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ABSTRACT 
 
The objective of this study is to investigate easy and effective household methods for the 
removal of residual chlorine generating unpleasant odor and taste in tap water, in order to 
encourage utility customer to use tap water as drinking-water. Three experiments on the 
removal of residual chlorine in tap water were carried out in this study as follows: 1) 
Chlorine removal by solar radiation (UV), 2) Chlorine removal by activated carbon 
filtration, 3) Chlorine removal by aeration at various temperatures.  
 
Free chlorine concentrations greatly decreased from 1.59 to 0.09 mg/L for sample #1 (S1) 
and from 1.74 to 0.09 mg/L for sample #2 (S2) by the range of UV radiation of 2.85 to 
866.87 µW/cm2 for 2 days, showing the chlorine species change of OCl- or HOCl to Cl-. 
Bottle materials (HDPE and PETE) did not show any special effect on the degree of 
chlorine decrease by solar radiation (UV), and UV could penetrate effectively both 
HDPE and PETE bottles. The same concentrations between free chlorine and total 
chlorine were shown, which indicates the absence of combined chlorine (chloramines) in 
the tap water samples. The pH of the sample (S1) in open bottle (HDPE) slightly 
increased from 8.00 to 8.10, which is a very small increase and suggests that pH does not 
change in the reaction of chlorine decomposition by UV radiation. The electrical 
conductivity of the sample (S1) in open bottle (HDPE) also slightly increased from 330 to 
340 µS/cm by the photosynthesis of chlorine with sunlight (UV) exposure for 2 days.  
 
In the case of treating the water (S1) of only 2 gallons per day by an activated carbon 
filter, the removal efficiency of free chlorine ranged 96% to 100% for the water of total 
44 gallons (average: 99%). In the filtered water, no chlorine odor was detected and its 
taste was as good as bottled water. On the other hand, in the case of treating the water (S1) 
of more than 2 gallons per day, the removal efficiency of free chlorine ranged 80% to 
99% for the water of total 120 gallons (average: 93%). Chlorine (OCl-), existing as an 
anion in natural water, can be removed by exchanging it with negatively charged ions 
such as OH- on carbon surfaces. The pH and electrical conductivity (EC) of the water 
decreased by the filtration (pH: 8.08 → 6.33, EC: 345 → 248 µS/cm at the filtration of 
20th gallon).  
 
Chlorine removal by aeration at various temperatures was not effective. Free chlorine 
concentrations in sample #3 (S3) slightly decreased from 1.66 to 1.41 mg/L in open bottle 
on a dark shelf (26°C) and from 1.67 to 1.43 mg/L in open bottle in a refrigerator (5°C) 
for 3 days. Also, for chlorine removal in water by freezing (-20°C) and melting (5°C), 
free chlorine concentration slightly decreased from 1.68 to 1.56 mg/L in open bottle for 3 
days. In an additional analysis after 1 month, however, almost the same concentration of 
free chlorine as that shown on the third day was detected (1.35 mg/L in open bottle on a 
dark shelf), which indicates the long residual effect of chlorine. 
 
The results suggest that solar radiation (UV) and activated carbon filtration treatments are 
very effective for the removal of residual chlorine in water, and tap water with enough 
residual chlorine can be kept for a long time without any concern of bacteria re-growth 
by storing it in clean and sealed bottles at dark places with no sunlight. 
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1. INTRODUCTION  

 
The objective of this study is to investigate easy and effective household methods for the 
removal of residual chlorine generating unpleasant odor and taste in tap water, in order to 
encourage utility customer to use tap water as drinking-water.  

Oxidation/disinfection is important unit process to remove organic matters, soluble 
metals and microorganisms in drinking-water treatment. The primary disinfecting agent 
used in the United States is chlorine. Among the range of various oxidants/disinfectants, 
chlorine has been used most widely in drinking-water treatment because of its favorable 
effects; reasonable cost, much longer residual effect in water compared to ozone and UV, 
and effective disinfection for all pathogens including Giardia, which is a much more 
resistant protozoa than either viruses or bacteria (CalEPA, 1999; 
http://solarcooking.org/ultraviolet1.htm; http://www.sourcemolecular.com/giardia2.htm).  

Chlorine disinfection, however, shows problems such as the production of trihalomethane 
(THM) from its reaction with Natural Organic Matter (NOM) in water (Rook, 1974; 
Alsheyab., 2006). Chlorine also creates unpleasant taste and odor by itself or by the 
combination with ammonia in water (http://www.nesc.wvu.edu/ndwc/articles/OT/SP06/
OTsp06_TB_web.pdf). In particular, the unpleasant taste and odor of tap water resulting 
from chlorination is a major reason that people avoid using tap water as drinking-water.  
 
Even though residual chlorine generates unpleasant taste and odor in water, it is 
necessary to maintain an appropriate chlorine concentration in water from finished water 
produced at the water treatment plant until reaching the taps of each house, in order to 
prevent the re-growth of harmful bacteria and viruses within the distribution system. U.S. 
Environmental Protection Agency has established a Maximum Residual Disinfectant 
Level (MRDL) of 4 mg/L for chlorine in drinking water and a minimum residual chlorine 
level of 0.2~1.5 mg/L (U.S. EPA, 1999).   
 
The mechanisms and rates of decomposition of hypochlorous acid (HOCl) and 
hypochlorite ion (OCl-) are dependent on a number of factors including pH, chemical 
concentration, solar radiation (UV), and temperature (Greenwood et al., 1984; Cotton and 
Wilkinson, 1988; Adam et al., 1992). Chlorine can be affected significantly by solar 
radiation (UV). For example, in the daily operation of outdoor swimming pools, one 
usually finds that the free chlorine level shows a marked decrease on sunny days, arising 
from photolysis by the UV portion of sunlight (Feng et al., 2007). As well as 
decomposing free chlorine, UV radiation of solar radiation can also act as a strong 
disinfectant by itself in eliminating pathogenic organisms from water since it destroys 
germs, viruses, and other pathogens by inactivating their DNA (Acra et al. 1980; Acra et 
al. 1984; Acher, 1985; Calkins et al., 1976).  
 
On the other hand, activated carbon filtration is well known as an effective treatment 
method to remove chlorine in water. And also it is most effective in removing organic 
contaminants from water. Activated carbon is a natural ion exchanger (Helffrich, 1962). 
Carbon surfaces have both negative (anionic) or positive (cationic) charges to attract free 
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ions in solution or suspension, depending on how they are treated. Treatment of carbon 
with a base during the manufacturing process increases the capacity of carbon to 
exchange anions; acidification of the surface makes carbon a powerful cation exchanger 
(Jankowska et al., 1991). OCl-, a predominant species of chlorine in natural water, can be 
removed by exchanging it with anionic charges such as OH- on carbon surfaces. 
 
