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Abstract

The study investigated the effects of pre-ozonation on the parameters such as turbidity, color, chlorophyll a and
TOC on a pilot scale. The investigation results indicate that the amount of required ozone to remove TOC, color
and turbidity depends on the quality of inlet water, and the efficiency of water ozonation depends on the process
factors such as ozone dose, temperature, pH and ozone-water contact time. The study likewise shows that the
lower amount of turbidity, TOC, temperature and higher alkaline pH of sample water boost the ozonation effect on
removing the variables in question. The results also demonstrate a direct relationship between pH, ozone dosage
and contact time, as well as an indirect relationship between temprerature and the removal of parameters.
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1. Introduction

In drinking water refining, disinfection manifests a key procedure (Nabi et al., 2006). Water
disinfection plays a major role in public health by combatting the spread of water-related diseases
(Collivignarelli et al., 2018). Pre-oxidation of potable water allows eliminating color, taste, odor,
and pollutants (Van der et al., 2011). Pre-oxidation also has a significant effect on the natural
organic matter (NOM) and increases the biodegradability of organic matter (Rietveld et al., 2008).
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In water treatment, ozone represents an effective disinfectant and oxidant used before coagulation as
a pre-oxidant (Liu et al., 2006) for enhancing coagulation, oxidation of organic compounds and
improving the overall water quality (Carrim, 2006). Masoomi et al. (2019) showed that pre-
ozonation and coagulation are effective in removing physical, chemical, organic, and biological
parameters of water.

Ozone is a powerful oxidizer (Heng & Guibai, 2009) and is capable of eliminating organic
compounds in water (Honarmandrad et al., 2020; Javid et al., 2019). Ozone is commonly used for
treating potable water due to excellent reactivity and complete lack of chemical residue (Carlo et al.,
2017). Physical, chemical, and biological characteristics are the main factors determining water
quality, and ozone has a different effect on each of these properties (Masoomi et al., 2019). The
removal of NOM represents one of the main objectives of water treatment (Mahvi et al., 2011).
The organic compounds affecting water color include humic and fulvic acids, and soil humus.
Often, watercolor levels below 15 TCU are acceptable to consumers (NCBI, 2017). In general,
colored water adversely impacts human health and the environment (DFAS, 2004).

In water refining and freshwater recirculating systems, different ozone dosages are applied.
Based on the literature, multiple experiments allow evaluating the effects of ozone doses on water
quality (Aikaterini et al., 2018). Water ozonation leading to polymer breaking of a humic substance
reduces watercolor. Ozonation allows removing up to 80% of color depending on the ozone dose,
and increasing ozone dosage reduces color removal (Melin & Odegaard, 2013). Suspended
materials such as clay, silt, organic and inorganic materials, as well as other microscopic organisms
in water are caused by turbidity (Mark et al., 1981). As per the World Health Organization
standards, the maximum permissible turbidity limit for drinking water is 5 nephelometric turbidity
units (NTU) (WHO, 2011). High turbidity can significantly reduce the quality of water in lakes and
streams and has a harmful impact on human activities such as recreation and tourism. Also, it can
increase the cost of potable water treatment (MPCA, 2008). Controlling the amount of algae in
water represents one of the main uses of ozone (Carrim, 2006). Chlorophyll a manifests the main
photosynthesis pigment in green algae. Its concentration represents the volume of aquatic plants in
the water column (Water Quality Parameter Definitions, Chlorophyll a, 2019). Chlorophyll is the
primary pigment produced by algae in freshwater lakes, and its content is an important water quality
parameter used for evaluating algae performance (US EPA, 2017). Chlorophyll a is present in
micro-phytoplankton and can be used for approximating the existing biomass (Agency bbe
moldaenke, 2019). All surface waters have NOMSs, which the humic material is a significant part of.
Various analyses can be used to measure NOMs in potable water. TOC (Total Organic Carbon)
and DOC (Dissolved Organic Carbon) are the most important parameters for analyzing NOM in
water treatment processes (Sillanpaa et al., 2015). The presence of natural organic substances such
as tannic, fulvic, and humic acids in surface water changes its color (OMRC of Iran, 2007).
Changes in pH during ozonation may occur due to the production of organic acids or the use of
organic acids. In designing chemical disinfection, the CT values (disinfectant concentration * time
(mg/lI*min)) are considered sufficient to eliminate 99-99.9% of microorganisms (Twort &
Ratnayaka, 2000). Lage Filho (2010) showed that the amount of CT was directly related to the
ozone dosage and the ozone contact time with water. Morrison et al. (2012) argued that pre and

Central Asian Journal of Water Research (2021) 7(1): 70-83



72

medial ozonation do not affect the pH, DOC, and TOC. Further, chlorophyll a and total chlorophyill
spectral absorption coefficient (SAC254) does not change under the influence of pre-ozonation, yet
it is influenced by medial ozonation. Also, Torabian et al. (2006) showed that pre-ozonation in the
course of water treatment can improve TOC removal. Thus, the main objective of this study was to
assess the effects of pre-ozonation on water quality variables. This pilot study was conducted on the
water entering the Kuh-Sabz Drinking Water Refinery (DWR) located near Marvdasht City in the
southwest of Iran’s Fars Province in July 2017.

