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Abstract: Polluted sea water is a common problem in coastal cities, but its decontamination
remains a big challenge due to the existence of salt ions, which may invalidate many
prevailing treatment methods originally developed for waste fresh water. This work presents
the first attempt to decontaminate the polluted sea water by synergizing two separate
processes: photocatalysis and ozonation. For low cost and human safety, the ozone
concentration is kept to be < 60 ppm in the pumping gas (0.026 ppm in solution). Mechanism
studies and experimental comparisons show that the photocatalysis, the ozonation and the
photocatalytic ozonation (PCO) all have lower efficiencies in sea water than that in fresh
water, and the PCO is always more efficient than only the photocatalysis or only the
ozonation. More specifically, the PCO has a reaction rate constant about 23 times higher than
only the ozonation. In addition, the sea water shows a positive synergistic effect of
photocatalysis and ozonation and reaches the maximum when the pumping gas has an ozone
concentration of 50 ppm in gas. In contrast, the fresh water shows a negative synergistic
effect. Mechanism study using experiments infers that the dissolved ozone can enhance and
stabilize the photocurrent by rapidly scavenging the photoelectrons. This work may pave the
way to practical applications of sea water decontamination with high efficiency and low cost.
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1. Introduction

Waste water has long been a big problem of modern society.[1] Most of the waste water
results from the use of fresh water (e.g., bathing, washing machine) and thus the major effort
of waste water treatment has been made to the polluted fresh water. To save the precious
fresh water resource, many coastal cities (e.g., Hong Kong) choose to use sea water for
routine tasks (e.g., toilet flushing, pavement washing), and thus produce huge amount of
polluted sea water. Due to the existence of salt ions, most prevailing waste water treatment
methods (e.g., chemical method, bacteria growth) that are highly efficient for polluted fresh
water do not work for the polluted sea water.[2]

Other advanced oxidation processes such as photocatalysis and ozonation have been
attempted to decontaminate the waste sea water.[1][3][4] Nevertheless, the photocatalysis [5-
9] usually has low efficiency in sea water. This is because both inorganic cations (i.e., Ca?*,
Cu?*, Mg?*, Fe?*, Zn?*, AI**) and inorganic anions (i.e., CI,, CIOs", 104, PO4>) adversely
affect the photocatalytic water treatment.[10-14] It is found that Cu?*, Fe?*, AI**, CI', POs*
may decrease oxidization reaction rates while Ca%*, Mg?*, Zn?* often have negligible effect.
Besides, the CI" accounts for the inhibitory effect on TiO> photocatalysis through a
preferential adsorption displacement mechanism over the surface bound OH" ions. This
reduces the number of OH" ions available on the TiO» surface, and the substituted CI" also
increases the recombination of electron-hole pairs.

Similarly, ozone has been applied to decontaminate the waste sea water but has shown
reduced degradation performance,[15][16] again due to the salt ions. Photocatalytic
ozonation (PCO) is a combination of both the photocatalytic process and the ozonation
process at the same time. It is found very promising for the treatment of waste fresh water,
and there is even a synergistic effect of photocatalysis and ozonation.[17] Nevertheless, little
work has been done to explore the PCO for the waste sea water. This paper aims to fill this
gap by conducting mechanism studies and experimental investigations of the PCO in sea
water. We will try to find the optimal conditions of the PCO, to examine the synergistic effect
and to study the influence of salinity.

