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Abstract: The present work aims to elucidate the possibility of injecting ozone into surface waters
combined with urban wastewaters in order to improve the water quality of the High Atoyac Sub-basin
(HAS) in Central Mexico. For this purpose, twenty physicochemical parameters, eight heavy metals,
seven organic compounds, and one biological indicator were assessed in water from different sites
of the studied area (the Alseseca River, the Atoyac River and the Valsequillo Reservoir). Results
demonstrated that O3 injection led to the decrease of the aromatic fraction of organic molecules since
the Spectral Absorption Coefficient at 254 nanometers (SAC254) reduction was found to be 31.7% in
the Valsequillo Reservoir water samples. Maximum Chemical Oxygen Demand (COD) removal was
observed to be 60.2% from the Alseseca River with a 0.26 mg O3/mg initial COD dose. Among all
the phthalates studied in the present work, Di(2-ethylhexyl) phthalate (DEHP) exhibited the highest
concentration (5.8 µg/L in the Atoyac River). Treatment with O3 was not effective in eliminating
fecal coliforms (FC) in waters that host high organic matter (OM) loads as opposed to waters with
low OM. After the injection of 4.7 mg O3/mg COD in the VO3-AT water sample, a 90% removal of
Iron (Fe) and Aluminum (Al) was registered; while Manganese (Mn), Nickel (Ni), Zinc (Zn), and
Cooper (Cu) showed a 73%, 67%, 81%, and 80% removal, respectively; Chromium (Cr) registered
the highest removal (~100%). The present work demonstrated that while finding a suitable O3 dose
to improve the quality of water in the HAS, the 5-days Biochemical Oxygen Demand (BOD5)/COD
ratio (i.e., biodegradability) is more important than the overall OM removal percentage proving that
O3 injection is a feasible process for the treatment of eutrophic waters from HAS.

Keywords: ozonation; wastewater treatment; biodegradability; phthalates; toxic metals; fecal
coliforms; disinfection

1. Introduction

In recent years, the treatment of both natural and wastewaters with ozone has gained increasing
attention because of its vital role in the removal of OM (especially the recalcitrant organic matter) and
disinfection. When treating wastewater with O3, contaminants can be degraded following two paths
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separately or simultaneously: (1) direct reaction with ozone (O3); preferably under acidic conditions
or (2) indirect reaction with the hydroxyl radicals (OH•) formed at neutral or alkaline conditions
and driven by a complex chain mechanism [1,2]. O3 is a selective oxidant that preferably attacks
the fraction of the OM rich in electrons (aromatic compounds, double bond compounds, etc.), but
unlike ozone, OH• is an oxidizer species much more powerful than O3 than can react faster and less
selectively [3,4].

Ozone has been used to treat a wide variety of pollutants such as natural organic matter, heavy
metals, pathogens, and emerging organic compounds [2,5–7]. Ozone has shown to be efficient in
improving the organoleptic properties of water by eliminating chemical compounds that color water
by oxidizing fats and oils (FaO) and by reducing turbidity through colloid destabilization [8–10]. When
treating wastewater that hosts high OM load, the main goal of ozonation is to produce biodegradable
OM from not-biodegradable OM [11–13]. Gilbert [14] registered a biodegradability increase as the
BOD5/COD ratio varied from 0–0.4 with 4 mg O3/mg of DOC in the treatment of humic acids with O3.
Yavich et al. [15] found that the treatment of OM in Lake Lasing, MI, USA, by means of ozonation was
suitable in transforming 32% of recalcitrant OM into biodegradable OM with a 3.0 mg O3/mg C dose.

Ozone has also been widely used in disinfecting municipal wastewater as it is an excellent disinfectant
which inactivates a wide range of microorganisms [16,17]. Monitoring every pathogen, however, is
not feasible; hence, fecal coliforms (FC) have been extensively used as global bioindicators [18] since
the FC inactivation is usually less efficient than the inactivation of other undesired pathogens, thus
ensuring disinfection of various microorganisms. Martínez et al. [19] in their studies of the sewage in
the city of Almería, Spain, showed an FC removal efficiency of up to 88.8% with a 13 mg O3/L dose.
If the goal of ozonation is disinfection, the ozone dose applied must be controlled aiming to avoid the
undesired formation of disinfection by-products, for instance, bromates and carbonyl compounds (e.g.,
Formaldehyde and acetaldehyde which are classified as carcinogenic and as a potentially carcinogenic,
respectively) [20,21].

To determine the suitable reaction time to reach a certain level of treatment and subsequently
establish the appropriate O3 dose (i.e., the moment in which the pollutant’s concentration will not
decrease substantially), either for the cracking of aromatic compounds or for disinfection purposes,
kinetics is normally assessed. In this regard, kinetic removal of Spectral Absorption Coefficient (SAC254)
is frequently used along with Chemical Oxygen Demand (COD) and 5-days Biochemical Oxygen
Demand (BOD5) [14,22,23]. Some authors have reported different OM removal kinetics during the
ozonation process [11,15,24,25]. With respect to urban wastewater both Crousier et al. [26] in Toulouse,
France and Marce et al. [27] in Tarragona, Spain, determined a pseudo-first order kinetics for the
removal of dissolved OM (DOM) and of chemical oxygen demand (COD). Meanwhile Beltrin et al. [28]
in Badajoz, Spain and Shin et al. [29] in Gwangju, Korea, registered second order kinetics for the COD
removal in domestic wastewater.

Ozone has also been employed in the elimination of emerging organic compounds such as
phthalates. These are synthetic compounds used as additives in plastics to improve their mechanical
properties [2,30]. Despite being classified by the EPA as endocrine disrupting compounds [31], the
global phthalate production has reached up to 3.5 million tons per year [32] with the Di(2-ethylhexyl)
phthalate (DEHP) being the most commonly used phthalate plasticizer in the production of polyvinyl
chloride (PVC) [33,34]. The aromatic ring of the phthalates is destroyed by direct and indirect reaction
with the ozone molecules, which can result in efficiently removing up to 90% of the contaminant with
a 1700 mg of ozone [2].

The Valsequillo Reservoir located in the state of Puebla, Central Mexico has received significant
volumes of industrial and municipal wastewater from the Atoyac River (Northwest) and from
the Alseseca River (North) in the past few decades [35], lethally affecting the water quality [36].
Consequently, uncontrolled growth of aquatic weeds is observed, especially the presence of the Water
hyacinth (Eichhronia crassipes), which in turn has also contributed to the enrichment of OM in the
Valsequillo Reservoir. Thus, there is a real need to propose a strategy to minimize pollution levels in
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the area and the treatment with ozone seems to be a feasible alternative due to its ability to function
in the multiple stages of the water treatments (i.e., primary, secondary and tertiary treatment). Even
though some studies with respect to ozonation of wastewater have been conducted, the ozonation
process is different for each type of water due to the different paths that ozonation can take as well as
the diversity of pollutants contained in the wastewaters. Therefore, the present work deals with the
evaluation of different organic and inorganic contaminants (commonly found in urban wastewaters),
during ozonation of wastewater from five different point in the HAS, Central Mexico (Atoyac River,
Alseseca River and Valsequillo Reservoir).

2. Materials and Methods

2.1. Study Area

Valsequillo (Manuel Ávila Camacho) Reservoir located (18◦55′12′′ N; 98◦11′24′′ W) in the state of
Puebla, México was built in 1946 with a wideness ranging from 2 to 7 km and a depth ranging from 2
to 40 m [37,38] (Figure 1).
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Figure 1. Sampling points in Atoyac River, Alseseca River and Valsequillo Reservoir in Puebla State,
Mexico. SBTP = San Baltazar Tetela Peninsula.