2. Materials and method

2.1. Materials and water samples

To simulate turbidity, clay and kaolinite were used; and to simulate TOC, humic acid was
added to raw water. Watercolor and chlorophyll a were simulated by adding green algae. Also,
the algae solution of NaNO3; was used to supply the nitrate required by algae. The ozone was
produced by the OPW27 Ozone Generator with the nominal capacity of 5.0 gr/hr fitted with an

air supply pump.

2.2. Analytical method

The Kuh-Sabz DWR is located in the south of Iran near Kuh-Sabz Village at 52°41°29.16"" E
and 29°55°16.79"" N. To investigate the effects of ozone on water quality parameters, initially the
sample (20 liters) was taken from the water entering the DWR, and its turbidity, color, chlorophyll
a, TOC, pH, and temperature were measured at 8.8 FTU, 17.5 TCU, 1.3 mg/l, 8.7 mg/l, 7.5 and
21.5°C, respectively. The sample underwent the simulation of turbidity, color, chlorophyll a, and
TOC.

Consequently, the turbidity, color, and TOC were regulated based on the trial and error
method. The parameter values (turbidity, color, chlorophyll a, TOC, and pH) in the simulated water
sample equaled 21.8 FTU, 19.6 TCU, 1.6 mg/l, 9.5 mg/l, and 7.5 (Table 1.). To study the effects of
ozonation on the variables, the ozone dosages of 1.0 to 5.0 gr/hr and ozone-water contact time of 5
to 20 min were selected. To increase the ozone-water contact time, the ozone injection site with 4
diffusers was placed at the bottom of the reactor cell. The sample pH underwent daily calibration
by the Swiss-made Metrohm device and buffer solutions. For measuring the TOC, the DR 4000
Spectrophotometer was used based on Method 10129; and the Algaturch device was used for
monitoring turbidity and chlorophyll a concentration. The sample color was measured as per
Standard Method 5910B. Fig. 1 shows the schematic plan of the plug flow reactor used in this
study. The sample water’s pH was adjusted by hydrochloric acid and sodium hydroxide from 4.0 to
8.6. After that, the 20-liter sample solution was prepared as per the specifications in Table 1. below.
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Table 1. Specifications of simulated water sample.

Paramet | pH Temperature Chlorophylla | Turbidity Color TOC (mg/l)
er (°C) (ug/m®) (FTU) (TCU)
Amount | 7.6 21.9 1.6 21.8 19.6 9.5

The required ozone was supplied by the OPW27 Ozone Generator with the nominal capacity
of 5 gr/hr) via air supply pump. A 20-liter glass tank (40*25*20 cm) was used for operating the pre-
ozonation process, which was divided into 4 cells by 3 baffles (20*20 cm). The ozone was injected
into the reactor via four diffusers from the cell bottom with very fine bubbles (Fig. 1.). The pre-
ozonation of water samples was conducted based on different scenarios: 0zone-water contact times
of 5, 10, 15, and 20 minutes; and ozone doses of 1.0 up to 5.0 gram(s) per hour. Finally, the
variation of water quality parameters in different scenarios was investigated. The rates (percentage)
of removal for each of the variables in each scenario are presented below.
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Figure 1. Schematic plan of experimental pre-ozonation reactor.
2. Results

The results for the 4 scenarios tested within the study’s framework are presented in Fig. 2. below.

3.1. Scenario 1

The simulated water sample was first ozonized for 5 min at different ozone doses of 1.0-5.0
gr/hr, with the pH ranging from 4.0 to 5.6, and approximate temperature of 23.9°C. Fig. 2A. shows
the corresponding changing trend in the quality parameters of the ozonized water sample; and Table
2. shows the elimination rate for the variables. Based on the results, the removal rate for turbidity,
TOC, color, and chlorophyll a were 8.3, 0.0, 3.06 and 34.5%, respectively, at 5-min contact time,
1.0 gr/hr ozone dose, pH 4.0 (acidic), and 24.35°C temperature. Increasing the ozone dosage to 5.0
gr/hr, pH to 5.6, temperature to 23.8°C, and contact time by 5 min, raised the removal rate for the

Central Asian Journal of Water Research (2021) 7(1): 70-83



74

parameters of turbidity, TOC, color, and chlorophyll a up to 17.4, 2.1, 7.7, and 49.1%, respectively.
Therefore, the alteration of water temperature, pH, 0zone dosage and ozone-water contact time had
a positive impact on the ozonation.