2. Materials and Methods

2.1 Experimental setup

Decontamination experiment is carried out using a reactor system as shown in Fig. 1. The UV
reactor consists of a cylindrical container (height 20 cm and inner diameter 9 cm), a UV light
source and an ozone supply system. The cylindrical container is a glass bottle which filled with
the water sample. The UV light source is a medium pressure Hg tube (25 W with 8 W (94
W/cm?) in the UV-C spectrum, from Cnlight Ltd). It is inserted along the central line of the
container to irradiate the water sample. The ozone supply system utilizes compressor air as the
gas source. Part of the compressed air (CA) goes through an ozone generator (OG, from YEK
High-Tech Ltd.) to generate ozone gas by electric discharge. The other part of compressed air
is monitored by a flow meter (FM1) and is then used to dilute the ozone gas via a gas mixer
(GM). An ozone sensor (OS, from Bosean) is used to monitor the ozone concentration and
another flow meter (FM2) is used to measure the flow rate of mixed ozone gas. The ozone



concentration can be controlled by adjusting the flow rate of the diluting compressed air.
Finally, the ozone gas is pumped into the bottom of the cylindrical container. Two aeration
stones (length 27 mm and diameter 12 mm) are used to disperse the ozone gas into small
bubbles. A hole is drilled at the side surface of the bottle near the bottom, through which the
tube injects the ozone gas into the aeration stones. This improves the dissolution of ozone into
water and helps stir the water sample when the bubbles move up.

In the decontamination experiments, if only the ozonation effect is tested, the photocatalyst and
the UV tube are not placed in the cylindrical container. For the photocatalysis and/or the UV
effect, the photocatalyst and/or the UV tube will be used correspondingly. After the degradation
process, the water sample is measured by a UV-visible spectrometer (UV-2550, spectral range
250 — 900 nm, from Shimadzu). The 665-nm absorptance of the treated solution is ratioed to
that of the original solution to represent the concentration of methylene blue (MB). Then, the
decontamination rate can be calculated.

2.2 Materials

To indicate the degradation, the model chemical utilizes the dye solution of MB with the
concentration of 3 <10 M. The sea water sample is 35wt% (non-purified, raw) sea salt with
deionized (DI) water, corresponding to the NaCl concentration of 0.6 M. The photocatalytic
material is P25 TiO2 nanopowder (Aeroxide, Sigma Aldrich) with the primary particle size of
21 nm. The TiO; solution has the concentration of 1 g-L™t. After the decontamination, the
nanopowders can be removed by centrifugation.

2.3 Experimental procedures

The experimental studies of this work consist of several tests: solubility of ozone, comparison
of ozonation and photocatalysis, synergistic effect of PCO, and influences of salt concentration
on the PCO. Here we elaborate the details of experimental procedures.
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Figure 1. Schematic diagram of the experimental setup. The cylindrical reactor contains the
water sample and has a UV tube inserted at the center as the light source. The bottom of the
reactor has aeration stones for dispersing the pumped gas into bubbles. The concentration of
ozone is controlled by mixing the compressed air with the ozone from an ozone generator.
CA: compressed air source; OG: ozonation generator; FM1: flow meter 1; GM: gas mixer;
OS: ozone sensor; FM2: flow meter 2.



To test the solubility of ozone in sea water and DI water, standard starch-iodide method is used
to measure the ozone concentration. Previous study reported a detection limit down to 75 ppbw,
which is equivalent to 75 g L™ In this work, the basic water samples are deionized water
(DIW, resistivity 18.2 MQ cm) and sea water. Different concentrations of ozone are pumped
into the solutions in the reactor system. Overdosed potassium iodide (KI) is added into the
solution to obtain iodine. Then, starch is added into the water sample, whose color would be
changed from colorless to dark-blue in the presence of dissolved ozone. The color of the dark-
blue solution is measured by the UV-visible spectrometer. Other tests for the iodine
concentration in water are also conducted for calibration. Different concentrations of iodine are
added into 5% ethanol solution with starch. And the color of dark blue is measured by the UV-
visible spectrometer as well.

To test the ozonation effect in different concentrations of ozone,[17] the sea water with 30 UM
MB is blown by different concentrations of ozone gas. And the color change is measured by
the UV-vis spectrometer too. Similarly, the PCO effect is tested with different concentrations
of ozone; however, TiO, nanoparticle (concentration 1 g-L™) is added into the solution and the
UV tube is used to provide the ultraviolet C (UV-C) irradiation during the reaction. In addition,
the photocatalytic degradation using the 30 M MB solution is carried out as the reference. To
find out the synergistic effect of the photocatalysis and the ozonation, the degradation
efficiencies of the photocatalysis, the PCO and the ozonation are compared.