Based on the preliminary values reported by the NATIONAL BANK OF SURFACE WATERS
OF CONAGUA, the average flow entering the Valsequillo Reservoir during rainy season (June, July,
August, and September) was calculated and it was found to be 22 m3/s ± 2.6 (n = 38 years) and
1.1 ± 0.11 m3/s (n = 8 years) in the Atoyac River and in the Alseseca River, respectively. The Alseseca’s
flow is mainly composed of municipal and industrial discharges (approx. 88%), while the Atoyac
River’s flow is composed of only 26% of wastewater [39].

Five water samples were procured from three different zones of the HAS: The first water sample
was taken at the river mouth of the Atoyac River into the Valsequillo Reservoir (VO3-AT), the second
was taken at the river mouth of the Alseseca River into the Valsequillo Reservoir (VO3-AL). Even
though the sites for these two water samples located outside the Reservoir; they were selected
due to their proximity to it. Three water samples were collected from inside the Reservoir: the
first one was taken within the coverage of the Water hyacinth (VO3-01); the second one was taken
after the coverage of Water hyacinth (VO3-02) and the third one was taken near the Reservoir’s
curtain (VO3-03) (i.e., East of the Valsequillo Reservoir). When selecting sampling points, previous
works were taken into consideration [35,38,40] on which it was established that the Valsequillo
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Reservoir is hydrogeochemically divided into two sections by the San Baltazar Tetela Peninsula (SBTP)
(i.e., Norwest and Southeast) (Figure 1). Therefore, the sampling points selected are presumed to be
representative of the general conditions of all areas of the Valsequillo Reservoir. All water samples
were preserved at 4 ◦C and transported to Environmental Analysis and Monitoring Laboratory
of “Centro Interdisciplinario de Investigaciones y Estudios sobre Medio Ambiente y Desarrollo
(CIIEMAD-IPN)”in Mexico City.

2.2. Experimental Design

Five 1 L glass batch reactors (aliquots) from each water sample were used for the ozone
experiments. An ozone generator (OZONI model MF-00001) was used to produce a constant mass
flow rate of 400 mg O3/h (i.e., constant volumetric flow rate ~0.21 L ± 0.05 O3/s). Subsequently, the
flow was measured by a water displacement system; the test was carried out in triplicate. This device
produces ozone by employing the corona discharge method with dehumidified atmospheric air
(through the drying filter comprised within the equipment) as the feed gas to generate ozone. One
liter of water was subjected to ozone treatment by injecting the gas at the bottom of each bottle and
diffusing it with a porous stone aerator (25–30 µm pore diameter). Constant stirring was applied in
order to ensure mixing between the liquid and gas phases. During the process, five or four water
samples were extracted from the aliquots in different intervals within 120 min in order to measure
all physicochemical parameters. Experiments were performed without pH control at around 20 ◦C.
Likewise, all the water samples were treated under the same operating conditions (Figure 2).
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2.3. Measurement of Physicochemical Parameters

Turbidity, Alkalinity (Alky), pH, Conductivity (σ), Dissolved Oxygen (DO), Redox-potential
(ORP), Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD5) and Spectral
Absorption Coefficient at 254 nanometers (SAC254) were measured in CIIEMAD-IPN, CDMX, Mexico.
Total Solids (TS), Total Suspended Solids (TSS) and Total Dissolved Solids (TDS) were sent to Centro
Mexicano para la Producción más Limpia del Instituto Politecnico Nacional [Mexican Center for Cleaner
Production of the National Polytechnic Institute (CMPL-IPN)]. On the other hand, Real color (RC), Fats and
Oils (FaO), Total phosphorous (TP), Ammonia nitrogen (NH3-N), Nitrates (NO3

−), Sulfates (SO4
2−),

Chloride (Cl−) Total cyanides (CN−), Organic compounds and heavy metals were sent to Intertek
+ ABC—Analytic Laboratories)]. All parameters were measured by following local standardized
methodologies which are in concordance with international methods (Table 1).

2.4. Calculation of Kinetics

For the kinetic calculation, some organic parameters such as COD, BOD5 and SAC254 were
measured before and after the ozonation process and at different time intervals (all values in minutes)
(5, 10, 15, 20, 30, 40, 60 and 120). For the selection of these time intervals, previous works were
taken into consideration [19,41] on which it was established that during ozonation of wastewater the
COD concentration presents an increase within the first minutes of operation and subsequently a
decrease. In this work, however, only the latter behavior is of interest, so the first measurements were
consistently taken after the first 5 min of ozonation. Rate for the different orders of reaction (zeroth,
first and second order) were calculated by using Equations (1)–(3), for the zeroth, first and second
order reactions, respectively.

[C] = [C0]− kt (1)

Ln[C] = Ln[C0]− kt (2)

1
[C]

=
1

[C0]
+ kt (3)

where: C = Concentration of OM [SAC254, COD, BOD5 (mg/L)] at time t, C0 = Initial concentration of
OM [SAC254, COD, BOD5 (mg/L)], k = kinetic constant [(L·mol/days) for zeroth order, (1/days) for
first order, (L /days mol) for second order], t = time [days], k value was determined as follows, for
zeroth order, a plot of [C] vs. t, for first order, a plot of ln[C] vs. t, and finally for second order, a plot of
1/[C] vs. t. For all orders, the plots are linear and the slope is equal to k
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Table 1. Methods employed to measure physicochemical parameters and their International concordance.

(a) Parameters Measured in CIIEMAD-IPN

Parameter Units Equipment Employed Local Method International Concordance

Chemical oxygen demand (COD) mg/L Spectrophotometry UV/Vis (PerkinElmerLambda 20) NMX-AA-030/1-SCFI-2012 (APHA et al., 2005)/5220D

Biochemical oxygen demand (BOD) mg/L Oximeter (YSI/51B) NMX-AA-028-SCFI-2001 (APHA et al., 2005)/5210B

Spectral absorption coefficient at 254 nanometers
(SAC254) Abs/m Spectrophotometry UV/Vis (PerkinElmerLambda 20) with 1 cm cell

(q) - -

Turbidity NTU Turbidimeter (model 2100Q) NOM-AA-38-SCFI-1981 (APHA et al., 2005)/2130B

Hydrogen potential (pH) - Multip. HACH (Model 2100Q & HQ40D) NMX-AA-008-SCFI-2011 (APHA et al., 2005)/4500B

Conductivity µS/cm Multip. HACH (Model 2100Q & HQ40D) NMX-AA-093-SCFI-2000 (APHA et al., 2005)/2510B

Dissolved oxygen (DO) mg/L Multip. HACH (Model 2100Q & HQ40D) NMX-AA-012-SCFI-2001 (APHA et al., 2005)/2810

Oxidation-Reduction potential mV Multip. HACH (Model 2100Q & HQ40D) - (APHA et al., 2005)/2580

Fecal coliforms (FC) NMP/100 mL - NMX-AA-042-SCFI-2015 (APHA et al., 2005)/9221

Alkalinity (Alky) mg CaCO3/L - NMX-AA-036-SCFI-2001 (APHA, 2012)/2320B

(b) Parameters Measured in CMPL-IPN

Parameter Units Equipment Employed Local Method International Concordance

Total solids mg/L Stove (Model Riossa Series E-33) NMX-AA-034-SCFI-2001 (APHA et al., 2005)/2540B