3.2. Scenario 2

Fig. 2B. shows the change trend in the quality of the ozonized water sample at 10 min ozone-
water contact time and different ozone dosages. As shown, with the increasing of the contact time
from 5 to 10 minutes at pH 5.6, 0zone dosage of 1.0 gr/hr and 23.79°C, the elimination rate for the
parameters of turbidity, TOC, color, and chlorophyll a equaled 2.1, 18.3, 9.2 and 49.1%,
respectively. By increasing the ozone dose from 1.0 to 5.0 gr/hr at pH 6.8 (acidic), the removal rate
for turbidity, TOC, color, chlorophyll a at 23.86°C amounted to 26.6, 6.3, 16.3, and 70.9%,
respectively. Generally, reducing temperature and increasing pH along with increasing the ozone
dose injected into the system had a positive effect on water ozonation.

3.3. Scenario 3

Fig. 1C. illustrates the trend of changes in the quality of the ozonized water samples at 15 min
ozone-water contact time for different ozone doses at pH 6.8, 23.76°C temperature, and the initial
ozone dosage of 1gr/hr. The results indicate that the removal rates for the parameters were clearly
higher compared to the previous Scenarios 1 and 2, specifically for turbidity, TOC, color, and
chlorophyll a they amounted to 26.6, 8.4, 17.9, and 56.4%, respectively. Increasing the ozone dose
up to 5.0 gr/hr at pH 8.6 and 23.60°C, the elimination rates came up to 36.7, 14.7, 27.6, and 78.2%,
respectively. Generally, reducing temperature and increasing pH along with increasing the ozone
dose and contact time had a positive impact on the water ozonation process.

3.4. Scenario 4

Fig. 2D. displays the trend of quality changes in the sample ozonized at 20 min contact time
and different (from 1.0 to 5.0 gr/hr) ozone dosages; and Table 5. indicates the removal rates for the
parameters. The sample had alkaline pH and average temperature of 23.6°C. Compared to the prior
scenarios, the removal rates for the parameters were considerably higher, specifically, for turbidity,
TOC, and color at 5.0 gr/hr ozone dose, alkaline pH (10.6) and temperature of 23.8°C they
amounted to 44.07, 32.6, 39.8, and 92.7%, respectively. The temperature was gradually reduced
from Scenario 1 to Scenario 4 (from 24.35°C to 23.8°C). Considering the higher removal of the
water quality parameters in Scenario 4, it can be argued that the ozone-water contact time as well as
temperature change affect the pre-ozonation process. The pH was changed from acidic (4.0) in
Scenario 1 to alkaline (10.6) in Scenario 4. The removal percentage for the parameters in Scenario
4 was higher than in the other three scenarios. Therefore, it can be alleged that alkaline environment
obviously influenced the pre-ozonation process, as the ozone breakdown rate raised with the
increased pH due to the production of radical hydroxyl («OH). Thus, the most important parameters
affecting water ozonation include: ozone injection site, ozone dosage, 0zone-water contact time,
water quality, temperature, and pH. Increasing the temperature limits the dissolution of ozone in
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water, and water ozonation does not take place completely. Increasing the pH leading to the
production of hydroxy! radicals, water ozonation performs better.

25 20
18 - P R
< == A
20 - v 16 - v =1
A Py
v A & @
14 -
15 -
é, E.’, 12 -
5 g 10- .—'M.
5 w0- L S 4-
2 B
L 2 6 -
ol =
4-
o- o o o o o 2-
o- o o o o o
r T T T T T 1 r T T T T T 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Ozone Dose Ozone Dose
—e—  TOC(Mgl) — e TOC(Mg))
o Chlorophyll a (ug/m3) A o Chlorophyll a (ug/m3)
v Tubidiy (FTU) v-—- Tubidiy (FTU) B
a Color (TCU) — - — Color (TCU)
18 16
16 - = ——— O
—ee=Tl < 14 - S e
- A —— \\\
14 v 12 - -ty
12 -
Q o 10 -
2 10- S
5 — e . g 4
.- —— e
F F -
- 4
2- 2-
0- ® . . . . o- ° ° ° ) °
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Ozone Dose Ozone Dose
—e—— TOC(my/l) ——*—— TOC(my/l)
L] Chlorophyll a (ug/m3) - Chlorophyll a (ug/m3)
——-v-—— Turbidity (FTU) ——-v-—— Turbidity (FTU)
— -4 —  Color (TCU) ——&.—. Color (TCU)
(3 D

Figure 2. The trends of changing quality parameters of ozonized water at different ozone
dosages and ozone contact time with water (A: 5 min, B: 10 min, C: 15 min, D: 20 min).