To study the influence of salt concentration, the PCO experiments utilize 25%, 50% and 75%
sea water solutions with 30 M MB. Here the percentages of 25%, 50% and 75% represent
the concentration relative to the standard sea water. The procedures are similar to those of
the PCO tests using different concentrations of ozone, except that here the concentration of
ozone is fixed.

3. Mechanisms

3.1 Mechanisms of photocatalysis, ozonation and PCO in fresh water and sea water

For proper design of experiments and appropriate interpretation of test results in this work,
the reaction mechanisms that underlie the photocatalysis, the ozonation and the PCO should
be investigated. Many articles have reported detailed studies.[18-27] Here we will summarize
those directly related to our work. Fig. 2(a) depicts the mechanism of photo-excited electrons
and holes pair when the TiO2 particle is irradiated by the photons with the energy > 3.2
eV.[28] On the TiO> surface, the electrons and holes can be captured by the ions and other
chemical species in the water sample. In the fresh water, the major compounds are H*, OH~
and dissolved O>. In the sea water, there are abundant CI~ ions. For instance, the concentration
of ClI"is 0.6 M in 3.5 wt% sea water. Therefore, the reaction pathways become different.
For the photocatalysis in the fresh water, the holes can directly oxidize the organic pollutants
or combine with OH" to form *OH radicals, which are highly oxidative; and the electrons can
be scavenged by the adsorbed O> molecules, which eventually form *OH radicals for
oxidation of the organic pollutants.[18-20] However, in the sea water, the photocatalytic
reactions are very different, as illustrated in Fig. 2(b). In this case, the direct hole oxidation
is prohibited. Instead, the holes are scavenged by the abundant CI ions to convert into the



CI* radicals and the OCI* radicals, which are all oxidative.[13][29-32] Now we can see that
the major oxidative species are the CI* radicals in the sea water, as compared to the *OH
radicals in the fresh water. Since CI* has weaker oxidation power than *OH, the sea water
has a weaker photocatalytic activity than the fresh water.[33-39] For easy discussion, the
oxidation powers of some common agents are listed in Table 1. For instance, the hydroxyl
radical *OH has the redox potential of 2.86 V with respect to standard hydrogen electrode
(SHE), just slightly lower than that of fluorine atom (2.87 V vs. SHE).
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Figure 2. Mechanisms of the semiconductor photocatalysis in fresh water and the
photocatalytic ozonation in sea water; (a) In the photocatalysis of fresh water, the photo-
excited electrons and holes react with dissolved O, and OH" to generate free *OH radicals,
which has high oxidation power to oxidized most organic pollutants;[40] (b) In the
photocatalytic ozonation of sea water, the electrons are captured by Os to generate “OH, and
the holes are scavenged by CI- ions to generate OCI” radicals.

Table 1. Redox potential of oxidizing agents with respect to standard hydrogen electrode
(SHE) [43].

Species Potential (V vs. SHE)
Fluorine atom (F) 2.87
Hydroxyl radical ("OH) 2.86
Oxygen atom (O) 2.42
Ozone molecule (O3) 2.07
Hydrogen peroxide (H20) 1.78
Hypochlorous acid (HOCI) 1.49
Chlorine atom (CI) 1.36
Chlorine dioxide (CIO,) 1.27
Oxygen molecule (O2) 1.23
Hydrogen atom (H) 0.00

The ozonation processes are also different in fresh water and sea water. In fresh water, the
dissolved ozone molecules can directly oxidize the organic molecules, or combine with OH~
ions to form *OH radicals.[41][42] In sea water, the 0zone molecules can still contribute to
the direction oxidizing reaction. Nevertheless, the abundance of salt ions like ClI~ makes it



more probably go through indirect reactions to form CIO™ and CIO3™ ions.[43-45] In the sea
water, the oxidizing species are mainly CIO~, which are different from *OH radicals in the
fresh water. Since the oxidizing power of CIO™ (potential 1.49 V vs. SHE, see Table 1) is
weaker than that of *OH (potential 2.86 V vs. SHE), it is expected that the ozonation effect
in sea water is weaker than that in fresh water.