Total dissolved solids mg/L Stove (Model Riossa Series E-33) NMX-AA-034-SCFI-2001 (APHA et al., 2005)/2540C

Total suspended solids mg/L Stove (Model Riossa Series E-33) NMX-AA-034-SCFI-2001 (APHA et al., 2005)/2540D

(c) Parameters Measured in Intertek + ABC—Analytic Laboratories

Parameter Units Equipment Employed Local Method International Concordance

Real color (RC) Pt-Co Aqua tester, Orbeco/Hellige (Model C611A) NMX-AA-045-SCFI-2001 -

Fats and Oils (FaO) mg/L Extraction by using hexane as solvent NMX-AA-005-SCFI- 2013 -

Total phosphorous (TP) (mg/L) FA′S OI Analytical—Flow Solution IV NMX-AA-029-SCFI-2001 -

Ammonia nitrogen (NH3-N) mg/L FA′S OI Analytical—Flow Solution IV NMX-AA-026-SCFI-2010 US EPA 350.1-1993 (I)

Nitrates NO3
− mg/L FA′S OI Analytical—Flow Solution IV NMX-AA-079-SCFI-2001 US EPA 353.2-1993 (I)

Sulfates (SO4
2−) mg/L FA′S OI Analytical—Flow Solution IV - US EPA 9036-1986

Chloride (Cl−) mg/L FA′S OI Analytical—Flow Solution IV NMX-AA-073-SCFI-2001 -

Total Cyanides (CN−) mg/L FA′S OI Analytical—Flow Solution IV NMX-AA-058-SCFI-2001 US EPA 335.3-1978 (I)

Al, Cr, Cu, Fe, Zn, Mn and Ni µg/L ICP-OES CID Thermo Scienctific-6500 NMX-AA-051-SCFI-2001 US EPA 6010C 2007 (I)

Hg µg/L Mercury analyzer Hydra IIAA NMX-AA-051-SCFI-2001 US EPA 7470A 1994 (I)

Dimethyl phthalate (DMP), Diethyl phthalate (DEP),
Dibutyl phthalate (DBP), Di(2-ethylhexyl) phthalate

(DEHP) and Di(n-octil)ftalato (DINP)
µg/L Gas chromatography (GC/MSD) Agilent technologies 7890B-5977

A MSD - US EPA 8270D 2007

Isophorone (IP) µg/L Gas chromatography (GC/MSD) Agilent technologies 7894 B/5977
A MSD - US EPA 8270D 2007

Total Phenols (TPh) µg/L FA′S OI Analytical—Flow Solution IV - US EPA 8270D 2007
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3. Results and Discussion

3.1. Raw Water Characteristics of the Different Studied Sites

Raw water characteristics of the Atoyac River, the Alseseca River and the Valsequillo Reservoir
are presented in Tables 2 and 3 (with no ozone injection; t = 0). All water samples were considered
slightly alkaline since the initial pH (t = 0) was above seven. In addition, all water samples showed
high content of alkalinity (Alky). Water samples VO3-AL and VO3-AT showed the highest values of
alkalinity, due to the high calcium carbonate content derived from the groundwater of the HAS whose
bedrock is composed of limestone [42].

The redox-potential (ORP) values obtained in the samples were above 100 mV, which in turn
indicate that the oxidizing conditions match the normally recorded high Dissolved Oxygen (DO) values.
This shows that the ORP and DO values were in accordance to each another [43,44]. The highest COD
values recorded in both rivers, were namely at 505 and 172 mg/L for VO3-AL and VO3-AT, respectively,
while the lowest COD content (10 mg/L) was observed in VO3-02 and VO3-03. The BOD5/COD ratio
of the VO3-AT, VO3-AL, VO3-01, VO3-02 and VO3-03 water samples were 0.33, 0.36, 0.35, 0.96 and
1.0, respectively.

The highest turbidity values were registered in the VO3-AT and VO3-AL water samples (182 NTU),
while the lowest value corresponds to VO3-03 (12.2 NTU). The brown coloration observed in the
VO3-AT, VO3-AL and VO3-01 water samples might indicate the presence of clay-rich sediments and
OM. On the other hand, the green coloration in the VO3-03 water sample may show the presence of
clay-rich sediments and plankton [45]. SAC254, Turbidity and Conductivity values of VO3-AL and
VO3-AT at the initial stage of the experiment, were found to be similar to those values reported by
Marce et al. [27], revealing that water from these sampling points has features of raw urban wastewater.
Meanwhile, the water of VO3-02 and VO3-03 stations is similar in quality to the one obtained from a
secondary wastewater treatment [46]. Finally, VO3-01 presented features of a secondary effluent [19],
which is attributed to Water hyacinths in the Valsequillo Reservoir since they might have performed
a natural attenuation process resulting in variations of the pollutant’s concentration throughout the
Reservoir [36]. These assumptions are supported by turbidity and conductivity values since the
concentration levels in the rivers are higher than in Reservoir. SAC254 levels are greater in the rivers
(Atoyac and Alseseca) than in the Valsequillo reservoir. The above mentioned could indicate the natural
attenuation driven mainly by the aquatic plants in the Valsequillo Reservoir, which in turn helps in the
sedimentation process by modifying the flow velocity. Since the highest SAC254 removal was registered
in the sampling point VO3-02, it can be alleged that in this sampling point the fraction of aromatic OM
and unsaturated molecules is higher than in the rest of the sampling points. This fact may be due to the
release of these components (for example, lignocellulose, humic and fulvic acids, phenolic acids and
phenylpropanoids) [47,48]; mainly through the decomposition of the high quantity of aquatic plants.
From these results, it can be established that sites VO3-AL and VO3-AT possess certain characteristics
featured in raw urban wastewater. On the other hand, VO3-02 and VO3-03 display characteristics of
secondary effluents while VO3-01 shows features of both raw and treated wastewaters.
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Table 2. Physicochemical characteristics of different water samples from the study area treated with different ozone (O3) doses.

Water
Sample

Time
(m)

Ozone
Dose *

Turbidity
(NTU) Alky a FaO b

(mg/L)
TP c

(mg/L) pH σ

(µS/cm)
NH3-N
(mg/L)

NO3
−

(mg/L)
DO e

(mg/L)
ORP f

(mV)
RC g

(Pt-Co)
SO4

2−

(mg/L)
Cl−

(mg/L)
CN−

(mg/L)

(a)
VO3-AT

0 0.0 182 277 6.0 3.6 7.4 1153 13.9 0.04 4.2 110 30 85.7 56.0 4.2
5 0.2 182 - - - 7.9 1137 - - 7.4 119 - - - -

20 0.8 169 - - - 8.0 1148 - - 7.0 119 - - - -
60 2.3 145 - - - 8.4 1177 - - 6.5 115 - - - -
120 4.7 93 - 6.7 1.6 8.5 1170 13.4 0.35 6.8 113 15 78.4 57.0 1.7

(b)
VO3-AL

0 0.0 182 383 - - 7.6 827 - - 5.3 123 - - - -
5 0.7 164 - - - 8.1 841 - - 7.0 126 - - - -

20 0.3 140 - - - 8.4 846 - - 7.0 126 - - - -
60 0.8 132 - - - 8.5 854 - - 6.7 129 - - - -
120 1.6 114 - - - 8.6 848 - - 6.5 120 - - - -

(c)
VO3-01

0 0.0 58 235 7.2 2.0 7.3 643 10.1 0.01 3.6 137 30 66.4 45.0 3.3
5 0.5 50 - - - 7.9 646 - - 7.3 132 - - - -