3.5. Assessment of removal efficiency for water quality parameters

Fig. 3. compares the removal rates for turbidity, color, chlorophyll a and TOC at different
ozone dosages (gr/hr) and contact time (Fig. 3A: contact time = 5 min, pH = 4.0-5.6, T = 24.35-
23.8°C), (Fig. 3B: contact time = 10 min, pH = 5.6-6.8, T = 23.86-23.88°C), (Fig. 3C.: contact time
=15 min, pH = 6.8-8.6, T = 23.86-23.89°C), (Fig. 3D: contact time = 20 min, pH = 6.8-8.6, T =
24.35-23.8°C).
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Fig. 3A. indicates the removal rates for the parameters at 5 min contact time, different ozone
doses (1.0 to 5.0 gr/hr), pH levels and temperatures. The mean removal rates for turbidity, TOC,
color and chlorophyll a were 15.04, 0.84, 5.4, and 40.4%, respectively. Also, it was revealed that
increasing the ozone dose up to 5.0 gr/hr, ozone-water contact time up to 20 min, pH up to 8.6, and
temperature up to 23.8°C demonstrated the best efficiency in removing the variables.

Fig. 3B. indicates the removal rate for the parameters at 10 min contact time, different ozone
dosages (1.0 to 5.0 gr/hr), pH levels and temperatures. The mean removal rates for turbidity, TOC,
color and chlorophyll a amounted to 22.28, 4.0, 12.3 and 57.8%, respectively.

Fig. 3C. shows the removal rates for the variables at 15 min contact time, different ozone
dosages (1.0 to 5.0 gr/hr), pH levels and temperatures. The mean removal rates for turbidity, TOC,
color, and chlorophyll a were calculated at 29.62, 10.52, 20.44 and 66.56%, respectively.

Fig. 3D. indicates the removal rates for the parameters at 20 min contact time, ozone dosages
of 5gr/hr, different pH levels and temperatures. The mean removal rates for turbidity, TOC, color,
and chlorophyll a amounted to 36.13, 24.4, 32.13 and 79.6%, respectively.

Also, the results show that the removal rates increased with decreasing temperature. The pH
changed from 4.0 in Scenario 1 (Fig. 3A.) to 8.6 in Scenario 4 (Fig. 3D.). The removal rates for the
parameters in Scenario 4 were higher than in the other three scenarios. Thus, it can be alleged that
by increasing the ozone-water contact time and temperature, and decreasing the pH, the removal
efficiency for the parameters increased. The results likewise indicate that the removal rate for the
variables (Fig. 3.) increased along with increasing the injected ozone dose and contact time. The
removal of turbidity, TOC, color, chlorophyll a increased significantly due to enhanced contact time
from 5 to 20 minutes. Therefore, the duration of ozonation, ozone dosage and concentration
constitute the most important factors in ozone disinfection performance. Further, the results indicate
that increasing ozone dosage and pH from acidic to alkaline, combined with reducing temperature,
positively affect the ozonation of potable water. Thus, 0zone decomposition is a function of pH and
is directly related to changes in water temperature.
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different ozone doses (gr/hr) and contact times (Fig. 3 A: contact time =5 min, pH =4.0-5.6, T =
24.35-23.8°C; Fig. 3 B: contact time = 10 min, pH = 5.6-6.8, T = 23.86-23.88°C; Fig. 3 C:

contact time = 15 min,
pH =6.8-8.6, T = 24.35-23.8°C).

4. Discussion

pH = 6.8-8.6, T = 23.86-23.89°C; Fig. 3 D: contact time = 20 min,

This pilot study aimed to investigate the effects of pre-ozonation on the drinking water
quality parameters under different conditions. The research has shown that such parameters as
temperature, pH, ozone dosage, and ozone-water contact time represent the most effective
factors in water ozonation.

Specifically, temperature and pH affected the rate of ozone
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decomposition in water — increasing the temperature reduced the rate of ozone decomposition,
while the rate of ozone decomposition grew with increasing the pH. Temperature changes
corresponded to 4 different scenarios (from 23.8 to 24.35°C), and the pH was increased (from
4.0 to 8.6). Kevin et al. (2013) and Ershov et al. (2009) showed that ozone decomposition and
solubility in water are a function of pH and temperature. With the increasing pH, the formation
speed of hydroxyl radicals ("OH) also grew leading to more efficient water ozonation. The pH
during Scenario 1 was 4.0, and was increased up to 8.6 during Scenario 4, which led to the
highest percentage of removal for the variables in question (turbidity, color, chlorophyll a,
and TOC).