Based on the mechanisms of chlorine removal introduced briefly above, three 
experiments for the removal of residual chlorine in tap water have been performed in this 
study; 1) Chlorine removal by solar radiation (UV), 2) Chlorine removal by activated 
carbon filtration, 3) Chlorine removal by aeration at various temperatures. The household 
methods for the removal of the odor and taste of residual chlorine obtained from these 
experiments will usefully apply to using tap water as drinking-water. 
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2. LITERATURE REVIEW  
 

2.1 Physical and Chemical Properties of Chlorine  
 
2.1.1 Physical and Chemical Property of Chlorine Gas (Cl2) 
 
Chlorine exists as a gas under a standard condition (25℃, 1atm) or as a high-density 
amber liquid when compressed, and its vapors have a characteristic pungent bleach odor. 
Chlorine hydrolyzes in water to form hypochlorous acid (HOCl) and the formation of 
HOCl by the addition of chlorine gas to water causes a lowering of pH in the aqueous 
medium, which affects the subsequent chemical properties of the water (Snoeyink and 
Jenkins,1980). Chemicals that generate HOCl in water (e.g. chlorine gas, hypochlorite 
salts and chlorinated isocyanurates) are used in water treatment to disinfect drinking-
water, sewage and wastewater, swimming pools and other types of water reservoirs. 
HOCl acts as an oxidant toward organic and inorganic contaminant. The physical and 
chemical properties of chlorine gas are shown in Table 2.1 (U.S. EPA, 1999). 
 
 
Table 2. 1.  Physical and chemical properties of chlorine gas. 
 
Property Description 
Molecular Formula Cl2 

Molecular weight 70.906 

Physical form (25℃) gas 

Boiling point -34.05℃ 
Melting point -101℃ 
Density, as liquid (20℃/6.864atm) 1.4085 g/mL 
Density, as liquid (-35℃/0.9949atm) 1.5649 g/mL 
Specific gravity  2.482 (0℃) 
Water solubility 7.3 g/L (20℃), 14.6 g/L (0℃) 
Color greenish-yellow 
Odor threshold 0.002 mg/L water, 0.31 ppm air 

Conversion factors 1 ppm=2.9 mg/m3           1 mg/m3 = 0.344ppm 

Residue level (water) 0.2-1.5 mg/L 

 
 
2.1.2 Physical and Chemical Property of Hypochlorous Acid (HOCl) 
 
Hypochlorous acid (IUPAC name Chloric(I) acid) or also called hydrogen hypochlorite 
or hydrogen chlorate is a weak acid with the chemical formula HClO. It forms when 
chlorine dissolves in water. It cannot be isolated in pure form due to rapid equilibration 
with its precursor. HClO is used as bleach, an oxidizer, a deodorant, and a disinfectant. 
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The physical and chemical properties of chlorine gas are shown in Table 2.2 
(http://en.wikipedia.org/wiki/Hypochlorous_acid) 
. 
 

Table 2. 2.  Physical and chemical properties of hypochlorous acid (HOCl). 
 

Property Description 
Molecular formula HOCl 

Molar mass 52.46 g/mol 

Appearance colorless 

Solubility in water soluble 

Acidity (pKa) 7.50 
 
 
2.1.3 Physical and Chemical Property of Hypochlorite ion (OCl-) 
 
Hypochlorite ion is ClO−. A chlorite(I) compound is a chemical compound containing 
this group, with chlorine in oxidation state +1. Chlorites are the salts of hypochlorous 
acid. Common examples include sodium hypochlorite (chlorine bleach or bleaching agent) 
and calcium hypochlorite (bleaching powder). Hypochlorites are frequently quite 
unstable, for example, sodium hypochlorite is not available as a solid since the removal 
of the water from NaClO solution converts it to a mixture of sodium chloride and sodium 
chlorate. Heating of NaClO solution also causes this reaction. Chlorites decompose in 
sunlight, giving chlorides and oxygen. Due to their low stability, chlorites are very strong 
oxidizing agents. They react with many organic and inorganic compounds. Reaction with 
organic compounds is very exothermic and may cause ignition, so chlorites should be 
handled with care. They can oxidize manganese compounds, converting them to 
permanganates (http://en.wikipedia.org/wiki/Hypochlorite). 

Sodium hypochlorite may be prepared by absorbing chlorine gas in cold sodium 
hydroxide solution (2NaOH + Cl2 → NaCl + NaOCl + H2O). Sodium hydroxide and 
chlorine are commercially produced by the chloralkali process, and there is no need to 
isolate them to prepare sodium hypochlorite. Hence NaOCl is prepared industrially by the 
electrolysis of sodium chloride solution with minimal separation between the anode and 
the cathode. The solution must be kept below 40°C (by cooling coils) to prevent the 
formation of sodium chlorate. 

The commercial solutions always contain significant amounts of sodium chloride 
(common salt) as the main byproduct, as seen in the equation above 
(http://en.wikipedia.org/wiki/Sodium_hypochlorite). 
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Table 2. 3.  Physical and chemical properties of sodium hypochlorite (NaOCl). 
 

Property Description 
Molecular formula NaOCl 

Molar mass 74.44 g/mol 

Appearance White solid 

Solubility in water 29.3 g/100ml, 0°C 

Density 1.07-1.14 g/cm3 as liquid 

Melting point 18°C Pentahydrate 

Boiling point 101°C Decomposes 
 
. 
2.2 Chemical Water Disinfection by Chlorine 
 
2.2.1 Oxidation States and Disinfection effect of Chlorine in Water 
 
(1) Oxidation states of chorine in water 
 
Chlorine exists in all odd numbered oxidation states from −1 to +7, as well as the 
elemental state of zero as shown in Table 2.4. Chloride (Cl−) among chlorine species is a 
species with the lowest oxidation state.  
 
 

Table 2. 4. Oxidation states of chlorine. 
 
 
 
 
  
 
 
 
 
 
 
 
The solubility of chlorine in water is increased if the water contains dissolved alkali 
hydroxide (OH−). This is due to disproportionation (2A → A' + A" where A, A' and A" 
are different chemical species): 
 

                       Cl2 + 2OH− → Cl− + ClO− + H2O                                                  (1) 

In high concentrated alkali solution disproportionation continues: 

Oxidation state Name Formula 

-1 chlorides Cl− 

0 chlorine Cl2 

+1 hypochlorites ClO− 

+3 chlorites ClO2
− 

+5 chlorates ClO3
− 

+7 perchlorates ClO4
− 
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                            2ClO− → Cl− + ClO2
−                                                                                              (2)   

                       ClO− + ClO2
− → Cl− + ClO3

−                                                                                    (3) 

Sodium chlorate and potassium chlorate can be crystallized from solutions formed by the 
above reactions. If their crystals are heated, they undergo the final disproportionation 
step. 