20 2.1 52 - - - 8.2 648 - - 7.4 131 - - - -
60 6.3 45 - 9.6 1.3 8.4 650 10.0 0.25 7.1 125 15 69.8 48.0 1.8

(d)
VO3-02

0 0.0 8 263 ND 1.9 7.5 681 9.8 0.02 7.2 127 50 62.9 60.0 -
5 3.3 7 - - - 7.6 734 - - 6.9 134 - - - -

15 10.0 9 - - - 8.3 723 - - 7.7 130 - - - -
40 26.7 9 - ND 2.0 8.4 745 10.3 0.12 6.7 115 40 58.9 59.0 -

(e)
VO3-03

0 0.0 12 267 - - 7.2 714 - - 6.2 134 - - - -
5 3.3 11 - - - 7.3 738 - - 6.8 150 - - - -

15 10.0 11 - - - 8.0 746 - - 6.9 145 - - - -
30 20.0 11 - - - 8.4 756 - - 6.8 135 - - - -

* Ozone dose in mg O3/mg COD. a Alkalinity in mg CaCO3, b FaO, c Total phosphorous, d Conductivity, e Dissolved oxygen, f Redox potential, g Real color.
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Table 3. Chemical Oxygen Demand (COD) and Biochemical Oxygen Demand (BOD5) concentration
values during treatment with O3.
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0 0.0 505.0 181.5 64 172.0 59.5 113 64.0 22.5 43 10.0 9.6 30 10.0 10.0 30
5 33.3 371.0 156.9 63 178.0 42.0 112 39.0 - 42 19.7 9.8 28 10.0 10.0 27

15 100.0 - - - - - - - 10.0 8.1 27 10.0 10.0 26
20 133.3 201.0 117.8 56 133.0 36.6 110 25.0 14.8 36 - - - - - -
30 200.0 - - - - - - - - - - 10.0 10.0 24
40 267.0 - - - - - - - 10.0 10.0 20 - - -
60 400.0 294.0 109.6 56 130.0 62.5 110 32.0 12.6 36 - - - - - -

120 800.0 305.0 91.6 54 88.0 26.8 101 - - - - - - - - -
a Chemical oxygen demand (mg/L), b Biological oxygen demand (mg/L), c Spectral coefficient at 254 nanometers
(Abs/m).

3.2. Ozone Effect over Organic Matter (SAC254, COD and BOD5)

In all water samples, the physicochemical parameters displayed significant changes throughout
the entire experimental time. SAC254 values (Table 3) were found to be decreasing as shown: VO3-AL
(11.1%), VO3-AT (16.7%), VO3-01 (13.4%), VO3-02 (31.7%) and VO3-03 (19.4%). This tendency makes
evident the presence of aromatic organic components since it has been reported that O3 reacts directly
with them [49–51]. Besides manifesting the reduction of the aromatic fraction of OM, SAC254 reduction
also revealed the decrease of the unsaturated molecules. This can be corroborated by the observed
reduction in the cyanide’s (CN−) concentration in the VO3-AT and VO3-01 water samples, as ozone
breaks the triple covalent bonds in the molecule [19,52].

Maximum COD removal during the treatment of O3 was observed to be of 48.7% and 60.2% for
VO3-AT and VO3-AL, respectively. These removal percentages were achieved after the injection of
800 mg O3 for VO3-AT and 133.3 mg O3 for VO3-AL (Table 3a,b). With respect to VO3-01, however, a
removal of 50% of COD was reached after 60 min of contact with the O3 probably because the water
sample presented the lowest initial COD concentration and hence the treatment was more efficient
(Table 3c). Due to the low COD initial values (10 mg/L) in the VO3-02 and VO3-03 samples, the effect
of the treatment with O3 was unsusceptible (Table 3d,e). Despite the relatively low COD removal in
these samples, the results are still promising since the wastewater treatment with O3 is not reported to
be entirely suitable for COD removal as it is with SAC254 [10,53]. This is due to the fact that the direct
reaction between O3 and organic compounds does not usually change the amount of OM present in
the water but only modifies its composition (e.g., the cracking of aromatic compounds produces simple
organic compounds). Moreover, Martínez et al. [19] have reported that during the O3 treatment, the
COD might increase in the first few minutes of operation with a subsequent reduction. In the present
work, however, an increase of the COD was not observed, due to the experimental configuration where
the physicochemical parameters were measured 5 min after the operation had begun. In VO3-AL
and VO3-AT water samples, a BOD5 removal of 49.5% and 55%, respectively, was achieved after the
injection of 800 mg of O3 after 120 min of operation (Table 3a,b). Since these efficiency values were
slightly greater than those of COD, it can be assumed that in addition to removing recalcitrant organic
compounds, O3 treatment proved efficient in the removal of simple organic compounds (biodegradable
compounds). Although O3 is a selective oxidant that reacts mainly with electron donating compounds,
its by-products (OH•) do not, which conveys them the ability to oxidize all types of compounds,
hence, the reduction of both COD and BOD5 was observed. As to VO3-02 and VO3-03 water samples,
the BOD5 initial values were not high enough to observe a significant decrease during the treatment
(Table 3d,e).
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3.2.1. Organic Matter Removal (%) as Function of Different O3 Doses

Typically, the ozone dose applied in wastewater or drinking water is measured in terms of
mg of O3 per the amount of dissolved organic carbon (i.e., mg O3/DOC) [10]. On the other hand,
Wert et al. [54] measured the O3 dose in terms of mg O3 per the amount of total organic carbon (i.e., mg
O3/TOC). In the present work, the O3 dose required to oxidize the OM was measured in terms of the
initial COD (i.e., mg O3/COD), since COD encompasses more oxygen-depleting substances than DOC
and TOC. In the VO3-AL water sample, the maximum removal of SAC254, COD, BOD5 and total solids
(TS) was reached with the injection of 1.58, 0.26, 1.58 and 0.79 mg O3/COD, respectively (Figure 3a).Water 2018, 10, x FOR PEER REVIEW  11 of 26 
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Figure 3. Removal (%) of COD, BOD5, Spectral Absorption Coefficient at 254 nanometers (SAC254) and
total solids (TS) upon ozonation of water at different ozone doses and O3 contact time.

These results indicate that the O3 dose required for removing pollutants depends on the removal
target since COD, BOD5 and SAC254 are the measurements of different kinds of OM. The maximum
COD removal of VO3-AL was reached after 20 min of contact with O3 coinciding with the time at
which its organic composition reaches its maximum biodegradable character with a BOD5/COD
ratio of 0.60 (Figure 4a). Similar results to those registered for VO3-AL were also obtained for the
water sample VO3-01 as its maximum COD removal was observed to be of 60.7% (Figure 3c) and its
maximum biodegradability was 0.6 after 20 min of contact with O3 (Figure 4c). These results are in
accordance with those obtained by Yavich et al. [15], who reported that the maximum biodegradability
reached by means of ozonation of water from the Huron River in the United States of America (U.S.A),
was obtained with a 0.5 mg O3/mg of carbon dose, within 15 min of ozone contact.
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Figure 4. BOD5 and COD ratio along the ozone contact time. (a) Sampling point from Alseseca
River, (b) Sampling point from Atoyac River, (c) Sampling from Valsequillo reservoir (inside the water
hyacinth coverage), (d) Sampling from Valsequillo reservoir (after the water hyacinth coverage).