The ozone decay rate increased with the increasing "OH, and as a result the effect of ozone
on other elements also increased. Thus, the study results indicate that different ozone dosages
are required for different pH levels. The decay of pollutants during pre-ozonation can take the
direct oxidation pathway using ozone molecules, as well as the indirect oxidation pathway using
ozone radicals — indirect oxidizing of a system due to the presence of ‘OH radicals. The
oxidation power of this radical is higher compared to other ozone molecules. More radicals
emerge with the increasing ozone decomposition rate due to alkaline pH. Thus, the ozone
decay rate and the reaction of ozone with other elements also grows at higher pH (Gardoni et
al., 2012).

Melicia et al. (2018) showed the efficiency of temperature and pH parameters during ozone
decomposition in water. Also, the results of the scenarios under this study demonstrate that
ozone dosage and contact time with water represent the main factors governing water ozonation.
Liu et al. (2006) pointed to O3 dosage as one of the major factors influencing its performance on
coagulation, and bringing down color, turbidity, and TOC. Other studies have shown that the
efficiency of eliminating parameters in an ozonation system grew with increasing the dose and
contact time. Previous water treatment research has shown that ozone can reduce color,
turbidity, total organic carbon depending on the dose of ozone applied (Liu et al., 2006).

The removal efficiency for the parameters (turbidity, color, chlorophyll a, and TOC)
during ozonationat 5, 10, 15 and 20 min contact time (ozone dosage of 1.0 to 5.0 gr/hr)
observed during the study are as follows. The removal efficiency for turbidity amounted to
15.0, 22.0, 30.0 and 36.2%; for color — 5.0, 12.0, 2.5 and 31.8%, respectively. The removal
efficiency for chlorophyll a were 40.5, 58.0, 67.0 and 80.0%; and for TOC — 0.85, 4.2, 11.0 and
25%, respectively. The study results show that with the increasing contact time and ozone
dosage injected into the system, the removal rates for the parameters in question also grow.
During ozonation, chlorophyll a showed the highest removal rate at 20 minutes and
ozone dosage of 5.0 gr/hr. The TOC removal rate was lower than for the other parameters, and
at 20 min contact time and 5.0 gr/hr ozone doze equaled 25.0%. In the optimal state of
the ozonation process (Scenario 4), the highest percentage of turbidity and color removal
amounted to 36.2 and 31.8%.

Ghadimkhani et al. (2006) showed that pre-ozonation had a stable effect on surface water
treatment with low impact on TOC and very low molecular weight of humic substances.
Mamba et al. (2009) showed that the percentage of TOC reduction in water sources after
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ozonation amounted to approx. 28%. Also, Carlos Amor et al. (2019) showed that the
percentage reduction of TOC was about 36% by an advanced oxidation process. In the course
of water ozonation, ozone can reduce color by breaking down polymers and organic matter in
water (Melin et al., 2000). The findings of this study demonstrate that ozone had the highest
impact on such water quality parameters as chlorophyll a, turbidity, color and TOC
(corresponding to later scenarios) with the lowest impact on TOC. Whereas Morrison and et
al. (2012) showed that medial ozonation had a positive impact on chlorophyll a, Geldenhuys et
al. (2000) stated that ozone alone had no effect on the removal of chlorophyll-a. Table 2.
compared the results of this pilot study with the findings of similar thematic studies.

Table 1. Comparison of results of this study with other target studies.

Row | Author(s) name year | Agree | Disagree
1 Mahmoudi et al. 2015 | *

2 Melicia et al. 2018 | *

3 Jung et al. 2017 | * *
4 Khadre et al. 2001 | *

5 Gardoni et al. 2012 | *

6 Kim et al. 2002 | *

7 Zhang, J. 2014 | * *
8 Spiliotopoulou 2018 | *

9 Ashfag, S.M. 2017 | *

10 Athanasios et al 2016 | *

11 Tercero Espinoza, | 2009 | *

12 Samios, S. 2007

14 Kevin et al. 2013

15 Ershov et al. 2009 | *

16 Liu et al. 2006 | *

17 Ghadimkhani et al. | 2006 | *

18 Mamba et al. 2009 | *

19 Carlos Amoretal. | 2019 | *

20 Morrison et al. 2012 | *

21 Geldenhuys et al. 2000 | *

5. Conclusion

The study results show that the quantity of ozone to remove organic compounds, color, and
turbidity depends on the input water quality. As per the results of this pilot study, water
parameters got increasingly removed by increasing the dose of ozone injected into the reactor
(from 1.0 to 5.0 gr/hr) corresponding to 4 different scenarios; with the 20 min ozone-water
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contact time and ozone dosages of 5.0 gr/hr demonstrating the highest percentage of removing
the parameters at pH 8.6.