Here we present more details of the mechanisms of PCO in fresh water and sea water. In
fresh water, the ozonation in the presence of UV-irradiated TiO2 can produce OHe radicals
by forming an ozonide radical (O3*", see Fig. 2(b)), [46][47] which can go further to form
the *OH radicals. The reactions are as below.

O3+ — Os* (l)
O3*~+H"* — HOsz* 2
HOs* — 02+ *OH 3)

In sea water, the CI~ ions can react with the already-generated oxidizing radicals (e.g., HO3*,
*OH) by possible reactions like (see Fig. 2(b))

HOs* +CI~ — ClI*+OH +0; (4)
*OH+ClI" — OCI* +H,0 (5)
OCI* +H* — HOCI (6)
*OH+CIOs= — OH +*ClOs @)

Again, the resulted ions CI*, OCI*~ and *CIO3 have weaker oxidizing powers. Therefore, the
sea water has a weaker PCO effect than the fresh water.

Based on the above discussions of the mechanisms, we can summarize that: (i) the sea water
has always weaker oxidizing effect than the fresh water in all the processes of the
photocatalysis, the ozonation and the PCO, this is due to the reaction of salt ions (like CI")
with the highly oxidative radicals (e.g., *OH) to generate relatively weak radicals (like OCI*,
*ClOz3); (ii) the PCO has faster oxidation rate than only the photocatalysis or only the
ozonation due to the combined effect of the direction ozonation and the rapid scavenging of
photo-excited electrons. However, the study of mechanisms cannot tell whether the
photocatalysis and the ozonation have a synergistic effect (i.e., the PCO effect is higher than
the summation of the photocatalytic effect and the ozonation). This needs experimental
studies.

3.2 Experimental proof of rapid scavenging of photo-excited electrons by ozone

As stated above, the dissolved ozone is beneficial to the photocatalysis by the rapid
scavenging of photo-excited electrons. This is an important effect. To prove it, we can
compare the photocurrents of UV-irradiated TiO> without ozone (i.e., only the
photocatalysis) and with ozone (i.e., the PCO). The experimental results are showed in Fig.
3. Photocatalysis starts at 1 minute with the turn-on of UV light and the continuous pumping
of air, the photocurrent density raises from -0.033 mA/cm? (dark current) to 0.47 mA/cm?
(peak at 2.5 min) and gradually drops to 0.42 mA/cm? (at 8 min). The reduction of current
may be due to the increased electron-hole recombination on the TiO> surface. From 8 min,
the ozone gas replaces the air to be pumped into the solution, the photocurrent density starts
to increase and then becomes stable at 0.61 mA/cm? (after 37 min). The replacement of air



by ozone results in two results: (1) The photocurrent is increased by ~50%; (2) the
photocurrent of photocatalysis (i.e., using air) drops gradually while the photocurrent of PCO
(i.e., using ozone) is very stable. These can be attributed to the effect that the dissolved ozone
can rapidly scavenge the photo-generated electrons from the TiO, surface, increasing the
photocurrent and suppressing the electron/hole recombination.
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Figure 3. Proof of the rapid scavenging of photo-excited electrons by the dissolved ozone
through comparing the photocurrent densities of the photocatalysis (pumped with air) and
the PCO (pumped with ozone). Photocurrent of photocatalysis peaks at 0.47 mA/cm? (at 2.5
min) and drops gradually with time. In contrast, photocurrent of PCO peaks at 0.61 mA/cm?
(after 37 min) and is then stable. The experimental observations show that the presence of
ozone has the benefits: (1) increasing the photocurrent by 50%; and (2) suppressing the
electron/hole recombination, proving that the dissolved ozone can rapidly move away the
photoelectrons from the TiO; surface.