For VO3-AT water sample, the pattern was different as the maximum COD, BOD5 and SAC254

removal levels were reached until after 120 min of contact with O3 (i.e., 4.66 mg O3/COD) (Figure 3b).
As shown in Figure 4b, however, it should be emphasized that the ozone treatment increased its
biodegradability after 60 min of operation. The fact that this water sample reached its maximum
biodegradability even before it reached the maximum OM removal, indicates that during ozonation
process, the composition of OM, either recalcitrant or biodegradable, passes through many oxidative
changes modifying its soluble character and hence its bioavailability.

Regarding VO3-02 and VO3-03 water samples, the initial concentration values of COD and BOD5

were less than the other samples and hence the removal percentage was not significant (Figure 3d,e).
These results highlight the need to focus more on the BOD5/COD ratio than on the removal percentage
if the main goal is to find the adequate O3 dose that enhances the biodegradability in order to improve
the water quality in the HAS.

The results regarding the SAC254 removal are different to those of COD and BOD5 for all the water
samples, as a constant increase of the SAC254 removal percentage was registered during ozonation.
This indicates that unsaturated and aromatic compounds were still present even after the first minutes
of contact with O3. The same pattern was also observed with respect to TS (with the exception of
VO3-01), since its highest removal was registered up until the final stage of the treatment with O3.

3.2.2. Degradation Kinetics of COD, BOD5 and SAC254

In order to obtain the degradation kinetics of COD, BOD5 and SAC254 upon the treatment with
O3, the OM degradation tendency was limited to the time interval on which the maximum decrease
in concentration was observed. This interval represents the highest OM decomposition and thus, it
was used to calculate the kinetic constant for the rate of the OM removal. In Figure 5, the dotted lines
represent the above-mentioned delimitation.
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The determination coefficient of the experimental data and the kinetic constant was calculated.
Regarding COD and BOD5, the reaction rate was adjusted to a second order kinetics in the VO3-AL,
VO3-AT and VO3-01 water samples (Table 4a,b). Although OM degradation due to the O3 treatment
is best described by first-order kinetics [5], the most appropriate order of reaction is that which fits
best with the experimental results. Moreover, Crousier et al. [26] demonstrated that the removal
of dissolved organic carbon by the catalytic ozonation follows a second order reaction rate. In the
present work, the two reactants O3 and OM (i.e., COD, BOD5 or SAC254) resulted in the formation of
biodegradable products (Equation (4)).

OM + O3 → Biodegradable products (4)

This type of reaction is a theoretical second order reaction; however, as described in the
methodology section, the injection of O3 was constant during the operation time. Therefore, it can
be assumed that the O3 concentration did not appreciably change over time; and scientific research
has revealed that there is no reaction rate dependence with respect to the substance that is in excess
(constant). As a result, instead of being a second order reaction, it should be called a pseudo-first order
reaction [26,30,55]; this type of kinetics can be described as a logarithmic OM decrease.
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Table 4. Kinetic constants and their respective coefficients of determination for different reaction orders.

Water Sample
Zero Order First Order Second Order a

K b (R2) c K b (R2) c Kb (R2) c

(a) COD d

VO3-AL 14.3290 0.9556 0.0450 0.9910 0.0002 0.9998
VO3-AT 0.6807 0.8751 0.0054 0.9139 0.0004 0.9289
VO3-01 1.6921 0.8112 0.0426 0.9000 0.0012 0.9651
VO3-02 - - - - - -
VO3-03 - - - - - -

(b) BOD5
e

VO3-AL 0.6229 0.7200 0.0049 0.7913 0.0004 0.8573
VO3-AT 0.9658 0.7018 0.0208 0.7472 0.0005 0.7942
VO3-01 0.1492 0.7675 0.0088 0.8147 0.0005 0.8627
VO3-02 - - - - - -
VO3-03 - - - - - -

(c) SAC f

VO3-AL 0.0931 0.8904 0.0090 0.8924 8 × 10−6 0.8899
VO3-AT 0.0774 0.6850 0.0013 0.6998 2 × 10−5 0.7147
VO3-01 0.3274 0.9979 0.0082 0.9965 0.0002 0.9948
VO3-02 0.2357 0.9916 0.0093 0.9875 0.0004 0.9803
VO3-03 0.1764 0.9375 0.0066 0.9494 0.0002 0.9586

a Pseudo-first order reaction. Bold numbers represent the highest determination coefficient, b Kinetic constant,
c Determination coefficient, d Chemical Oxygen Demand, e Biochemical Oxygen Demand, f Spectral Absorption
Coefficient at 254 nanometers.

Regarding SAC254, the VO3-02 water sample was adjusted to a zero-order reaction. This implies
that for this water sample, degradation of aromatic and unsaturated compounds is proportional with
respect to time and, in other words, the reaction is relatively slow. For VO3-AT and VO3-03 water
samples, the reaction rate was adjusted to a pseudo-first order kinetic. Finally, the VO3-AL and VO3-01
water samples adjust better to a first order reaction since this type of kinetics describes a pronounced
logarithmic degradation. For the previously mentioned samples, the rapid decrease of SAC254 showed
that the oxidation of aromatic and unsaturated compounds by OH• was presented in both the first and
the subsequent stages of the process, leading to the formation of simple organic compounds. These
results indicate that water from the Northwest of the Valsequillo Reservoir requires a higher ozone
dose than water from the Southeast if the aim is to improve the water’s quality. Moreover, when
applying ozone to water from the Valsequillo Reservoir, the targeted pollutant, as well as the content
of OM, should be considered in order to avoid an excessive ozone injection.

3.3. Ozone Effect over Physicochemical Parameters

3.3.1. Organoleptic Properties

After 120 min of O3 treatment, turbidity in VO3-AL and VO3-AT water samples ranged from
182–93 NTU and 182–114 NTU, respectively (Table 2a,b). The decrease in the turbidity values can
be associated to ozone’s reactivity towards unsaturated and aromatic compounds which are in turn
related to hydrophobic substances (particulate matter typically found in this type of surface water),
mostly found in total suspended solids (TSS) [27]. The reaction between O3 and the hydrophobic
substances present in wastewater results in the formation of hydrophilic substances and biodegradable
by-products [6,56].

The decrease in turbidity can also be described by the “Ozone-induced particle destabilization”
proposed by Grasso and Weber [8]. The ozone assists in the destabilization and aggregation of
particles by several mechanisms that in turn depend on the characteristics of each type of water.
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Particularly, the VO3-AT and VO3-AL water samples showed high alkalinity values (Table 2a,b),
probably due to the high content of calcium coming from the groundwater of the HAS whose bedrock
is composed of limestone (rich in carbonates) [42]. Calcium is defined as a key factor in ozone-induced
particle destabilization because ozone enhances spontaneous coagulation only when calcium hardness
concentrations surpass 100 mg CaCO3/L in the wastewaters [10]. During ozonation, carboxylic acid
content increases, which leads to better complexation of calcium with natural organic matter which in
turn prompts the precipitation of these complexes [8,9,57].

The VO3-01 and VO3-03 water samples did not show significant changes in terms of turbidity
(Table 2c–e). Furthermore, VO3-02 presented a slight increase in turbidity. As stated by Gutierrez-Lopez [58],
the water at this point of the Valsequillo Reservoir is eutrophic and hosts high content of algae. Ozone may
lyse algae and liberate biopolymers, which could then act as coagulating polymers [8]. In order to observe
a change in turbidity, however, this process must be followed by flocculation (e.g., agitation or smooth
mixing) otherwise, the algae cell becomes floatable leading to a brief turbidity increase. In addition, the
slight turbidity increase at this point could be due to the formations of colloidal or suspended particles as a
result of ozonation of dissolved material [57]. It has been reported that more than 3 mg O3/L results in a
deterioration of water quality; beyond this value, particulate suspension could be restabilized [59].

