxidation of oxygenated saturated
compounds likely took place [44] as observed in the decrease of the
corresponding to aromatic ethers [45]. Along with the 1260 cm™! band
functional group, a decrease of the 1030 cm ™! band (alcohols) was also
observed, that together with the phenolic groups slowly decreased with
increasing reaction time [41]. It is also highlighted the decrease in
transmittance in the 1720 cm™! band (corresponding to the C=0 vi-
bration tension) attributable to ketone groups and carboxylic acids.
Above this wavelength there is a progressive decrease in compounds
capable of absorbing in FTIR, which leads to a convergence of the
spectra whatever the treatment. Finally, after the decrease in aromatic
groups, alcohols, phenols, ketones and aldehydes, a greater abundance
of the C-O tension bands (1220 cm™!) was observed, corresponding to
carboxylic acids [40,44]. These carboxylic groups increased during the
reaction, being results in line with those observed in fluorescence ana-
lyses. In contrast, the 805 cm™! band would be attributable to tri- and
tetrasubstituted aromatic rings which remained unchanged throughout
the treatment [46]. This fraction could correspond to the residual humic
structure observed in the fluorescence and which by its nature has a
recalcitrant character that is difficult to eliminate (more aliphatic and
polar) [41]. Finally, the intensity at 1540 and 1384 cm ™! would corre-
spond to the formation of nitrogen groups caused by O3 injection [47].

4. Conclusions

Ultrasonic pre-treatment significantly lowered fluorescence emission
intensity from HA samples with all the frequencies under study. 31%
fluorescence reduction in A max (470 nm) was obtained applying 300
kHz and 40 W (50 mg HA/L) for 30 min, measuring also changes in
molecular structure. The subsequent 30 min ozonation reduced TOC
down to 13.5 mg/L (36%) after applying 7.4 mg O3/Lgas. O3 injection
also led to the production of oxidation by-products of lower molecular
weight, reducing colour (85%) and SUVAgs4 (70%) significantly. How-
ever, ultrasonic pre-treatment did not substantially improve the per-
formance of ozonation treatment. Thus, similar results for TOC, colour
and SUVAjs4 were obtained with ozonation-alone experiments. In
contrast, significant variations in the fluorescence emission of the
samples were detected, despite reaching the same degree of minerali-
sation either with or without ultrasonic pre-treatment. In such a way, the
use of ultrasound would be more advantageous if adequately combined
with simple or biological adsorption processes.
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