The analysis of the study outcomes points to the greatest impact of ozone on water quality
parameters: foremost on chlorophyll a, turbidity, and color, and TOC at later stages, with the
least impact on TOC. The study results indicate that different ozone doses are required for
different pH levels. The pH in Scenario 1 was 4.0, and was increased up to 8.6 in subsequent
scenarios, with the highest removal efficiency occurring in Scenario 4. Likewise, the study
results point to *OH as the key initiator of ozone decay. Ozone dissolves in aqueous solutions
with pH below 7.0; otherwise it cannot react with water and exists in the O3 molecular form.
As pH increases, decomposition takes place automatically and consequently different reactive
free radicals such as *OH emerge. The results indicate that the highly efficient removal of the
variables in question occurred at alkaline pH (8.6), which corresponds to the findings of other
similar research. Also, ozone-water contact time plays a major role in water disinfection with
oxidizing materials like ozone. With the longer contact time, the amount of dissolved ozone in
water grows enhancing the removal rate for variables. Thus, while designing ozonation tanks
the contact time should be considered one of the basic design parameters. To ensure proper
contact time, ozonation contactors should be fitted with baffles.

References

Agency bbe moldaenke (2019). Chlorophyll Detection with Algae Class Dierentiation,
Chlorophyll Fluorometer Detect Algae, Cyanobacteria, Diatoms (https://www.bb
moldaenke.de/en/products/chlorophyll.htm);

Aikaterini, S., Paula, A.R.T., Ravi, K.C., Kamilla, M.S. (2018). Ozonation control and effects
of ozone on water quality in recirculating aquaculture systems. Journal of Water Research, 133,
pp. 289-298 (doi: 10.1016/j.watres.2018.01.032);

Ashfag, S.M. (2017). To study the performance of the ozone contactor using numerical
tool. International Journal of Current Engineering and Technology, 7 (1), pp. 55-61;

Athanasios, A., Thorsten, S., Carlo, G., Roger, A.F. (2016). Contact Tank Design Impact
on Process Performance. Environ Model Assess, 21, pp. 563-576;

Carlo, N., Carmelo, M., Paolo, S. (2017). Effects on Water Management and Quality
Characteristics of Ozone Application in Chicory Forcing Process: A Pilot System. Agronomy,
7 (2) (doi:10.3390/agronomy7020029);

Carlos, A., Leonilde, M., Marco, S.L. and Jose, A.P. (2019). Application of Advanced
Oxidation Processes for the Treatment of Recalcitrant Agro-Industrial Wastewater: A Review.
Journal of Water, 11 (2), 205 (doi:10.3390/w11020205);

Carrim, A.H. (2006). The effect of pre-ozonation on the physical characteristics of raw water
and natural organic matter (NOM) in raw water from different South African water resources
[dissertation]. Potchefstroom, South Africa: North-West University;

Central Asian Journal of Water Research (2021) 7(1): 70-83


https://www.bb/
https://link.springer.com/article/10.1007/s10666-016-9502-x#auth-1
https://link.springer.com/article/10.1007/s10666-016-9502-x#auth-2
https://link.springer.com/article/10.1007/s10666-016-9502-x#auth-3
https://link.springer.com/article/10.1007/s10666-016-9502-x#auth-4

81

Collivignarelli, M.C., Abba, A., Benigna, 1., Sorlini, S., Torretta, V. (2018). Overview of the
main disinfection processes for wastewater and drinking water treatment plants. Sustainability, 10
(1), pp. 1-21 (doi: 10.3390su10010086);

Department of Fisheries and Aquatic Sciences, DFAS (2004). A beginner’s guide to water
management: Color, 1st Edition, Institute of Food and Agricultural Sciences, University of Florida;

Ershov, B.G., Morozov, P.A. (2009). The kinetics of ozone decomposition in water, the
influence of pH and temperature, Russian Journal of Physical Chemistry A., 83, pp. 1295-1299;

Gardoni, D., Vailati, A., Canziani, R. (2012). Decay of Ozone in Water: A Review,
Ozone: Science & Engineering. The Journal of the International Ozone Association, 34 (4),
pp. 233-242,;

Geldenhuys, J.C., Giard, E., Harmse, M., Neveling, K., Potgieter, M. (2000). The use of
ozonation in combination with lime and activated sodium silicate in water treatment. Final
Report to the Water Research Commission. Scientific Services, Rand Water. WRC Report
No: 446/1/00, ISBN 1 86845 549 1;

Ghadimkhani, A.A., Torabian, A. and Mehrabadi, A.R. (2006). Preozonation and
prechlorination effect on TOC removal in surface water treatment. Pakistan Journal of Biological
Science, 9 (4), pp. 708-712;

Heng, L.J., Guibai., L. (2009). Algae Removal by Ozone. State Key Laboratory of Urban
Water Resource and Environment (SKLUWRE), School of Municipal and Environmental
Engineering, Harbin Institute of Technology, Harbin. Desalination, 239 (1-3), pp. 191-197;