                            4ClO3
− → Cl− + 3ClO4

−                                                                                       (4) 

When chlorine is added to water, it reacts to form a pH dependent equilibrium mixture of 
chlorine, hypochlorous acid (HOCl) and hydrochloric acid (HCl): 

                          Cl2 + H2O → HOCl + HCl                                                          (5) 

Depending on the pH, HOCl partly dissociates to hydrogen (H+) and hypochlorite ions 
(ClO-): 

                                HClO → H+ + ClO-                                                                                            (6) 
 

In acidic solution, the major species are Cl2 and HOCl while in alkaline solution 
effectively only ClO- is present. Very small concentrations of ClO2

-, ClO3
-, ClO4

- are also 
found (http://en.wikipedia.org/wiki/Chlorine; Nakagawara et al., 1998). Figure 2.1 shows 
the effect of the pH value on the form of free chlorine in water at 25°C. When the pH is 
between 2 and 7, the equilibrium is in favor of HOCl. As the pH falls below 2, the 
predominant form of the chlorine is Cl2. At pH 7.4, HOCl and OCl- are present equally 
(www.edstrom.com/Resources.cfm?doc_id=164).  
 
 

 
 

Figure 2. 1.  Effect of pH value on the composition of free chlorine. 
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(2) Oxidation/reduction potential (ORP) of chlorine 
 
Chlorine forms showing effective disinfection effect in natural water (pH 7-8) among all 
chlorine forms are HOCl and ClO- since they are major species in the pH ranges and have 
much greater oxidation/reduction potential (ORP) than ClO2

-, ClO3
-, and  ClO4

-, which 
indicates a power to oxidize other contaminants and reduce themselves (Jaunakais, 2004).  

Table 2.5 shows relative reduction potential (E°) between chlorine species by electrolysis 
in aqueous so lut ion (http://hyperphysics.phyastr.gsu.edu/HBASE/Chemical/electrode.h
tml). This potential is a measurement of the energy per unit charge which is available 
from the oxidation/reduction reactions to drive the reaction. In the table, the strongest 
oxidizing species is Cl2 with 1.36V of reduction potential in strong acidic solution, 
whereas the weakest oxidizing species is ClO4

- with 0.17V in strong alkaline solution. 
Therefore, chlorine acts a stronger oxidant in acidic solution.  

 

Table 2. 5.  Oxidation/Reduction Potentials (ORP) of chlorine in aqueous solution  
(25°C and 1 M). 
 

Cathode (Reduction) 
Half-Reaction 

Oxidation/Reduction 
Potential 
E° (volts) 

pH 

Cl2(g) + 2e- -> 2Cl-(aq) 1.36 Acid 

ClO-(aq) + H2O(l) + 2e- -> Cl-(aq) + 2OH-(aq) 0.90  

Base 
ClO2

-(aq) + H2O(l) + 2e- -> ClO-(aq) + 2OH-(aq) 0.59 

ClO3
-(aq) + H2O(l) + 2e- -> ClO2

-(aq) + 2OH-(aq) 0.35 

ClO4
-(aq) + H2O(l) + 2e- -> ClO3

-(aq) + 2OH-(aq) 0.17 

 
 

(3) Disinfection mechanism by chlorine  

Chlorine eliminates pathogens such as bacteria and viruses by breaking the chemical 
bonds in their molecules. Disinfectants that are used for this purpose consist of chlorine 
compounds which can exchange atoms with other compounds, such as enzymes in 
bacteria and other cells. When enzymes come in contact with chlorine, one or more of the 
hydrogen atoms in the molecule are replaced by chlorine. This causes the entire molecule 
to change shape or fall apart. When enzymes do not function properly, a cell or bacterium 
will die. 

When chlorine gas (Cl2) is added to water, hypochlorous acid (HOCl) forms: 

                                             Cl2 + H2O → HOCl + H+ + Cl-                                                                 (7) 



 17

Depending on the pH value, HOCl  partly expires to hypochlorite ions (OCl-): 

                                          Cl2 + 2H2O → HOCl + H3O
+ + Cl-                                                             (8) 

                                                HOCl + H2O → H3O
+ + OCl-                                            (9) 

This falls apart to chloride (Cl-) and oxygen atoms (O): 

                                                           OCl- → Cl- + O                                                     (10) 

 
HOCl (electrically neutral species) and OCl- (electrically negative) will form free 
chloride when bound together. This results in disinfection. Both substances have very 
distinctive behavior. HOCl is more reactive and is a stronger disinfectant than OCl-. OCl-

is split into Cl- and O. The oxygen atom is a powerful disinfectant. The disinfecting 
properties of chlorine in water are based on the oxidizing power of the free oxygen atoms 
and on chlorine substitution reactions. 

 

Figure 2. 2.  Disinfection reaction between chorine and microorganisms (HOCl and OCl-). 
 

The cell wall of pathogenic microorganisms is negatively charged by nature. The neutral 
HOCl can more easily penetrate cell walls of pathogenic microorganisms than the 
negatively charged hypochlorite ion (OCl-). HOCl can penetrate slime layers, cell walls 
and protective layers of microorganisms and effectively kills pathogens as a result 
(Figure 2.2). The microorganisms will either die or suffer from reproductive failure.  
 
The effectiveness of disinfection is determined by the pH of water. Disinfection by 
chlorine will take place optimally when the pH is between 5.5 and 7.5. HOCl reacts faster 
than OCl-; it is 80-100% more effective. The level of HOCl will decrease when the pH 
value is higher (http://www.lenntech.com/water-disinfection/disinfectants-chlorine.htm). 
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2.2.2 Chlorine Form Classification in Chlorine Test  
 
Chlorine in water quality analysis is measured as free chlorine and total chlorine 
according to the form of chemical combination. And total chlorine is the sum of free 
chlorine and combined chlorine produced by the reaction between free chlorine and 
ammonia or organic matters. Each form of chlorine is explained as below in detail. 
 
(1) Free chlorine 
 
• Free chlorine species 
 
Free chlorine is defined as the concentration of residual chlorine in water present as 
dissolved gas (Cl2), hypochlorous acid (HOCl), and /or hypochlorite ion (OCl-). The 
three forms of free chlorine exist together in equilibrium. 
 

                                       Cl2 + H2O  →  HOCl + H+ + Cl-                                                (11) 

                                     HOCl    OCl– + H+     [K=3.2x10-8, pKa=7.5 at 25°C]           (12) 
 
Their relative proportions are determined by the pH value and temperature. The lower pH 
shows the higher percentage of HOCl, but at higher pH, OCl- will be the predominant 
species. According to the equilibrium of the reaction (12), more than 99% of the free 
chlorine is HOCl at pH 5 and similarly more than 99% is OCl- at pH 10, as shown in 
Figure 2.3. 
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Figure 2. 3.  Dependence of the ratio HOCl/OCl- on pH (pKa = 7.5). 
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Based on the equilibrium of the reaction (12), the fraction of HOCl existing in free 
chlorine samples can be expressed as a function of pH as follows: 
 

                                        
apK  pH101

1

[HOCl]][OCl

[HOCl]
−− +

=
+

=f                                        (13)  

Where, f is the fraction of HOCl present in free chlorine samples (Feng et al., 2007). 
 