4. Results and Discussion

4.1 Solubility of ozone in fresh water and sea water

Since the PCO combines the photocatalytic process and the ozonation process at the same
time, the solubility of ozone in the solution would directly affect the performance of the
organic degradation. Therefore, the solubility is first examined in this work.

In theory, Henry’s law is the base for the study of gas solubility. It states that the amount of
dissolved gas is proportional to its partial pressure in the gas phase. The proportionality factor
is called the Henry's law constant H (i.e., the solubility), which is the ratio of the aqueous
phase concentration ca to its gas phase concentration cq as given by H = ca/cy. For an ideal
gas, the conversion can be transferred as H = H® < RT, where H® = cJ/p, p is the partial
pressure of that matter in the gas phase under equilibrium conditions, R is the gas constant
and T is the temperature (in K). Sometimes, this dimensionless constant is also called the
"water-air partitioning coefficient” KWA. It is closely related to the slightly different
definition of the “Ostwald coefficient”.[48]

We have collected the reported experimental data of ozone solubility in fresh water as
summarized in Fig. 4, which plots the dimensionless Henry’s law constant H as a function of
the temperature T. [49-52] It covers the temperature range from 0 to 45 °C. In Fig. 3, the
Henry’s law constant can be fit by H = 3.90 x 10* exp(-0.041T). Therefore, the ozone



concentrations in fresh water by pumping the 50-ppm gas phase ozone would be 20.4 pg-L™*
and 16.6 pg-L at 25 °C and 30°C, respectively.
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Figure 4. Solubility of ozone in fresh water (i.e., DI water). The data points are collected
from literature and are plotted as dimensionless Henry’s law constant H versus temperature
T. The increase of temperature leads to a reduction of Henry’s law constant and consequently
a lower ozone solubility in fresh water.

In sea water, the solubility is even lower. It depends considerably on the concentration of
salt. The ozone solubility in the aqueous solutions of NaCl, KCI, Na;SOs, MgSO4 and
Ca(NOz3). were measured at 25 °C. At each concentration, three to five experiments were
carried out; the mean values of the Henry’s law constant are listed in Table 2. The solubility
of solutions is generally lower than that of DI water. For instance, the dimensionless Henry's
constant is measured to be H = 0.267 in the DI water, but it is only 0.160 for the 0.5-M
Na>SOjs solution. Nevertheless, it has H = 0.256 for the 0.5 M NaCl solution, only slightly
lower than that for the DI water (H = 0.267). This suggests that the solubility of ozone is
similar in the fresh water and the 3.5wt% sea water (i.e., 0.6 M NaCl).

Table 2. Dimensionless Henry’s law constant of ozone in fresh water and salt solutions (with
0.5M concentration) at 25 °C. The standard deviation results from five repeated tests.

DI water NaCl KCI NazSO4 MgSO4 Ca(NOs3),

0.268 +£0.013 0.256 +£0.005 0.261 +0.012 0.162 +0.009 0.174 +0.012 0.211 +0.014

As discussed above, the dissolved ozone in sea water reacts with the ions and radicals and
are then converted to other species. The ozone conversion is strongly affected by the CI~
concentration. Here the ozone conversion is defined as the ratio of the amount of converted
ozone to the amount of initially dissolved ozone. Based on the study of Sotelo in 1989,[53]
an increase of CI~ concentration leads to an increase of the ozone conversion at a given time.
It is read from Sotelo’s data curves that at the time of 3 ms, the ozone conversion is 55%,
64%, 83% and > 95% for the NaCl solutions of 0 M (i.e., DI water), 0.05 M, 0.1 M and 0.5
M, respectively. We can see that seawater can quickly absorb almost all ozone as compared



to only 55% of the DI water. It implies a better usage of dissolved ozone in the seawater
ozonation than in the freshwater ozonation. This is one of the merits of seawater ozonation.

