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Abstract: A model experiment monitoring the fate of total residue oxidant (TRO) in water
at a constant temperature and salinity indicated that it decayed exponentially with time, and
with TRO decaying faster in seawater than in distilled water. The reduction of TRO by
temperature (°K) was found to fit a curvilinear relationship in distilled water (r* = 0.997)
and a linear relationship in seawater (r* = 0.996). Based on the decay rate, flow rate, and the
length of cooling water flowing through at a given temperature, the TRO level in the
cooling water of a power plant could be estimated using the equation developed in this
study. This predictive model would provide a benchmark for power plant operators to
adjust the addition of chlorine to levels necessary to control bio-fouling of cooling water
intake pipelines, but without irritating ambient marine organisms.
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1. Introduction

Operation of thermal or nuclear power plants located near the seashore requires massive amounts of
water for cooling purposes. Inevitably, many sedentary marine organisms, such as barnacles,
spirorbis, oysters and bryozoa proliferate on the inner wall of cooling water intake pipelines. The
growth of these marine organisms can reduce the rate of thermal exchange, restrict water movement,
clog the pipeline, or erode and perforate the wall of the pipeline [1, 2]. Under extreme circumstances,
power plant operators may have to cease operation to clean and repair the pipeline system. One such
case occurred in a thermal power plant of Taipower (the Power Company of Taiwan), where 50 tons of
sessile marine organisms had to be removed from the pipeline during a single cleaning process. Many
power plants are located near the coasts due to the easy access of seawater for cooling; thus, fouling is
a worldwide problem that extends beyond Taiwan.

Many techniques have been developed to inhibit the settlement of sedentary marine organisms
[3-8]. Among these techniques, adding chlorine is a widely accepted method to simply and efficiently
prohibit fouling. The use of chlorine to avoid fouling occurrence has the supposed benefit of rapid
decay of chlorine toxicity. One major drawback of chlorine, however, is that interactions between
chlorine and seawater can induce complex chemical reactions that produce compounds with higher
toxicity, such as alkyl halides. In seawater, chlorine reacts readily with dissolved bromide, iodine,
ammonium ions, among other elements, to produce a series of products such as Cl,, HCIO, ClO’,
HBrO, BrO™ and other halide derivatives. Additionally, previous studies have indicated that bromine
ions in the presence of chlorine would be converted to hypobromic acid and hypobromte, and even
molecular bromine [9, 10]. Within these products, more than 99% was hypobromic acid at pH 8.0.
Similarly, the co-existing iodide and iodate in seawater can be converted into hypoiodic acid,
hypoiodate, and molecular iodine. Hypobromic acid can also oxidize iodine ions to release bromine
ions. Due to the rapid decay of chlorine in seawater, it is unnecessary to use chlorine residue to
evaluate its impact to a marine environment. An estimate of the pool of halide derivatives in seawater
is a more realistic measure of the potential chlorine impact. Therefore, the American Public Health
Association [11] suggested the use of a standard method to determine total residual oxidant (TRO)
rather than measuring chlorine residue when dealing with seawater samples.

When chlorine is used as an anti-fouling reagent in a power plant, TRO remaining in discharge
seawater is almost inevitable. Contamination of water by TRO can result in adverse effects on fishery
activities, which can irritate local fishermen and residents [12-17]. The maximum level of chlorine
residue allowed in discharge water in Taiwan is 0.5 mg/L, which is set by Taiwan’s Environmental
Protection Administration in 2001. However, exceeding this level of chlorine residue is difficult due
to high reactivity of chlorine in seawater addressed above. Therefore, there is an increasing
importance to establish guidelines for the addition of chlorine to seawater for power plant operators, as
well as to produce a more realistic view of the impact of chlorine on the marine environment.
Methods for determination of TRO in seawater are found in many references, such as “Standard
methods for the examination of water and wastewater” [11]. In this study, we re-evaluate a TRO
determination method, iodine colorimetry, with its feasibility on monitoring the TRO level in seawater,
and examine the decay of chlorine in seawater at elevated temperatures that would be similar to the



Int. J. Mol. Sci. 2008, 9 544

cooling water from a power plant. The results from this study provide a baseline for the operator of
power plant to balance the tradeoff between antifouling requirements and environmental protection.

2. Results and Discussion
2.1 Standard curve and stability of iodine colorimetry

Absorbance at 325 nm displayed a strong linear relationship with serial dilutions of a standard TRO
solution (0 to 5 mg/L), as determined by the iodine colorimetric method (r* = 0.9996; Fig. 1).
Absorbance at 325 increased at a rate of 0.3497 per 1 mg/ml TRO (P<0.0001), suggesting that the

effectiveness of this method could range from the g g- to mg-level.