• Analytical method (4500-Cl G) 

U.S.EPA approved N, N-Diethyl-p-Phenylenediamine (DPD) indicator methodology 
(4500-Cl G) for free chlorine test in water. In the absence of iodide, DPD can be oxidized 
by free chlorine (HOCl and OCl-), strong oxidants, and produces red/pink color 
depending on a degree of the chlorine content. The intensity of the red color is measured 
with a spectrophotometer at 515 nm. Combined chlorine will not interfere with the free 
chlorine result, provided the reading is taken at 1 minute (APHA, 1998). Therefore, in 
this test, HOCl and OCl- which are oxidizing power can be detected by DPD method, but 
Cl- which dose not have oxidizing power will not be detected in DPD method. 
 
 
(2) Combined chlorine 
 

• Combined chlorine species 
 
Combined chlorine is defined as the residual chlorine existing in water in chemical 
combination with ammonia or organic amines. A combined matter formed between 
chlorine and ammonia is chloramines, those can exist three kinds of species in water as 
follows: monochloramine (NH2Cl), dichloramine (NHCl2) and trichloramine (NCl3) 
(www.edstrom.com/Resources.cfm?doc_id=164). Organic amines can be found in nature 
or polluted waters. Ammonia is sometimes deliberately added to chlorinated public 
water supplies to provide inorganic chloramines.  
 

• Analytical method 
 
Combined chlorine is tested subsequently to free chlorine test by DPD indicator method, 
adding potassium iodide (KI) to the sample. Monochloramine (NH2Cl) and most 
monochlorinated organic N-chloramines can oxidize iodide(I-) to free iodine(IO-) or 
iodate(IO3

-), which react directly with the DPD indicator and produce strong red color 
(APHA, 1980). In DPD colorimetric method, the value of the test followed free chlorine 
test indicates “total chlorine” (which will be described below). Therefore, combined 
chlorine value should be calculated as “Total chlorine (mg/L) – Free chlorine (mg/L)”. 
 
(3) Total chlorine 

 
Total chlorine is the sum of free and combined chlorine. When chlorinating most potable 
water supplies, total chlorine is essentially equal to free chlorine, since the concentration 
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of ammonia or organic nitrogen compounds needed to form combined chlorine will be 
very low. When chloramines are present in the municipal water supply, then total 
chlorine is higher than free chlorine (www.edstrom.com/Resources.cfm?doc_id=164). 
 

Total chlorine (mg/L) = free chlorine (mg/L) + combined chlorine (mg/L) 
 

For example, if the free chlorine residual is 1.0mg/L and the combined residual is 2.0 
mg/L, then the total residual is 3.0 mg/L. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

 
 
 

Figure 2. 4.  Chlorine form classification in chlorine test. 
 
 

2.2.2 Breakpoint Chlorination Curve  
 

The total chlorine demand must be satisfied and then the addition of more chlorine will 
produce a rapid increase in free-chlorine residual. Figure 2.5 illustrates how the chlorine 
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residual is produced as more chlorine is added 
(http://www.solarbee.com/literature/BPCC010705.pdf). 
 
 

 
 

Figure 2. 5.  Breakpoint chlorination curve. 
 
 
In the section 1, chlorine combines with many other substances in the water, including 
inorganic substances such as ferrous iron, hydrogen sulfide, and ammonia since it is a 
strong oxidant. This reaction is instantaneous, and no disinfection occurs until the 
chlorine has combined with the organic and inorganic substances present in the water. 
The substances with which chlorine combines exert a demand on the chlorine that must 
be satisfied before a free-chlorine residual is formed.  

 
In the section 2, chlorine forms monochloramine (NH2Cl) and organochloramines by the 
reaction with organic or inorganic ammonia as more chlorine is added (Eq.14). When the 
ratio of chlorine to ammonia by weight is 5:1 and the pH of water is 7, all free ammonia 
in water has been changed to monochloramine and then dichloramine (NHCl2) starts to 
be created (Morris, 1967). 

 
 
                                             HOCl + NH3 ↔ NH2Cl + H2O                                            (14) 

    (ka = 6.1x106 M-1 sec-1 at 25℃, > pH 8.5)   
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In the section 3, monochloramine (NH2Cl) destroys forming dichloramine (NHCl2) when 
more chlorine is added at pH 4.5~8.5 (Eq.15). These can create taste and odor issues at 
low levels down to 0.8 mg/L. At pH values of less than 5, monochloramine (NH2Cl) 
slowly converts to form dichloramine (NHCl2) and free ammonia (NH4

+) (Eq.16) (Morris, 
1967; Gray et al., 1979). 
 
                                           NH2Cl + HOCl ↔ NHCl2 + H2O                                         (15)                              

                         (ka = 3.4x102 M-1 sec-1 at 25℃, pH 8.5~4.5)  
 
                                            2NH2Cl + H+ ↔ NHCl2 + NH4

+ 
                        (< pH 5)                 (16) 

 
Then, some of the formed dichloramine (NHCl2) are changed to trichloramine (NCl3) by 
the reaction with free chlorine at pH values of less than 4.5 (Eq.17). Especially, in acidic 
solution where chlorine concentration is much higher than that of ammonia and the pH is 
less than 3, trichloramine (NCl3) is the only chloramines present (Morris and Isaac, 1983).  
Trichloramine (NCl3) occurs in diminishing proportions at chlorine-to-ammonia mole 
ratios of more than 2 and pH values of less than 7.5. At pH values of more than 7.5, no 
trichloramine (NCl3) is found, regardless of the ratio of chlorine to ammonia. Therefore, 
it is indicated that drinking-water supplied from water treatment plant has almost no 
trichloramine (NCl3) or very low concentration of trichloramine (NCl3) since the pH of 
the water normally shows between 7 and 8. 
 
                                              NHCl2   + HOCl ↔ NCl3 + H2O                                         (17) 

 (ka = 2.1 M-1 sec-1 at 25℃, < pH 4.4)            
 
Also, the other dichloramine (NHCl2) expect for those changed to trichloramine (NCl3) 
are decomposed to nitrogen gas (N2) or nitrous oxide (N2O) by the reaction with free 
chlorine as follows: 
 
                                   2 NH2Cl + HOCl ↔ N2↑ + 3HCl + H2O                                      (18) 

 
                                     NH2Cl + NHCl2 ↔ N2↑ + 3HCl                                                 (19) 

 
                          NH2Cl + NHCl2 + HOCl ↔ N2O↑ + 4HCl                                            (20) 

 
                          4NH2Cl + 3Cl2 + H2O ↔ N2↑ + N2O↑ + 10HCl                                 (15) 

 
The total reaction equation between free chlorine and chloramines can be rewritten as 
follows:  

 
                                                 Cl2 + H2O ↔ HOCl + HCl    

                                         2HOCl + 2NH3 ↔ 2NH2Cl + 2H2O                                    
                                       2NH2Cl + HOCl ↔ N2↑ + 3HCl + H2O 

 
                                           3Cl2  + 2NH3 ↔ N2↑ + 6HCl                                               (21) 
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The point at which the free-chlorine residual begins to rise in direct proportion to the 
amount of chlorine added is called the breakpoint. At the breakpoint, all ammonia is 
oxidized to nitrogen gas (N2), nitrous oxide (N2O) or trichloramine (NCl3), and the 
chlorine demand has been satisfied, and also the addition of more chlorine produces a 
free-chlorine residual in a one-to-one ratio. And at the breakpoint, the ratio of chlorine to 
ammonia by weight is 7.6:1. This breakpoint can be different depending on the process 
condition of each water treatment plant such as temperature and pH of water. 
     