4.2 Ozonation in different concentrations of ozone gas
Concentration of ozone strongly affects how fast the oxidation is. The degradation of MB
solution using the sea water is measured by varying the ozone concentration as plotted in Fig.
5(a). It is noted here the ozone concentration refers to the amount of ozone in the pumping
gas, not directly the concentration of dissolved ozone in water samples. This is because it is
more convenient to measure and is thus used as a control parameter. The amount of dissolved
ozone can be calculated based on the above-mentioned relationship H = H®® <RT.
In Fig. 5(a), the vertical axis is the degradation exponent DE as defined by

C,

DE =In (?] (8)
here In denotes natural logarithm, C, and C are the initial concentration and the resulted
concentration of MB solution, respectively. For the first-order reaction, it should have

C=C,exp(-kt) ©
here k is the reaction rate constant and t is the reaction time. For the first-order reaction, it
has

DE =kt (10)
Therefore, the value of DE is linear to t and the slope of the curve DE versus t is just k.
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Figure 5. Measured performance of only the ozonation in sea water. (a) Degradation of
methylene blue under different ozone concentrations in the pumping gas. (b) Dependence of
the reaction rate constant k on the ozone concentration Coz, which roughly follows a linear
relationship k = 6.77 x 10 Co; + 7.85 x 10 min™.

One can see from Fig. 5(a) that an increase of ozone concentration leads to a higher DE. If
we look at the error bars (a result of 5 repeated tests), we can see the error range decreases
with higher ozone concentration, indicating better repeatability. This might be because ozone
is an unstable gas. A higher concentration of ozone could reduce the uncertainty. For safety
reason, 0.01 — 8 ppm of dissolved ozone is the maximum limit to human. Here 60 ppm of
ozone in gas phase corresponds to 0.026 ppm of dissolved ozone in liquid phase. Therefore,



if this study uses maximum 60-ppm ozone in gas, it is far safer than the previous studies that
often used more than 5000-ppm ozone for the water treatment. In addition, the use of low
ozone concentration helps reduce the cost and is thus favorable for practical applications.
Based on above discussion, the slope of degradation exponent denotes the reaction rate
constant. We calculate the slopes of curves in Fig. 5(a) and plot in Fig. 5(b) the relationship
with the ozone concentration Co; in the pumping gas. It follows roughly a linear relationship
k=6.77 x10™* Co; + 7.85 x10* min™%, here Cy; is in the unit of ppm.
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Figure 6. Measured performance of the photocatalytic ozonation in sea water. (a)
Degradation of methylene blue under different ozone concentrations in the pumping gas, in
which 0 ppm denotes no ozone and thus the process is only the photocatalysis. (b)
Dependence of the reaction rate constant k on the ozone concentration Coz, which closely
follows a linear relationship k = 8.00 x 10 Co; + 1.78 x 10 min, when the concentration
of ozone gas is low.

4.3 Photocatalytic ozonation: Degradation versus 0zone concentration

The efficiency of PCO in sea water have been tested under different concentrations of ozone.
The results are plotted in Fig. 6(a). The photocatalysis without ozone (i.e., 0 ppm ozone) is
also plotted as a reference. For a given ozone concentration, the degradation exponent
increases almost linearly with t. And an increase of ozone concentration results in a higher
degradation exponent. Similarly, we plot the slopes of the curves of Fig. 6(a) as a function of
the ozone concentration in pumping gas. The result is plotted in Fig. 6(b), which shows
clearly a good linearity. The expression is k = 8.00 <10 Co; + 1.78 <102 min*t. When we
compare Fig. 5(b) (for only the ozonation) and Fig. 6(b) (for the PCO), we can see that (i)
the data points in Fig. 6(b) have smaller error ranges, showing the PCO in sea water has better
stability and repeatability; (ii) Fig. 6(b) has better linearity, showing that the PCO has more
controllability; and (iii) The PCO is more effective than the ozonation in the decontamination
of seawater. In Fig. 5(b), it has k = 6.77 x10* Co; + 7.85 x10* min', whereas in Fig. 6(b),
it has k = 8.00 <10 Co; + 1.78 <102 min'. The PCO has the proportional coefficient 8.00
x10* mint.ppm?, larger than the value 6.77 <10 min"t-ppm™* of the ozonation. Therefore,
the reaction rate constant of PCO increases more rapidly with the ozone concentration than
that of only the ozonation. More importantly, the constant term of k factor for the PCO is