Honarmandrad, Z., Javid, N., Malakootian, M. (2020). Efficiency of ozonation process
with calcium peroxide in removing heavy metals (Pb, Cu, Zn, Ni, Cd) from aqueous solutions.
SN Applied Sciences, 2, 703 (doi.org/10.1007/s42452-020-2392-1);

Javid, N., Nasiri, A., Malakootian, M. (2019). Removal of nonylphenol from aqueous
solutions using carbonized date pits modified with ZnO nanoparticles. Desalination and Water
Treatment, 141:140-148;

Jung, Y., Hong, E., Kwon, M., Kang, JW.A. (2017). Kinetic study of ozone decay and
bromine formation in saltwater ozonation: effect of Os dose, salinity, pH and temperature.
Chemical Engineering Journal, 312, pp. 30-38;

Kevin, G.H., Rhulani, N.N. (2013). Decomposition of Ozone in Water, Chemical
Technology (https://www.researchgate.net/publication/263388796);

Khadre, M.A., Yousef, A.E., Kim, J.G. (2001). Microbiological aspects of ozone
applications in food: a review. Journal of Food Science, 66 (9), pp. 1242-1252;

Kim, J.H. (2002). Integrated optimization of cryptosporidium inactivation and bromate
formation control in ozone contactor. PhD Dissertation, University of Illinois: pp. 11-16 and
19-30;

Lage Filho, F.A. (2010). Ozone application in water sources: effects of operational
parameters and water quality variables on ozone residual profiles and decay rates. Brazilian
Journal of Chemical Engineering, 27 (4), pp. 545-554;

Liu, H.L., Wang, D.S., Shi, B.Y., Wang, M., Tang, H.X. (2006). Effects of pre-ozonation on
organic matter removal by coagulation with IPF-PACI. J Environ Sci (China), 18 (3), pp. 453-458;

Central Asian Journal of Water Research (2021) 7(1): 70-83


https://link.springer.com/journal/11504
https://www.researchgate.net/publication/263388796

82

Mahmoudi, A., Shafahee, H.A., Roudbari, A.A. (2015). The effects of water ozonation
on disinfection by-product formation. International Journal of Health Studies, 1 (1), pp. 32-35;

Mahvi, A.H., Malakootian, M., Fatehizadeh, A., Ehrampoush, M.H. (2011). Nitrate
removal from aqueous solutions by nanofiltration. Desalination and Water Treatment, 29 (1-
3), pp. 326-330;

Mamba, B.B., Krause, R.W., Matsebula, B., Haarhoff, J. (2009). Monitoring natural
organic matter and disinfection byproducts at different stages in two South African water
treatment plants. Water SA, 35 (1), pp. 121-7 (doi: 10.4314/ wsa.v35il1.76650);

Mark, W., Lechevallier, T., Evans, M., Ramon, J. (1981). Effect of turbidity on chlorination
efficiency and bacterial persistence in drinking water. Applied and Environmental Microbiology,
42 (1), pp. 159-167;

Masoomi, B., Jaafarzadeh, N., Tabatabaie, T., Kouhgardi, E., Jorfi, S. (2019). Effects of pre-
ozonation and chemical coagulation on the removal of turbidity, color, TOC, and chlorophyll a
from drinking water. Environmental Health Engineering and Management Journal, 6 (1), pp. 53-
61 (doi: 10.15171/EHEM.2019.06);

Melicia, C.G., Allan, E.W., Isabella, B.G., Renata, V.T, Otniel, F.S, Rogerio, G., Davy
William, H.C. (2018). Effect of water temperature and pH on the concentration and time of
ozone saturation. Braz. J. Food Technol., 21 (€2017156, doi.org/10.1590/1981-6723. 15617);

Melin, E.S., Odegaard, H. (2000). The effect of biofilter loading rate on the removal of
organic ozonation by-products. Journal of Water Research, 34 (18): 4464-4476
(doi:10.1016/S0043-1354(00)00204-9);

Minnesota Pollution Control Agency, MPCA (2008). Turbidity: Description, Impact on
Water Quality, Sources, Measures - A General Overview, Water Quality/Impaired Waters, 3.21
(www.pca.state.mn.us);

Morrison, S., Venter., A., Barnard, S. (2012). A case study to determine the efficacy of
ozonation in purification processes. Water SA, 38(1), pp. 49-54 (doi: 10.4314/wsa.v38il.7);

Nabi, R., Jafari, H., Karbassi, A.R., Nasrabadi, T. (2006). Application of ozonation in
drinking water disinfection based on an environmental management strategy approach using
SWOT method. Iranian Journal of Environmental Health Science & Engineering, 3 (1), pp. 23-
30;

National Center for Biotechnology Information (NCBI ), Bookshelf (2017). A Service of
the National Library of Medicine, National Institutes of Health, Guidelines for Drinking Water
Quality (Acceptability Aspects: Taste, Odour and Appearance): Fourth Edition Incorporating
the First Addendum, Geneva: World Health Organization
(https://www.ncbi.nlm.nih.gov/books/NBK442378);