After the breakpoint, in the section 4, chlorine added in water is existed as free chlorine 
such as hypochlorous acid (HOCl) and /or hypochlorite ion (OCl-), strong oxidant, and it 
starts to be used for removing harmful bacteria and viruses.   
 
• If the free chlorine is equal to the total chlorine, then the section 4 of the curve above 

describes the condition of water. 
• If the free chlorine is less than the total chlorine and there is free ammonia, then the 

section 2 applies (mostly monochloramine, no odor). 
• If the free chlorine is less than the total chlorine and there is no free ammonia, then 

the section 3 applies (some monochloramine and dichloramine, odor and taste issues). 
(http://www.solarbee.com/literature/BPCC010705.pdf). 
 

►Absence of combined chlorine (chloramines) in Port LaBelle tap water by 
nanofiltration process◄ 

Nanofiltration is a relatively recent membrane process used most often with low TDS 
waters such as surface water and fresh groundwater for the purpose of softening 
(polyvalent cation removal such as Ca2+, Mg2+, Pb2+, etc.) and the removal of 
chloramines and trihalomethanes (THM). And also, nanofiltration can be used for the 
removal of disinfection by-product precursors such as natural organic matter and 
synthetic organic matter (http://www.lenntech.com/nanofiltration-and-rosmosis.htm) 

Nanofiltration is a pressure driven separation process. The filtration process takes place 
on a selective separation layer formed by an organic semipermeable membrane. The 
driving force of the separation process is the pressure difference between the feed and the 
filtrate (permeate) side at the separation layer of the membrane. However, because of its 
selectivity, one or several components of a dissolved mixture are retained by the 
membrane despite the driving force, while water and substances with a molecular weight 
< 200 D are able to permeate the semipermeable separation layer. Because nanofiltration 
membranes also have a selectivity for the charge of the dissolved components, 
monovalent ions will pass the membrane and divalent and multivalent ions will be 
rejected (http://www.eurodia.com/html/nab.html) 
 
Because natural organic matter in raw water, a precursor of THM and chloramines 
(combined), is removed by nanofiltration process in Port LaBelle (sampling site in this 
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study) water treatment plant, no combined chlorine in the tap water was detected in all 
chlorine tests and only free chlorine, which has a strong disinfection effect, exists in the 
water. And even if combined chlorines (THM and chloramines) are generated by the 
reaction between natural organic matter and free chlorine, they can be also removed by 
the nanofiltration process. 
 

 
2.3 Advantages and disadvantages of chlorination 
 
2.3.1 Advantages of chlorination 
 
(1) Strong and cost-effective oxidant 
 
Chlorine is a stronger oxidant/disinfectant than chloramine and most widely-used one in 
current drinking-water treatment due to its cost-effective merit (CalEPA, 1999).  
 

HOCl > OCl-  > inorganic chloramines > organic chloramines 
 

(2) Controls of diseases-causing bacteria 
 
Disease-causing bacteria may enter water resources during construction, repair, flooding 
or as a result of improper construction. Proper chlorination can kill these bacteria and 
prevent diseases (Bergsrud et al., 1992). 
 
(3) Controls of nuisance organisms 
 
Chlorine treatment will control nuisance organisms such as iron, slime and sulfate-
reducing bacteria. Iron bacteria feed on the iron in the water. Iron bacteria colonies may 
break loose from the inside of pipes and flow through faucets to cause stains in laundry, 
plumbing fixtures, etc. A thorough shock chlorination of the well and water system may 
destroy all iron bacteria colonies. However, iron bacteria that have penetrated the water-
bearing formation will be difficult to eliminate and will likely re- infest the system. In this 
situation you will need to repeat chlorination treatment periodically. Other nuisance 
organisms include sulfate-reducing bacteria which produce a rotten-egg odor. 
Chlorination will kill or control these bacteria. Nuisance bacteria do not cause disease 
(Bergsrud et al., 1992) 
 
(4) Mineral removal 
 
Chlorine can remove large amounts of iron from water by oxidizing the clear soluble 
iron into the filterable reddish insoluble form. Chlorine helps remove manganese and 
hydrogen sulfide in the same way (Bergsrud et al., 1992). 
 
(5) Residual effect 
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Chlorine has a residual effect; that is, if bacteria are reintroduced into a chlorinated water 
supply, the new bacteria will die (http://solarcooking.org/ultraviolet1.htm). 
 
(6) Production of chloramines 
 
Free chlorine can produce chloramines by combining with free ammonia (Morris, 1967). 
Chloramines, a chlorine by-product, can be also used as a disinfectant for water treatment. 
They are much more stable and produced less disinfection by-products (DBPs) than 
chlorine since they are not as reactive as chlorine with Natural Organic Matters (NOM) 
(Stevens et al., 1978; www.epa.gov/region09/water/chloramine.html).  
 
 
2.3.2 Disadvantages of Chlorination 
 
 (1) Unpleasant odor and taste issues 
 
Chlorine in water is not poisonous to humans or animals. However, if the concentration is 
great enough the water will taste bad so consumption may be reduced. Some people 
object to the odor and/or taste of very small amounts of chlorine. In those cases an 
activated carbon or charcoal filter may be used to remove the chlorine from the drinking 
water (Bergsrud et al., 1992) 
 
Below is some information on chlorine exposure thresholds and estimated clinical effects: 
(Ware, 2001) 
 
Chlorine  Exposure Thresholds Estimated Clinical Effects 
0.2-3.5 ppm odor detection 
1-3 ppm mild, mucous membrane irritation, tolerated up to 

1hour 
5-15 ppm moderate irritation of the respiratory tract 
30 ppm immediate chest pain, vomiting, dyspnea, cough 
40-60 ppm toxic pneumonitis and pulmonary edema 
430 ppm lethal over 30 min 
1000 ppm fatal within a few minutes 
 
 
 
As explained in Figure 2.5. Breakpoint chlorination curve, when the chlorine demand              
has been satisfied, the combined residual increases as it combines with organic 
compounds or ammonia in the water to form chloramines. Especially, when 
monochloramine (NH2Cl) destroys forming dichloramine (NHCl2), taste and odor 
problems are occurred (See section 2.2.2). Trichloramine (NCl3) is more volatile than 
monochloramine and dichloramine and is released into the air more readily. In addition, 
trichloramine causes more severe irritation and forms more rapidly in water with a low 
pH. If the free chlorine residual is zero or substantially less than the total chlorine 
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residual, there is (or has been) a demand for the chlorine somewhere in the distribution 
system. Adding more chlorine takes the treated water beyond the breakpoint and provides 
a free available residual. Enough chlorine should be added to get only the free residual 
close to or equal to the total chlorine residual and adding enough chlorine should be 
careful with the formation of chlorine by-products. (Massin et al., 1998;  
http://www.nesc.wvu.edu/ndwc/articles/OT/SP06/OTsp06_TB_web.pdf) 
 
Chlorine removal devices do not actually remove the free chlorine, but convert free 
chlorine to chloride (Cl-); chloride does not have an odor and does not affect taste until its 
concentration reaches much higher levels. Secondary Maximum Contaminant Levels 
(SMCLs) for chloride is 250 mg/L which is due strictly to the objectionable salty taste 
produced in drinking-water (http://aquapurefilters.com/contaminates/118/chloride.html). 
 