Figure 1. The standard curve for the iodine colorimetric determination of TRO. The
linear equation of regression curve is Asps = 0.3497[conc.] (r2 =0.9996).
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The analytical error of this method was determined with 6 replicates of chlorinated seawater.
Consequently, the results indicated that the relative standard deviation was only 0.5%, suggesting the
detection of TRO by the iodine colorimetric method was very precise. The detection limit of this

method was examined and found to be as low as 4y g/L TRO. Furthermore, the reaction product
determined by iodine colorimetry displayed a nearly stable absorbance within 96 hrs incubation for all
concentrations of TRO tested with the exception of the test with 5000 p g/L TRO (Fig. 2). Test with
5000p g/L TRO displayed a constant decline during incubation, but the reduction in absorbance was

less than 10% before 42 hrs and approximately 21% at 96 hrs. In general, ten percent error is
acceptable in many cases when the concentration is greater than the criteria.
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Figure 2. The stability of reaction products when measuring TRO at different
concentration by iodine colorimetry. The symbols indicating the concentrations of
chlorine added are ¢ for 5,000 ug/L; o for 2,500 ug/L; V' for 1,000 pg/L; o for
500 pg/L; @ for 250 pug/L; A for 100 pg/L; m for 50 ug/L; e for 10 pug/L; V¥ for

0 pg/L.
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2.2 Temperature and salinity dependence of TRO determination

545

The remaining level of TRO in the water is known to be temperature dependent. When chlorinated

seawater flows through a pipeline of a cooling system in a power plant, the remaining chlorine in

seawater would be lower than expected due to elevation of seawater temperature. In this study, 4

temperature settings (25, 30, 40, 50°C) were used to examine the effect of temperature on the

availability of TRO in seawater. The effect of salinity was also examined with a parallel trial on

examining TRO residue in distilled water.

The decays of TRO in distilled water and seawater at

different temperature are shown in Fig. 3. In Fig. 3, the decay curve of TRO by time was fit to a non-

linear equation, which explained at least 99.8% of the total variability in absorbance at 325 nm for all

tests conducted (Table 1). The decay kinetics was comparable to the first order model described by
March et al. [18].
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Figure 3. The decay of TRO in distilled water and seawater at different temperature.

(a)-(d) are the decay curves performed in distilled water and (e)-(h) are these
performed in seawater at 298°K (a and e), 303°K (b and f), 313°K (c and g), 323°K

(d and h).
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Table 1. The rate of TRO decay in distilled water (DW) and seawater (SW) at a
given temperature. The decay of TRO by time was fitted into an equation of Azys =
P x Q%Y. Asys 1s the absorbance at 325nm; P is the original concentration of added
chlorine (0.9-1.3 mg/L in this study), Q is constant, and t is the incubation time in hr.
The half life of TRO in water calculated from above equation is indicated by “t;,”.

Temperature DW SW
CK) Q r’ ti2 (hr) Q r’ ti2 (hr)
298 -0.069 0.9985 10.02 -0.360 0.9993 1.93
303 -0.087 0.9988 8.00 -0.426 0.9992 1.63
313 -0.122 0.9981 5.68 -0.576 0.9985 1.20
323 -0.179 0.9994 3.88 -0.904 0.9985 0.77

2.3 Half life determination of TRO and its application

The half life of TRO at each temperature can be calculated with this equation. According to the
half life (t;,) of TRO remaining in water (Table 1), salinity displayed a strong effect on the loss of
available TRO by heating. Among the four temperatures tested, TRO remaining in water ranged from
4.7 to 5.2 times longer in distilled water than in seawater. When the temperature was elevated from
298°K (25°C) to 323°K (50°C), the decrease in the half life of TRO was 2.51 times in seawater and
2.58 times in distilled water. The half life of TRO displayed a strong parabolic relationship with
incubation temperature (°K) in distilled water (r* = 0.9967; Fig. 4) and a linear relationship in seawater
(r* = 0.9962; Fig. 4). Temperature has a greater affect on the remaining availability of TRO in distilled

water compared to seawater (Figure 4).
2.4 Application of the model

For a power plant located near the sea shore, a predictive method to determine how much chlorine
should be added into cooling water to be sufficient for antifouling without introducing a risky amount
of TRO in the effluent is needed. According to the standard curve in Fig. 1 and TRO decay rate shown
in Table 1, the remaining TRO in the effluent of cooling water can be easily predicted with the
equation: R = [P x ¢ *Y]/0.3497 [where R is the remaining concentration of TRO; P is originally
added concentration of chlorine, Q is a constant of decay (see in Table 1); and t is the duration time
(hr) in the discharging pipeline; 0.3497 is the calibration factor as obtained from standard curve in Fig.
1]. The duration of chlorine remaining in the pipeline and discharging trench could then easily be
estimated from flow rate and the length of pipeline. For example, if the added chlorine concentration
was 1 mg/L and the cooling water was delivered at a flow rate of 1 m/sec at an average temperature of
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30°C, then the remaining TRO concentration in the effluent after running through 1,000 m cooling
process would be 0.28 mg/L.