1.78 %102 min’, about 23 times of the constant term 7.85 x 10 min* for the ozonation.
These well show that the PCO is better than only the ozonation, which can be regarded as
one of the benefits of using the PCO for the decontamination of sea water.

4.4 Photocatalytic ozonation: Synergistic effect of photocatalytic ozonation

As stated above, both the photocatalysis and the ozonation play roles in the PCO degradation.
However, the PCO efficiency is not simply a summation of the photocatalytic efficiency and
the ozonation efficiency. Instead, the PCO efficiency could be higher than the summation of
the latter two due to the synergistic effect of photocatalysis and ozonation. To quantify the
synergistic effect, we can define a parameter S by

C C C Cchoz
S=Ih| —=|-Ih| = |-Ih| = |=Ih| —— (11)
C pco C pc Coz COC pco

where Cpeo, Cpc, Coz are the remained MB concentrations of the PCO, the photocatalysis and
the ozonation, respectively, all at time t. This definition is based on Eqg. (9), here the terms
IN(Co/Cpeo), IN(Co/Cpc) and In(Co /Coz) represents the reaction rate constants of the PCO, the
photocatalysis and the ozonation, respectively.
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Figure 7. Synergistic effect of the photocatalytic ozonation in sea water. The synergistic
effect is always positive and reaches its maximum when the ozone concentration in the
pumping gas is 50 ppm.

Based on the data in Figs. 4 and 5, the synergistic effect of PCO can be calculated. The results
are shown by a 3D plot in Fig. 7 as the functions of the time and the ozone concentration. For
a fixed ozone concentration, the synergistic effect increases with time and then tends to
saturate. At a fixed time, the synergistic effect first goes up when the ozone concentration in
gas is increased from 30 ppm to 50 ppm; it reaches the maximum at 50 ppm and then goes
down at even higher ozone concentration. In this study, 50 ppm is found to be the optimal
condition for the synergistic effect of PCO in sea water.

4.5 Photocatalytic ozonation: Comparison of degradations in fresh water and sea water
Using the optimal concentration of ozone, more thorough degradations of MB in the fresh
water (i.e., DI water) and the sea water have been conducted to compare only the



photocatalysis, only the ozonation and the PCO effect. The results are plotted and compared
in Fig. 8. The vertical axis is the degradation, which is defined as

. C
Degradation =1— c (12)

0

In the initial state, the degradation is 0; and when the MB is completely degraded, the
degradation becomes 1. Several findings can be observed in Fig. 8. (i) The degradation tends
to saturate at high level (degradation > 0.5), this is more obvious when the degradation
approaches 1. This is a common phenomenon in oxidative degradation. (ii) The fresh water
has always higher degradation than the sea water, regardless of photocatalysis, ozonation or
PCO. This matches the above prediction (in the mechanism part) that the sea water has
weaker oxidation power since the CI~ ions convert highly oxidative radicals like *OH and
O3~ into relatively weak radicals like OCI* and *CIQa. (iii) The fresh water has smaller error
ranges than the sea water. Again, this is because the salt ions disturb the oxidation process
and causes uncertainty.
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Figure 8. Comparison of the degradations of methylene blue in fresh water (i.e., DI water)
and sea water by the photocatalysis, the ozonation and the photocatalytic ozonation. Under
the same condition, the fresh water always shows higher degradation efficiency than the sea
water. Labels: SW for sea water, UV for photocatalysis, Oz for ozonation, and UV + O3 for
photocatalytic ozonation.