Water treatment devices approved for free chlorine reduction are also approved for the 
reduction of certain organic taste and odor causing compounds of biologic origin, 
specifically geosmin and 2-methylisoborneol which are responsible for imparting 
unpleasant earthy/musty tastes and odors in water supplies.  This is possible because, via 
testing, free chlorine reduction has been shown to be a suitable surrogate for the 
reduction of geosmin and 2-methylisoborneol. Other contaminants that may adversely 
impact the taste and odor of water, such as hydrogen sulfide, are not covered under an 
approval for free chlorine, taste and odor reduction 
(http://commerce.wi.gov/sb_ppalopp/disclaimer3.phtml/p/20070198). 
 
 
(2) Production of trihalomethanes (THMs) as a by-product 
 
Chlorine forms toxic disinfectant by-products (DBPs) such as trihalomethane (THM) 
through the reaction with humic compounds (Morris et al., 1992; Rein et al., 1992; Hall 
et al., 1981). Humic compounds form as a part of the decomposition of organic materials 
such as leaves, grass, wood or animal wastes. Because THMs are very seldom associated 
with groundwater, they are primarily a concern where surface water supplies are used. 
THMs are generally suspected to be carcinogenic, mutagenic and teratogenic (Rook, 
1974; Singer, 1999; Villanuevaa et al., 2003; Alshyab et al., 2006). Representative THM 
by chlorine is trichloromethane (chloroform, CHCl3) formed by following reactions;  
 
 
                                               CH4 + Cl2 → CH3Cl + HCl                                               (22) 
 
                                             CH3Cl + Cl2 → CH2Cl2 + HCl                                            (23) 

 
                                            CH2Cl2 + Cl2 → CHCl3 + HCl                                             (24) 

 
                                  CHCl3 + Cl2 → CCl4 + HCl                                               (25) 

                                                                                                                            
(www.en.wikipedia.org/wiki/Chloroform) 
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Lifetime consumption of water supplies with THMs at a level greater than 0.10 mg/L is 
considered by the Environmental Protection Agency to be a potential cause of cancer.  
 
A California study indicates that THMs may be responsible for reproductive problems 
and miscarriage. The study found a miscarriage rate of 15.7 percent for women who 
drank five or more glasses of cold water containing more than 0.075 mg/l THMs, 
compared to a miscarriage rate of 9.5 percent for women with low THMs exposure. 
 
Therefore, current water treatment tries to focus on improving the removal efficiency of 
humic compounds, a precursor of THMs, in raw water using strong oxidants, coagulants 
or nanofiltration etc. before an oxidation process using chlorine. THMs can be removed 
from drinking water by the process of an activated carbon filtration or nanofiltration. 
Table 2.7 shows a regulation of THM established by U.S. EPA (Bergsrud et al., 1992).  

The EPA has indicated that the best available technology for THM control at treatment 
plants is removal of precursors through "enhanced coagulation". Enhanced coagulation 
refers to the process of optimizing the filtration process to maximize removal of 
precursors. Removal is improved by decreasing pH (to levels as low as 4 or 5), increasing 
the feed rate of coagulants, and possibly using ferric coagulants instead of alum 
(http://www.water-research.net/trihalomethanes.htm). 

In the case of removing humic compounds in water by filtration prior to chlorination 
process, chlorination in drinking-water treatment does not generate an issue related to the 
production of THM by the reaction between humic compounds and chlorine. And even if 
THM is generated by the reaction between natural organic matter and free chlorine, it can 
be also removed by nanofiltration process. 
 
More information on THM is also available at the website of 
http://www.southerndatastream.com/thm/. 
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Table 2. 6.  Common trihalomethanes (THM) ordered by molecular weight. 
 

 
 
 
 

Table 2. 7.  Regulation of disinfectant by-products (DBPs) by U.S. EPA. 
 

 
MCL: Maximum Contaminant Level 
MCLG: Maximum Contaminant Level Goal 
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(3) No nitrate removal 
 
Chlorine will not remove nitrates from water. Adding chlorine may prevent nitrates from 
being reduced to the toxic nitrite form; however, nitrates are not removed from water by 
chlorination (Bergsrud et al., 1992) 

 
 

2.4 Chlorine Removal Mechanisms 
 
2.4.1 Chlorine Removal Mechanism by Solar Radiation (UV) 
 
The mechanisms and rates of decomposition of hypochlorous acid (HOCl) and 
hypochlorite anions (OCl-) are dependent on a number of factors including pH, chemical 
concentration, solar radiation (sunlight), and temperature (Greenwood et al., 1984; Cotton 
and Wilkinson, 1988; Adam et al., 1992). Free chlorine can be affected significantly by 
solar radiation (Ultraviolet, UV). For example, in the daily operation of outdoor 
swimming pools, one usually finds that the free chlorine level shows a marked decrease 
on sunny days, arising from photolysis by the UV portion of solar radiation (Feng et al., 
2007).  
 

Solar radiation (sunlight) is commonly divided into various regions or bands on the basis 
of wavelength such as infrared (770 to 1,000,000 nm), visible light (380 to 770 nm) and 
ultraviolet (100 to 400 nm) (Figure 2.6). Ultraviolet radiation is that part of the 
electromagnetic spectrum between 100 and 400 nm. It is, in turn, divided rather 
arbitrarily from the viewpoint of its biological effects into three major components; UV-
C (100 ~ 280 nm), UV-B (280 to 315 nm), and UV-A (315 to 400 nm). UV-C light is 
"germicidal"; that is, it destroys germs, viruses, and other pathogens by inactivating their 
DNA and thus their ability to reproduce. Light with a wavelength of 254 nm gives the 
highest germicidal efficacy in the ultraviolet range (Figure 2.7) (Acra et al., 1990; 
http://solarcooking.org/ultraviolet1.htm).  

 

Scattering is inversely proportional to wavelength and is most effective for the shortest 
wavelengths. The degree of scattering decreases in the following order: UV-B > UV-A > 
violet > blue > green > yellow > orange > red > infrared (Acra et al., 1990). While 
electromagnetic radiation conforms to wave theory, the energy is conveyed as discrete 
quanta. These quanta, known as photons, increase in energy (electron volts or eV) as the 
wavelength decreases (Table 2.8). (http://www.spacewx.com/ISO_solar_standard.html). 
Each quantum (photon) of ultraviolet radiation at 250 nm has twice the energy of visible 
light at 500 nm. 