Results regarding TS and TSS (Figure 6) were consistent with the turbidity results, as a decrease
of TSS was observed, especially for VO3-AT and VO3-AL water samples. Therefore, the results
showed that this type of process is more suitable in removing non-dissociated substances rather than
dissociated, since TSS decreased over time due to the O3 treatment in a more evident way than total
dissolved solids (TDS) did. These results are in accordance with Can and Gurol [60] who reported
a poor dissolved OM oxidation during ozonation treatment of surface water in Southern California,
U.S.A. Likewise, in the present study, VO3-AT and VO3-01 water samples presented a TDS removal
efficiency of 16.4% and 18.3%, respectively (Figure 6b,c). The highest removal efficiency (80%) for
TDS was observed in the VO3-02 sampling point (Figure 6d) probably because the TS is composed
of 96.16% TDS and only 3.84% TSS. Therefore, it can be assumed that the treatment with O3, in the
absence of TSS, produces oxidized substances that later precipitate resulting in the decrease of TDS.

Results concerning fats and oils were contrary to what was expected, as they showed a slight
increase in VO3-AT and VO3-01 water samples with a 4.7 and 6.3 mg O3/mg COD dose, respectively.
Although ozone has a great effect over unsaturated fatty acids (presented mainly as solid fats), it has
poor or null effect over saturated fatty acids (presented mainly as oils). Therefore, the assumption
that oils are in greater proportion than fats in VO3-AT and VO3-01 water samples is reasonable [61,62].
On the other hand, the ozonation of aromatic compounds leads to the occurrence of carboxylic acids
which in presence of simple organic matter may form organic acids such as fatty acids [(particularly
volatile fatty acids (VFA)], thus leading to an increase of this parameter [60,63].

With respect to the change in color levels, a 50% removal was registered in both VO3-AT and
VO3-01 water samples (Table 2). The color of the Atoyac River is mainly due to the discharged dyes
from textile industries (widely settled along the HAS) [38]. Ozone specifically attacks the conjugated
chains that are made up from unsaturated molecules and aromatic ring structures (chromophores) that
impart color to the dye molecules [64]. On the other hand, VO3-02 merely showed a 20% removal,
because the nature of the color in the VO3-02 water sample is different to that of VO3-AT and VO3-01
due to the presence of the chlorophyll released by the algae in that zone of the Reservoir [58]. The ozone
is also able to reduce the green coloration of eutrophic waters by simultaneously removing algae cell
and enhancing chlorophyll’s degradation [65].
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3.3.2. Total Phosphorous (TP)

In VO3-AT and VO3-01 water samples a removal of 55% and 35% of phosphorus, respectively,
was registered (Table 2a,c). As indicated previously by Zhang et al. [66], the organic phosphorus
present in water with high organic matter content is susceptible to be oxidized by ozone, which leads
to the rupture of covalent bonds and, therefore, to the appearance of phosphate ions (PO4

3−). These
ions can precipitate by combining with calcium which is found in large proportions in the water
from the HAS. This reaction gives place to the possible formation of apatite inorganic phosphorus
such as hydroxylapatite (Ca10(PO4)6(OH)2 or fluoroapatite (Ca10(PO4)6(F)2. Nevertheless, due to
the high content of chloride (Cl−) in these water samples, the apatite formed could be chloroapatite
(Ca10(PO4)6(Cl)2, frequently found is this type of waters [67]. On the other hand, in VO3-02 water
sample a slight increase of TP was registered probably because this type of water (Eutrophic) contains
a large quantity of algae whose cell walls and cell membranes are destroyed in presence of ozone
contributing to the release of organic phosphorus [66].

3.3.3. Potential of Hydrogen (pH)

pH is a parameter that normally varies along the ozonation process; depending on the chemical
composition of the water and the ozonation practice, ozonation can either increase or decrease pH [9,68].
More often, however, a pH decrease has been observed when ozone is injected to wastewater, due
to the formation of organic acids as a result of oxidation of organic matter. In the present work, the
treatment with ozone did not significantly modify the pH of the water samples, probably due to
the buffer effect related to the high alkalinity of the water studied (Table 2). The slight increase in
pH could have also been due to off-gasing of CO2 in the water at the moment of ozone injection
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(aeration) followed by supersaturation and precipitation of calcium carbonate which in turn induces
particle aggregation [9]. This path could also explain the turbidity decrease in VO3-AT and VO3-AL
water samples, previously discussed. These results are in agreement with the ones formerly reported
by Kishimoto et al. [41] who observed that during the O3 treatment of municipal wastewater from
Shiga, Japan, pH remained almost constant. Moreover, Martínez et al. [19] registered a slight pH
increase in municipal wastewater during the O3 treatment, similar to the results obtained in this study.
Edwards and Benjamin [9] also observed a slight pH increase (8.13–8.65) during ozonation of a solution
containing bicarbonate and no-natural organic matter. According to this author, carbon dioxide (CO2)
was stripped from the water by the oxygen carrier gas.

pH results also help to elucidate the type of mechanisms involving ozone and wastewater. Under
acidic conditions, the oxidation mechanism moves toward direct oxidation between O3 and chemical
compounds, whereas indirect oxidation involves the formation of hydroxyl radicals OH•, under
neutral or alkaline condition [69]. In spite of the slight pH increase registered in all processes, in
the present work, neutral conditions were predominant. Therefore, the presence of both reaction
mechanisms (direct and indirect) can be reasonably assumed.

3.3.4. Conductivity

Conductivity was found to be almost constant along the entire treatment with O3 in all the water
samples (Table 2). Degradation of recalcitrant organic compounds gives rise to the formation of less
complex compounds since ozonation might induce substrate mineralization by breaking covalent
bonds and leading to the formation of heterogeneous oxidized forms [26]. Notwithstanding the
foregoing, the complete mineralization of organic matter strongly depends on the production of
hydroxyl (OH•) during ozonation. At a higher pH, however, carbonate concentration increases and
can act as an OH• scavenger, resulting in a reduced availability of hydroxyl radicals for reaction with
organic matter [6]. Since the conductivity (σ) increase was barely perceptible, it can be assumed that the
mineralization process was not completely achieved. Thus, direct ozonation is not the proper process
to treat water from the HAS if the main goal is to mineralize chemical compounds [70]. Regardless of
the aforementioned fact, the O3 treatment aids a latter mineralization through biological processes, as
the decomposition of unsaturated and/or aromatic organic compounds contributes to the formation of
biodegradable compounds [6,71].

3.3.5. Ammonia Nitrogen (NH3-N) and Nitrates (NO3
−)

A slight increase in NO3
− content was registered in VO3-AT, VO3-01 and VO3-02 water samples

(Table 2). In spite of the fact that the oxidation of ammonia with ozone is a slow process [72] it
is known that ozone induces the process of nitrification in wastewaters [41,73,74]. In the present
work, although the NO3

− concentrations slightly increased during ozonation, the nitrification process
was not completely achieved since the ammonia nitrogen did not considerably decrease. According
to Yuan et al. [75], air-based ozone generators generally produce NOx from gaseous nitrogen (N2),
especially nitrogen monoxide (NO) which in the presence of more ozone can be converted into NO3

−.
In addition, in the Valsequillo Reservoir—notably in the Southeast area—the presence of algae is
constant [58]. Furthermore, ozone promotes the destruction of algae cells and nitrogen-containing
organic matter, leading to the production of NH3-N [65], which in turn results in an apparent poor
reduction of this compound’s concentration throughout the whole process.