Ozone Medicine Research Center, OMRC, (semi-industrial) of Iran (2007). The method of
destruction and removal of metals, colors, and organic matter with ozone (www.0zone.ir);

Rietveld, L., van der Helm, A., van Schagen, K., van der Aa, R., and van Dijk, H. (2008).
Integrated simulation of drinking water treatment. J. Water Supply Res. Technol. AQUA. 57, pp.
133-141;

Central Asian Journal of Water Research (2021) 7(1): 70-83


https://doi.org/10.1590/1981-6723.15617
http://www.pca.state.mn.us/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/books/NBK442378
http://www.ozone.ir/

83

Samios, S., Lekkas, T., Nikolaou, A., Golfinopoulos, S. (2007). Structural
investigations of aquatic humic substances from different watersheds. Desalination, 210 (1),
pp. 125-37;

Sillanpaa, M., Matilainen, A., Lahtinen, T. (2015). Natural Organic Matter in Water,
Characterization and Treatment Methods, Science Direct, pp. 17-53
(https://doi.org/10.1016/B978-0-12-801503-2.00002-1);

Spiliotopoulou, A., Rojas-Tirado, P., Chhetri, R.K., Kaarsholm, K.M.S., Martin,

R., Pedersen, P.B., Pedersen, L.F., Andersen, H.R. (2018). Ozonation control and effects of
ozone on water quality in recirculating aquaculture systems. Water Res., 15 (133), pp. 289-
298;

Summerfelt, S.T., Sharrer, M.J., Tsukuda, S.M., Gearheart, M. (2009). Process requirements
for achieving full-flow disinfection of recirculating water using ozonation and UV irradiation.
Aquacult. Eng., 40, pp. 17-27;

Tercero Espinoza, L.A., Rembor, M., Matesanz, C.A., Heidt, A. and Frimmel, F.H.
(2009). Formation of bromoform in irradiated titanium dioxide suspensions with varying pH
otocatalyst, dissolved organic carbon and bromide concentrations. The journal of Water Res,
43 (17), pp. 4143-4148 (doi: 10.1016/j.watres.2009.06.038);

Torabian, A., Ghadim-Khani, A., Rashidi-Mehr-Abadi, A., Shokouhi-Harandi, M., Janbeglu,
R. (2006). Analyzing the Effect of Preozonation on Removing the Total Organic Carbon in
Surface Water Treatments. Journal of Water and Wastewater, 58;

Twort, A.C., Ratnayaka, D.D., Brandt, M.J. (2000). Water supply. Fifth Edition, Arnold
and IWA Publishing, London;

U.S. Environmental Protection Agency, US EPA (2017). National Lakes Assessment, Field
Operations Manual. EPA, 841-B-16-002. US EPA, Washington, D.C., 95;

Van der Aa, L.T.J., Rietveld, L.C. and van Dijk, J.C. (2011). Effects of ozonation and
temperature on the biodegradation of natural organic matter in biological granular activated carbon
filters. Drinking Water Engineering and Science, 4 (1), pp. 25-35 (doi:10.5194/dwes-4-25-2011);

Water Quality Parameter Definitions, Chlorophyll a (2019). (https://www.epa.sa.gov.au/data
and publications/water quality monitoring/lower lakes/lower lakes water quality parameters);

World Health Organization, WHO (2011). Guidelines for Drinking Water Quality, WHO
Press, Geneva, Switzerland, 4th edition;

Zhang, J., Andres, E., Martinez, T. and Zhang, Q. (2014). Evaluation of Large Eddy
Simulation and RANS for Determining Hydraulic Performance of Disinfection Systems for
Water Treatment. Journal of Fluids Engineering, 136 (12) (doi: 10.1115/1.4027652).

Central Asian Journal of Water Research (2021) 7(1): 70-83


https://www.sciencedirect.com/science/book/9780128015032
https://doi.org/10.1016/B978-0-12-801503-2.00002-1
https://doi.org/10.1016/B978-0-12-801503-2.00002-1
https://www.ncbi.nlm.nih.gov/pubmed/?term=Spiliotopoulou%20A%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rojas-Tirado%20P%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chhetri%20RK%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kaarsholm%20KMS%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/?term=Martin%20R%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/?term=Martin%20R%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pedersen%20PB%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pedersen%20LF%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/?term=Andersen%20HR%5BAuthor%5D&cauthor=true&cauthor_uid=29407710
https://www.ncbi.nlm.nih.gov/pubmed/29407710
http://fluidsengineering.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=Andr%c3%a9s+E.+Tejada-Mart%c3%adnez&q=Andr%c3%a9s+E.+Tejada-Mart%c3%adnez
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1115%2F1.4027652