Figure 4. The relationship between half life of TRO decay and incubation
temperature in °K. The symbol “®” indicated TRO decay in distilled water and “o”
in seawater. The regression curve fit by TRO decay in distilled water is
ty, = 0.0051T% - 3.4315T + 576.07 (r* = 0.9967) and that in seawater is
t1, =-0.0456T + 15.4822 (r* = 0.9962).
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When applying this prediction model, the TOC content in the seawater shall be considered. There
were many studies addressed the significant reducing effect of TOC on the chlorine availability
[9,16,17]. However, in the case of the application in power plant which were always located near the
sea environment with good and stable water quality. For example, the characterization of seawater
collected from the locations near the inlet of cooling seawater of three nuclear power plants in Taiwan
indicated that the pH were between 8.0 and 8.3, salinity between 33PSU and 35 PSU, and TOC
between 0.05 and 1.00 mg/L [19,20]. The water quality used in this model development was also in
this range. Table 2 is an example of three power plants in Taiwan which using our prediction model to
determine the amounts of chlorine addition and the real measuring data from the water sample
collected from the end of discharging pipeline. According to Table 2, the relative errors between
predicted value and real determination were practically satisfied, which were mostly below 20 % with
few exceptions. Therefore, this prediction model will be feasible for the power plant which could
access to the seawater with the similar quality as described above.
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Table 2. Examination of relative error of the model developed in this study. The
predicted values of chlorine residue concentration were obtained from the equation R
=[P x ¢2"Y1/0.3497. The real chlorine residue concentration at the end of outlet of
discharging pipeline was determined by standard water sampling and iodine
colorimetry as described in Experimental.

Chlorine residue conc. (mg/L)

Relative
Power plant Date . Real
Predicted value L. error (%)
determination
Mar 0.298 0.240 21.4
Second Nuclear Power Plant May 0.197 0.160 21.0
Aug 0.086 0.062 32.0
Mar 0.093 0.088 53
Third Nuclear Power Plant May 0.081 0.070 14.7
Aug 0.048 0.041 15.6
p Hu Chiensh p Mar 0.140 0.133 4.8
ng- ienshan r
ong-tit LA W May 0.219 0.235 7.0
Plant
Aug 0.069 0.046 40.2

Furthermore, this predictive model could also be used in the design of cooling systems with the
known general conditions (e.g., water temperature 26+2°C and salinity 33 ppt) and an established
median lethal concentration (LCsp) on local marine organisms. Using these data, this equation could
be applied to determine the length of the cooling system for efficiently reducing the hazardous levels
of chlorine to safe levels. For example with a data set of LCsy of the marine organisms living around
the discharging area of the Third Nuclear Power Plant in Taiwan [4.5mg/L for oyster Crassostrea
gigas (length, 73.06£12.28 mm); 2.2 mg/L for mussel Mytilus sp. (length, 20.38+3.27 mm); 1.7 mg/L
for barnacle Balanus albicostatus (length, 8.12+2.16 mm); 0.5 mg/L for Littoraria undulata (length,
16.56+2.55 mm); 0.5 mg/L for larvae of shrimp Penaeus Vannamei (length, 19.01+3.82 mm , wet

weight 107.1+£118.4 mg); 4.2 mg/L for larvae of crab Scylla serrata (length, 9.84+4.82 mm , wet
weight 134.6£101.3 mg) ; 0.5 and 0.3 mg/L for eggs and fish larvae of grouper Epinephelus
malabaraicus ; 0.15 mg/L for fish larvae of Hypoatherina tsurugae; 0.48 mg/L for fish larvae of

Platax pinnatus (length, 2.65+0.21 mm, wet weight 0.03+0.02 mg); 67 mg/L for copepod, Apocydops
royi (length, 1.03£0.04 mm), and 0.85 mg/L for Pseudodiaptomus annandaloi, 2.34 mg/L for
Amphipod (length, 4.76+0.75 mm, wet weight 0.47+0.21 mg), 2.9 mg/L for sea anemone Calliactis sp.
(wet weight 142.47+£27.25 mg), 2.3 mg/L for hard coral Stylophora pistillata (wet weight
3584.58+1715.32 mg), respectively] (unpublished data), we can determine the safety concentration of
chlorine allowed to be discharged into this area. If the criteria of TRO discharging into ambient
seawater are determined, the optimal chlorine concentration on the basis of TRO measurement in

cooling systems and the length of cooling pipeline can be calculated.
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3. Conclusion