3.3.6. Dissolved Oxygen (DO) and Redox-Potential (ORP)

DO showed a similar pattern in all water samples during the O3 treatment. Within the first 5 min
of operation, the highest value of DO was observed. This is probably driven by the rapid reaction
between O3 and OH− (Equation (5)). The rise in concentration of DO is said to be an indicator of the
occurrence of indirect oxidation mechanisms on which oxygen is generated [1,51,69]. In addition, the
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increase of DO may be related to the injection of oxygen-laden gas during ozonation, since, when
ozone is generated from dry air, almost 20% of the total gas corresponds to oxygen [75].

3O3 + OH− + H+ → 2OH•+ 4O2 (5)

After the rapid increase, DO remains constant at an average value of (all values in mg/L) 7.0± 0.38,
6.85 ± 0.32, 7.32 ± 0.16, 7.14 ± 0.52 and 6.87 ± 0.04 for VO3-AT, VO3-AL, VO3-01, VO3-02 and VO3-03,
respectively. The fact that the oxygen concentrations did not increase above 8.0 mg/L is due to two
factors: (1) the saturation percentage that corresponds to the barometric pressure in Mexico and (2) the
stable solubility owing to a constant temperature. Although a slight pH increase was registered in all
samples during the treatment, this was not enough to affect Henry’s law solubility constant (H), which
is why the DO concentration was nearly constant after five minutes of operation, notwithstanding the
continuous ozonation.

ORP is one of the main control parameters of wastewater treatment processes [76]. Henceforth, by
using ORP measurements, it is possible to identify the variations in the reductant or oxidant conditions
during application of ozone or any other type of advanced oxidation process [77]. In the present work,
all water samples, except VO3-01, registered an increase of ORP during the first 5 min, after this time,
it remained nearly constant (Table 2). This pattern is similar to that of DO; the coincidence between
these two parameters indicates that the presence of oxygen regulates the behavior of ORP. In addition,
water samples presented oxidative characteristics since all ORP values were above 100 mV [78], even
before the O3 treatment. The fact that the ORP did not increase abruptly, could also be due to the slight
increase in pH, since the ORP tends to decrease at alkaline conditions [79].

3.4. Ozone Effect over Major and Trace Metals

After injecting 4.7 mg O3/mg COD in VO3-AT water sample, a 90% removal of Iron (Fe) and
Aluminum (Al) was registered; while Manganese (Mn), Nickel (Ni), Zinc (Zn) and Cooper (Cu) showed
a 73%, 67%, 81% and 80% removal, respectively; Among all metals measured, chromium (Cr) registered
the highest removal [from 13.4 µg/L to non-detectable (ND)]. The same tendency was observed for
VO3-01 water sample where an 80%, near 100%, 70% and 37% removal was registered for Al, Cr, Fe and
Mn, respectively (Table 5). The mechanism involved in the removal of these metals is the precipitation
of oxides and/or hydroxides (e.g., MnO2, ferric hydroxy complexes, Al(OH)3) [56,80,81].

Concerning VO3-02 water sample, an increase in concentration was observed for Al, Fe, Mn
and Ni. The same pattern was observed for Zn in VO3-01 water sample where a 120% increase
was registered with the injection of 6.3 mg O3/mg COD. The most striking result, however, was the
one corresponding to Ni in VO3-01 water sample, as total content changed from 11.3 to 181 µg/L.
According to Edwards and Benjamin [82], the ozonation of natural organic matter (NOM) produces
organic acids (OA) such as oxalic acid, acetic acid, citric acid, etc., which, in presence of metal salts,
may lead to the occurrence of mechanisms that produce the solubilization of metals. For example, OA
form soluble complexes with the metal ions as the hydrogen acid is exchanged with a cation making
the new coordination complex more soluble. This mechanism could have occurred in both water
samples during ozonation resulting in a slight increase in the concentration of the dissolved metals.



Water 2018, 10, 1790 18 of 26

Table 5. Heavy metals and organic compounds in water samples before and after being treated with ozone.

Total Metals (µg/L) Organic Compounds (µg/L)

Water Sample Ozone Dose * Al Cr Cu Fe Zn Mn Ni Hg DEHP a DBP b DEP c DMP d DINP e IP f TPh g

VO3-AT Before (0) 6790.0 13.4 29.1 7008.5 110.3 576.0 24.1 0.2 5.8 ND ND ND ND 0.5 53.0
After (4.7) 660.0 ND 5.8 684.0 20.5 154.0 7.9 0.0 4.7 2.9 ND ND 0.9 0.4 43.7

VO3-01 Before (0) 2250.0 5.4 8.8 2275.6 40.4 365.0 11.3 0.0 ND ND ND ND ND ND 47.9
After (6.3) 450.0 ND 51.8 697.5 48.2 230.0 181.2 0.0 5.6 6.9 0.4 0.6 ND 0.1 48.3

VO3-02 Before (0) 60.0 ND ND 138.7 15.6 293.0 6.2 ND ND ND ND ND ND ND 54.8
After (26.7) 70.0 ND ND 197.1 12.4 318.0 7.5 0.1 1.6 ND ND ND ND ND 57.0

* Ozone dose in mg O3/mg COD. a Di(2-ethylhexyl)phthalate, b Dibutyl phthalate, c Diethyl phthalate, d Dimethyl phthalate, e Di(n-octil)ftalato, f Isophorone, g Total Phenols.
ND = Not-determined.
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On the other hand, water from HAS hosts a high sulfur content [83] which, in presence of
chalcophile metals (e.g., Cu, Zn and Cd), can form sulfide metals that predominate as particulate
material [84]. Ozone reacts with metal (II) sulfides by oxidizing the sulfide (-II) to sulfate (SO4

2−, +VI).
So, for each sulfate produced, one metal cation is released due to the higher solubility of the metal
sulfates [7], resulting in an increase of the metal content as well as sulfate content in the VO3-01 water
sample (Table 2). As to mercury (Hg), most of the values were found to be below the detection limit.
A slight increase in the VO3-02 water sample, however, was registered (i.e., from non-detectable to
0.1 µ/L), presumably because Hg is a chalcophile metal (affinity to sulfur) that becomes an ion when
oxidized by ozonation.

Another mechanism involved in the increase of dissolved metals could take place when metals
form complexes with organic matter like humic substances, phenolic and carboxyl groups since they
act as natural chelating ligands [85]. As demonstrated by Thalmann et al. [7], up to 40% of substances
such as metal-ethylenediaminetetraacetate (EDTA) or nitriloriacetic acid (NTA) are oxidized with a
dose ranging from 0.5–0.7 mg O3/mg DOC, releasing free metal ions into the aqueous phase. The slight
conductivity increase reported in all water samples during ozonation could be an indicator of these
type of reactions, since, when the number of ions increases, so does the conductivity (Table 2).

3.5. Ozone Effect over Organic Compounds

Ozone impacted the organic compounds in different ways depending on the type of water that
was studied. In the VO3-AT water sample, a 19%, 17% and 20% decrease was observed for DEHP, total
phenols (TPh) and isophorone, respectively (Table 5). Among all the phthalates studied in the present
work, DEHP showed the highest concentration (5.8 µg/L in the VO3-AT water sample). This result
is reasonable since DEHP is one of the most used in the industrial production of plastics [33]. These
results are in agreement with other studies that have established that the total content of phthalates in
surface water is generally less than 10 µg/L [33,86]. Given that ozone reacts directly with aromatic
compounds, a decrease in DEHP and TPh was expected. With respect to isophorone, its unsaturated
nature (α,β-unsaturated cyclic ketone) also makes it susceptible to be degradated by direct reaction
with ozone. The degradation of phthalates has been studied by Jabesa and Ghosh [2], who found that
both direct oxidation (i.e., electrophilic attack of O3) and indirect oxidation (i.e., the attack of OH•)
were simultaneously observed in the degradation of DMP by means of ozonation; preferentially under
neutral or alkaline conditions. A fall in the pH values was expected based on the fact that organic
acids are likely to be formed during ozonation of the phthalates. As indicated above, however, the
high alkalinity of HAS’s water—as a result of the presence of carbonates—acts as a buffer solution that
prevents the pH from lowering.