 

The stratospheric ozone layer has a strong absorption affinity for solar UV radiation, 
depending on wavelength. Absorption, being more effective for the shorter wavelengths, 
tends to reach its peak at 250 nm and drops rapidly with an increase in wavelength, even 
beyond 350 nm. Thus, the biological harmful radiations below 280 nm (vacuum UV and 
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UV-C) are completely shielded by the ozone layer; only a fraction of the UV-B and UV-
A wavelength bands reach ground level (Acra et al., 1990). 

 

 
 

Figure 2. 6.  Solar radiation spectrum band. 
 
 

 
 
 

Figure 2. 7.  UV radiation spectrum band. 
 
 
 
 
 
 

 
 



 31

Table 2. 8.  Electromagnetic spectrum of ultraviolet light. 
 
Abbreviation Name Wavelength range in 

nanometers 
Energy per 

photon 
UVA Ultraviolet A 400 nm - 315 nm 3.10 - 3.94 eV 
NUV Near 400 nm - 300 nm 3.10 - 4.13 eV 
UVB Ultraviolet B  300 nm - 200 nm 4.13 - 6.20 eV 
UVC Middle 280 nm - 100 nm 4.43 - 12.4 eV 
FUV Ultraviolet C 200 nm - 122 nm 6.20 - 10.2 eV 
VUV Far 200 nm - 10 nm 6.20 - 124 eV 
EUV Vacuum 121 nm - 10 nm 10.2 - 124 eV 

 
 
UV light increases the rate of decomposition of hypochlorous acid/hypochlorite anions; 
these species absorb energy in the 292 to 380 nm region (Adam et al., 1992) as shown in 
Figure 2.8. The absorption spectra show that there is an absorption peak at about 236 nm 
for HOCl; whereas for OCl-, the peak is at about 292 nm (Feng et al., 2007). 
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Figure 2. 8.  Absorption spectra of HOCl (pH 5) and OCl- (at pH 10). 
 

 
There have been some studies concerning the reactions occurring in the UV photolysis of 
aqueous free chlorine. Primarily hydroxyl radicals (OH•) and chlorine radicals (Cl•) are 
generated in the photodecomposition of free chlorine in water (Nowell and Hoigne, 1992). 
As reported by other researchers (Oliver and Carey, 1977; Buxton and Subhani, 1972), 
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the concentration dependence of the photolysis of HOCl can be explained by a chain 
reaction initiated by the reactions:  
 

                       HOCl + hν (UV photons)  →  OH• + Cl•       (At pH 4 and 350nm)       (26) 

        OH• + HOCl  →  H2O + OCl•                                                            (27) 

 
Chlorine radicals (Cl•) converted from free chlorine (HOCl or OCl-) does not generate 
chlorine odor and taste and also does not detected by DPD method. 
 
Here, the Cl• and/or OCl• species may participate in further reactions that deplete the 
HOCl. For example, the Cl• atom may react with HOCl by 
 

                     Cl• + HOCl  →  HCl + OCl•                                                            (28) 

 

Also two free Cl• can form more stable species Cl2, and Cl2, a gas form, can evaporate 
into air from water. 

 

                                             Cl• + Cl• → Cl2 ↑                                                                        (29) 

 

Chain termination may involve the reactions 
 

           Cl• + OCl• + H2O →  2 HOCl                                                         (30) 

        2OCl• + H2O  →  HCl + HClO2                                                                                    (31)      

 

On the other hand, at higher pH such as pH 10 where all of the chlorine is present as OCl–, 
OCl– can be decomposed into chloride ions (Cl–) and oxygen atoms (O) by UV radiation 
of 350 nm. 
 
                      OCl– + hν (UV photons)  → Cl– + O          (At pH 10 and 350nm)          (32) 
 
However, when OCl– is irradiated at 254nm, the primary photoprocess is as follows: 
 

              OCl– + hν (UV photons)  →  O–• + Cl•       (At pH 10 and 254nm)           (33)  

 
 
At this wavelength, chlorine at OH• radicals can be generated by the reactions: 
 
        O–• + H2O  →  OH• + OH–                                                                                                (34) 
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As explained above, UV-C radiation of below 280 nm are completely shielded by the 
ozone layer; only a fraction of the UV-B and UV-A wavelength bands reach ground level 
(Acra et al., 1990). Therefore, main reaction of chlorine decomposition by solar radiation 
will be the reaction (32) since OCl- is a predominant species in natural water (pH 7~8, 
around 80% OCl- and 20% HOCl) and UV-AB of above 280 nm can reach the earth. 
Through the above theory, it is suggested that the concentration of free chlorine (HOCl 
and OCl-) can decrease by forming different species such as HClO2 or chloride (Cl–). 

The concentration and nature of organic and inorganic matter present in the aqueous 
medium have an important effect in the decomposition of HOCl. The decomposition of 
HOCl/OCl- by organic and inorganic matter involves redox reactions that are pH-
dependent (Greenwood et al., 1984; Cotton et al., 1988; Snoeyink et al., 1980). The 
maximum decomposition rate of hypochlorous acid occurs at pH 6.89 (Adam et al.,1992). 
 
 
2.4.2 Chlorine Removal Mechanism by Activated Carbon Filtration 
 
(1) Activated carbon 
 
Activated carbon filtration is most effective in removing organic contaminants from 
water. Organic substances are composed of two basic elements, carbon and hydrogen. 
Because organic chemicals are often responsible for taste, odor, and color problems, 
Activated carbon filtration can generally be used to improve aesthetically objectionable 
water. Activated carbon filtration will also remove chlorine. Activated carbon filtration is 
recognized by the Water Quality Association as an acceptable method to maintain 
drinking water contaminants within the limits of the EPA National Drinking Water 
Standards (Seelig et al., 1992). 
 
Activated carbon can be produced from a number of agricultural commodities. Among 
these are hardwoods, grain hulls, corn cobs, and nut shells (Young, 1996). Steam 
activation can also be used with food-grade carbonaceous material (Burdock, 1997). Acid 
treatment is also common. For example, pecan shells can be activated by treatment with 
hydrochloric acid, then heated in an electric furnace for four hours at 800-1,000°C in an 
atmosphere of carbon dioxide (Young, 1996). The raw carbon source is slowly heated in 
the absence of air to produce a high carbon material. The carbon is activated by passing 
oxidizing gases through the material at extremely high temperatures. The activation 
process produces the pores that result in such high adsorptive properties. Activated 
carbon is a highly porous material; therefore, it has an extremely high surface area for 
contaminant adsorption. The equivalent surface area of 1 pound of activated carbon 
ranges from 60 to 150 acres (Seelig et al., 1992). 