4.6 Photocatalytic ozonation: Comparison of synergistic effects in fresh water and sea
water

As discussed above, the fresh water has always higher degradation than the sea water.
Consequently, the fresh water may have smaller synergistic effect than the sea water. Fig. 9
compares the synergistic effects of the PCO in fresh water and sea water under 50 ppm ozone.
In sea water, the synergistic effect increases slightly with the lapse of time. Oppositely, the
synergistic effect of fresh water becomes negatively and further drops quickly with time. The
reason might be that 50-ppm ozone is not the optimal condition for the PCO in fresh water.
Instead, it is too high to make the direct oxidation reaction of ozone dominant, and thus the
high ozone concentration would reduce the synergistic effect to negative.
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Figure 9. Comparison of the synergistic effects in fresh water (i.e., DI water) and sea water
when the pumping gas has the ozone concentration of 50 ppm, which is optimal for the
photocatalytic ozonation of sea water. Here the synergistic effect is given by Eq. (11).

4.7 Photocatalytic ozonation: Influence of salt concentration on degradation efficiency

To examine the influence of salinity, the PCO experiments are conducted using the sea water
with different salt concentrations. The results are plotted in Fig. 10. It shows clearly that a
lower salinity leads to a higher degradation efficiency, but the difference is not that large. At
the sampling times of 20 s, 30 s and 40 s, the highest degradation occurs at the 25%
concentration (corresponding to 0.875 wt%), not at 0% (i.e., fresh water). As stated above,
the salt ions increase the conversion of dissolved ozone, but they convert the highly-oxidative
ions (e.g., *OH) into relatively weak ions (e.g., CI*, OCI*) and thus lower the oxidizing
power. 25% concentration of sea water may make a good trade-off between these two factors
and thus results in the optimal degradation.
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Figure 10. Degradation performance in sea water with different salt concentrations. The
upper x axis is the weight percentage of salt in water, whereas the lower x axis is the relative
concentration to the standard 3.5wt% sea water.



Table 3. Functional effects in different treatments and their influences on the synergistic
effect.

Photolysis  Photocatalytic ~ Ozonation

effect effect effect
Photocatalysis

Yes Yes -
process
Ozone process - - Yes
PCO process Yes Yes Yes
Synergistic effect Removed  Included Included

4.8 Photocatalytic ozonation: Influence of UV photolytic effect on synergistic effect

UV photolysis of MB dyes may affect the photocatalysis treatment and the PCO treatment.
Table 3 lists the major effects in each treatment. Fortunately, the definition of synergistic
effect in Eqg. (11) uses the PCO to deduct the photocatalysis, which makes sure that the
contribution of UV photolytic effect is already removed.

4.9 Comparison of this work with previous studies

This work is the first attempt of the PCO treatment of sea water, and has demonstrated
superior performance as compared to the reported studies of the PCO treatment of fresh water
or gas. For instance, Hur et al. reported a 2.3-fold enhancement in the PCO treatment of fresh
water;[54] Yu and Lee presented a 2.6-fold enhancement in the PCO removal of toluene
gas.[47] In contrast, this work has obtained a 23-fold enhancement. In term of the
enhancement factor, our work is about 10 times of the previous studies. This is really
impressive. Of course, it is not very meaningful to directly compare the enhancement factors.
As stated above, in sea water the ozonation itself has low efficiency, providing a low
reference. Thanks to the synergistic effect of the PC and the ozonation, the PCO treatment
can decompose and mineralize the organic contaminants in sea water with high efficiency.

5. Conclusions

The degradation performance of photocatalytic ozonation in sea water has been studied in
various aspects. And different properties of sea water and fresh water have also been
examined as well when subject to photocatalysis and ozonation. The experimental results
well show that the photocatalytic ozonation is efficient for sea water decontamination and
enjoys a positive synergistic effect, which is maximized when the pumping gas has the ozone
concentration of 50 ppm. This helps reduce the ozone consumption and is favorable for
further practical applications in the future.
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