Interestingly, not all phthalates showed a decreasing tendency during ozonation, since both DBP
and Di(n-octyl) phthalate (DINP) were not present in the raw water (prior to ozonation) and, after
the injection of 800 mg O3/L, the production of 2.9 µg/L of DBP and 0.9 µg/L of DINP was observed.
The oxidation of complex aromatic compounds leads to the appearance of several carboxylic groups in
the same oxidized molecule. These groups can appear at terminal carbons or at a one-bond distance
from each other and subsequently go through an esterification reaction [70]. Another explanation
for the appearance of phthalates, could be, that ozone reacted with humic and fulvic acids that were
presumably contained in this type of water. According to Lawrence et al. [87], phthalates could either
be trapped compounds that are released by the oxidation of the fulvic acid matrix or be oxidized
products of fulvic acids.

In VO3-01 and VO3-02 water samples showed the same tendency, although much more pronounced,
since the appearance of phthalates was observed to be 5.6, 6.9, 0.4 and 0.6 µg/L for DEHP, DBP, DEP and
DME, respectively, with a 400 mg O3 dose. These water samples have the particularity of being influenced
by the presence of large amounts of Water hyacinths. The chemical analysis of this plant has shown that
it is made up of cellulose (20%), hemicellulose (48%) and lignin (3.5%) [88]. Delignification of cell walls
via the ozonation is possible; ozone has been shown to attack and degrade the aromatic ring structure of
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lignin which in turn release the plant’s polysaccharides such as cellulose (efficiently degraded by ozone)
and hemicellulose (poorly degraded by ozone) [89–91]. When lignin is degraded by the ozone, aromatic
compounds containing carboxyl, such as phthalates, are formed. In addition, Water hyacinths also have
an important content of humic acids (especially in the leaves) mainly made up of galactouronic acid,
which is a major component of plant’s pectins. These humic acids can also be subjected to ozone action
leading to the formation of phthalates as described above. However, as with the VO3-AT water sample,
phthalate concentration levels are expected to decrease as a consequence of subsequent ozonation.

3.6. Ozone Effect over Disinfection (Fecal Coliforms Removal)

During the ozonation process of the waters of HAS, VO3-AL, VO3-AT and VO3-01 water samples,
did not present any change in terms of FC removal (Figure 7a,b,e). According to Rodríguez et al. [92]
the indirect ozone reaction via hydroxyl radicals (OH•) is not as efficient for disinfection as the direct
reaction is. Therefore, it can be reasonably assumed that during ozonation of these particular water
samples (VO3-AL, VO3-AT and VO3-01), the major oxidation mechanism was the production of
OH•. This assumption can be validated by the poor SAC254 removal during ozonation. As stated
before, however, OH• could be the main oxidation mechanism. Nevertheless, the high carbonate
content can act as OH• scavenger, producing little effect on the aromatic compounds [6]. Another
important aspect to consider is that the disinfection effectiveness largely depends on the reactions
between ozone and dissolved organic matter, since the latter acts as an ozone scavenger, which
leads to a lack of ozone to inactivate microorganisms. With reference to VO3-02 and VO3-03 water
samples, an important FC decrease was registered, since, during ozonation, the local established limit
(NOM-001-SEMARNAT-1996, Log FC = 3 NMP/100 mL) [93] was achieved after 40 and 15 min of
ozonation, respectively (Figure 7d,e).Water 2018, 10, x FOR PEER REVIEW  21 of 26 
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Figure 7. Fecal coliforms (FC) concentration during O3 treatment for all water samples. (a) Sampling
point from Alseseca River, (b) Sampling point from Atoyac River, (c) Sampling from Valsequillo
reservoir (inside the water hyacinth coverage), (d) Sampling from Valsequillo reservoir (after the water
hyacinth coverage), (e) Sampling from Valsequillo reservoir (east zone).

These results show that if the goal of ozonation is to disinfect water from the HAS, the effectiveness
of the treatment depends on the site on which the water is collected from. In other words, water with
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high organic load (VO3-AL, VO3-AT and VO3-01) is not as eligible for ozone disinfection as water
with low OM load (VO3-02 and VO3-03) is. The null FC removal from VO3-AL, VO3-AT and VO3-01
water samples could be associated with two processes: (1) OM acts as an ozone scavenger preventing
contact between ozone and FC or (2) some inorganic matter species (such as carbonates) are chemically
reduced in the presence of ozone, which in turn also contribute to the ozone scavenging. Finally, the
suitable dose to achieve the local regulation limit in the VO3-02 and VO3-03 sampling points was
266 mg O3/L (40 min of contact time) and 100 mg O3 (15 min of contact time), respectively.

4. Conclusions

The present study provides information regarding the effect of treating wastewater with direct
ozonation by measuring 36 physicochemical water quality parameters in water samples from different
sites of the HAS.

• Water from the Alseseca River and the Atoyac River present characteristics of raw urban
wastewaters, while VO3-02 and VO3-03 water samples display characteristics of secondary
effluents. On the other hand, VO3-01 showed features of both raw and secondary effluents.

• Concerning the SAC254 levels, the results showed a decrease of the aromatic fraction in the organic
molecules or unsaturated molecules through direct ozonation, as the SAC254 removal was found
to be 31.7% in VO3-02 water sample. The maximum COD removal was 60.2% for VO3-AL water
sample with a 0.26 mg O3/mg initial COD dose. Meanwhile, for BOD5, the maximum removal
was observed to be 55% in VO3-AT water sample with a 4.6 mg O3/mg initial COD dose.

• A higher content of organic compounds (particularly recalcitrant compounds) was detected in the
area of the Valsequillo Reservoir that is covered with Water hyacinths. This is presumably due to
aquatic plant’s decomposition process when they are in their senescence stage.

• Results regarding the BOD5/COD ratio showed that the O3 treatment increased the biodegradability
in the OM of all the water samples, improving the water quality and hence setting the conditions for
the optimization of the natural attenuation process currently carried out in the Reservoir.

• Ozonation of heavy metals revealed that the process highly depends on the water’s alkalinity,
since the presence of calcium determines whether the metals precipitate or remain in their
dissolved form

• Among all the phthalates studied, DEHP showed the highest concentration levels (5.8 µg/L in
the water sample VO3-AT). During ozonation of the VO3-01 water sample, an increase in the
DEHP, DBP, DEP and DMP content was registered owing to the ozone reaction with recalcitrant
organic compounds.

• Results concerning FC showed that the O3 treatment is only suitable for water with low OM
concentrations, since OM acts as an O3 scavenger leading to a scarce contact between FC
and ozone.

The improvement of the water quality of the HAS is possible through the injection of ozone.
The O3 dose, however, must be carefully regulated to avoid the solubilization of heavy metals from
particulate material as well as the formation of new organic and potentially toxic compounds. Further
investigation must focus on the applied and consumed ozone dose.
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