In this study, we confirmed that the iodine colorimetric method is a feasible approach for
determining TRO concentration below 5 mg/L, is extremely precise, and has a stable reaction product
for up to 96 hrs. Concentration of TRO as high as 5 mg/LL were found to have less than a 10%
reduction in absorbance at 325 nm within 42 hrs of incubation at room temperature. In comparison to
a popular method N,N-diethyl-p-phenylenediamine (DPD) colorimetry, photometric determination of
DPD method should be conducted instantly after reaction completed. Thus, the stable reaction product
obtained from the iodine method provides a chance for researchers to return samples to the laboratory
for further photometric determination after simply spiking samples with an iodine reagent at the time
of collection. According to the TRO decay rate (Table 1), the remaining TRO in the effluent of
cooling water can be easily predicted. The duration of chlorine remaining in the pipeline and

discharging trench could then be easily estimated from flow rate and the length of pipeline. Here in
Taiwan, three power plants, The Second Nuclear Power Plant, The Third Power Plant and Pong-Hu

Chienshan Power Plant, successfully reduced the amount of chlorine addition by applying the prediction
model developed in this study. This predictive equation could also be used in the design of cooling
systems when the LDsy of TRO of the marine organisms around the outlet of cooling seawater was
obtained.

4. Experimental
QA/QC system

The quality assurance and quality control (QA/QC) system of Taiwan government, set up by
Environmental Protection Administration since 1987, was established in our laboratory, which
includes a general QA/QC system and high standards of laboratory practices for environmental
monitoring. The procedures and frequency used for periodic calibration of the equipment in
monitoring must be specific. Calibration practice includes initial calibration, routine calibration, and
specific calibration. In general, the Taiwan governmental QA/QC system [21,22] including the
sampling techniques, sample handling, laboratory services, glassware and analytical performance
(such as control charts), is modified from the systems of USEPA [23], principles of environmental
analysis [24] and of QA/QC for analytical laboratory [25].

lodine colorimetry

Determination of TRO in seawater was conducted using the method developed by Sugita et al. [26]
with some modification. In this study, 1 ml of 0.2 M acetate buffer (pH 4.0) was mixed with 10 ml of
the water sample, and then added to 0.4 ml 10% KCI solution. The absorbance at 325 nm was read
with a UV-VIS spectrophotometer (Hitachi model U-2000) after 40 min of incubation. The iodine
colorimetric standard was prepared by dissolving 6.4 g KI and 1.2692 g I, in 1 L of milli-Q water

(equivalent to 353 p g/ml chlorine) and persevered in a brown bottle. Potassium chloride in the

concentration of 3.3% was used as the seawater blank.
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Stability of iodine colorimetry

To examine the stability of iodine colorimetry, the reaction solution was prepared with a serial
dilution of the iodine colorimetric standard (10, 50, 100, 250, 500, 1000, 2500, 5000 p g/L). The

serial dilution of iodine colorimetric standards was conducted with distilled water when examining
TRO in fresh water system and with 3.3% KI in seawater system. The standard solution was mixed
with an iodine reagent and then incubated at room temperature from 40 min to 96 hrs at several time
intervals before reading the absorbance at 352 nm.

Determination of temperature-dependent decaying rate

The decay rate of TRO as a function of temperature was determined using an automated sampling
system connected with a UV-VIS spectrophotometer (Hitachi model U-2000; Fig. 5). Temperature
was maintained statically in a water bath equipped with a thermal controller (Firstek Scientific-B206)
and pH was determined with a pH meter (Radiometer Copenhagen-PHMS85). To mimic the
chlorination of cooling water in a power plant, water samples were first bubbled with an air pump
while being mixed with an underwater magnetic stirrer. Then, 3 L of seawater (TOC content: 0.5-1.0
mg/L) were heated to a given temperature and chlorinated with 0.1 ml sodium hypochlorite (0.45 N).
After mixing, the chlorinated seawater sample was delivered into the automated sampling system using
a peristaltic pump at a rate of 70 r.p.m. The sample was sequentially mixed with acetate buffer in a
90-cm reaction coil and then an iodine reagent in a 120-cm reaction coil. The diameter of the both
reaction coils was 1 mm. The absorbance at 352 nm was monitored with a spectrophotometer in time
scan mode. Standard calibration with 5 standard solutions was conducted automatically after each
determination.

Figure 5. A diagram of the auto-determination system for monitoring the decay of
TRO at a given temperature. The sample, standard, and reagent solution were
delivered with three peristaltic pumps (P1, P2, and P3) at the rate of 70 r.p.m. A 7-
port selection valve was controlled manually to deliver the solution into a reaction
coil.
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