 
 
(2) Removal mechanisms of inorganic and organic contaminants in water 

 
• Ion exchange between inorganic contaminants and activated carbon 
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Ion exchange is defined as a ‘reversible chemical reaction between a solid and an 
aqueous solution that allows the interchange of ions’ (Ockerman, 1991). Coal is a natural 
ion exchanger (Helffrich, 1962). Ion exchange can be enhanced by chemical activation. 
Carbon surfaces have both negative (anionic) or positive (cationic) charges to attract free 
ions in solution or suspension, depending on how they are treated. Treatment of carbon 
with a base increases the capacity of carbon to exchange anions; acidification of the 
surface makes carbon a powerful cation exchanger (Jankowska et al., 1991). 
 
In a water deionization process, hydrogen ions (H+) exchange positively charged ions 
such as lead (Pb2+), copper (Cu2+) and sodium (Na+), and hydroxyl ions (OH-) exchange 
negatively charged ions such as sulfates (SO4

2-), phosphates (PO4
3-) and chlorides (Cl-). 

Therefore, chlorine (OCl-), existing as an anion in natural water, can be removed by 
exchanging it with anionic charges such as OH- on carbon surfaces. 
 
 
• Adsorption between organic contaminants and activated carbon 

Large organic molecules are most effectively adsorbed by activated carbon. A general 
rule of thumb is that similar materials tend to associate. Organic molecules and activated 
carbon are similar materials; therefore there is a stronger tendency for most organic 
chemicals to associate with the activated carbon in the filter rather than staying dissolved 
in a dissimilar material such as water. Generally, the least soluble organic molecules are 
most strongly adsorbed. Often the smaller organic molecules are held the tightest, 
because they fit into the smaller pores. Concentration of organic contaminants can affect 
the adsorption process (Seelig et al., 1992). 

Activated carbon is a black, solid substance resembling granular or powdered charcoal. It 
is extremely porous with a very large surface area. One ounce of activated carbon has an 
estimated 30,000 square yards of surface area. Certain contaminants accumulate on the 
surface of the activated carbon. This is called adsorption. The two main reasons that 
chemicals adsorb onto activated carbon are 1) a "dislike" of the water and 2) attraction to 
the activated carbon. Adsorption of most contaminants results from a combination of 1) 
and 2). Many organic compounds, such as chlorinated and nonchlorinated solvents, 
gasoline, pesticides and trihalomethanes can be adsorbed by activated carbon (Kamrin et 
al., 1990).  

 (3) Physical and chemical factors effecting on filtering by activated carbon  

The adsorption process depends on the following factors: 1) the physical properties of 
activated carbon, such as pore size distribution and surface area; 2) the chemical nature of 
carbon source, or the amount of oxygen and hydrogen associated with it; 3) the 
temperature and pH of the water; and 4) the flow rate or time exposure of water to 
activated carbon. (Seelig et al., 1992) 

• physical properties 
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Forces of physical attraction or adsorption of contaminants to the pore walls is the most 
important activated carbon filtration process. The amount and distribution of pores play 
key roles in determining how well contaminants are filtered. The best filtration occurs 
when pores are barely large enough to admit the contaminant molecule (Figure 2.9). 
Because contaminants come in all different sizes, they are attracted differently depending 
on pore size of the filter. In general, activated carbon filters are most effective in 
removing contaminants that have relatively large molecules (most organic chemicals). 
Type of raw carbon material and its method of activation will affect types of 
contaminants that are adsorbed. This is largely due to the influence that raw material and 
activation have on pore size and distribution (Seelig et al., 1992). 

 

Figure 2. 9.  Molecular screening in the micropores of an activated carbon filter. 
 
 
• Chemical Properties  

Processes other than physical attraction also affect an activated carbon filtration. The 
filter surface may actually interact chemically with organic molecules. Also electrical 
forces between the activated carbon surface and some contaminants may result in 
adsorption or ion exchange. Adsorption, then, is also affected by the chemical nature of 
the adsorbing surface. The chemical properties of the adsorbing surface are determined to 
a large extent by the activation process. Activated carbon materials formed from different 
activation processes will have chemical properties that make them more or less attractive 
to various contaminants. For example chloroform is adsorbed best by activated carbon 
that has the least amount of oxygen associated with the pore surfaces. The consumer 
cannot possibly determine the chemical nature of an activated carbon filter. However, this 
does point out the fact that different types of activated carbon filters will have varying 
levels of effectiveness in treating different chemicals. The manufacturer should be 
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consulted to determine if their filters will adequately treat the consumer's specific water 
problem (Seelig et al., 1992). 

• pH and temperature of water 

Adsorption usually increases as pH and temperature decrease. Chemical reactions and 
forms of chemicals are closely related to pH and temperature. When pH and temperature 
are lowered many organic chemicals are in a more absorbable form (Seelig et al., 1992). 
Greater acidity and lower water temperatures tend to improve the performance of 
activated carbon filters (Kamrin et al., 1990). 
 
• Exposure time 
 
The process of adsorption is also influenced by the length of time that the AC is in 
contact with the contaminant in the water. Increasing contact time allows greater amounts 
of contaminant to be removed from the water. Contact is improved by increasing the 
amount of activated carbon in the filter and reducing the flow rate of water through the 
filter (Seelig et al., 1992). 
 
 
(4) Disadvantages of an activated carbon filter 
 
 
• Limited lifetime 
 
Activated carbon filters have a limited lifetime. The surface of activated carbon will 
eventually be saturated with adsorbed pollutants, and no further purification will occur. 
This is called breakthrough; the pollutants have broken through the filter to emerge in 
the treated water. When this occurs, it is possible that the contaminant concentrations in 
the "treated" water will be even higher than those in the untreated water. The cartridge, 
at this time, needs to be replaced. Knowing when breakthrough will occur and thus when 
to replace the cartridge is a major problem with activated carbon treatment (Kamrin et al., 
1990). 
 
 
• Ineffectiveness for some contaminants 
 
AC filtration does not remove microbes, sodium, nitrates, fluoride, and hardness. Lead 
and other heavy metals are removed only by a very specific type of an activated carbon 
filter. Unless the manufacturer states that its product will remove heavy metals, the 
consumer should assume that the activated carbon filter is not effective in removing them 
(Seelig et al., 1992). 
 
 
• Difficulty of recognizing a breakthrough 
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No alarms accompany breakthrough. Unless the pollutants are smelled or tasted, they can 
be unknowingly consumed. In most cases, breakthrough can be positively verified only 
by chemical testing. Frequent chemical testing is impractical and expensive (Kamrin et 
al., 1990). 
 
• Bacteria growth on activated carbon 
 
Activated carbon treatment is that activated carbon can be an excellent place for bacteria 
to grow. Conditions for bacterial growth are best when the filter is saturated with organic 
contaminants, which supply the food source for the bacteria and when the filter has not 
been used for a long period of time. It is still unclear whether the bacteria growing on the 
carbon may pose a health threat, or whether they are harmless (Kamrin et al., 1990). 
 
 

2.5 Chlorine Regulation for Drinking-Water Treatment 
 
2.5.1 Maximum Residual Disinfectant Level (MRDL)  
 
The Environmental Protection Agency has estabilished a Maximum Residual 
Disinfectant Level (MRDL) of 4 mg/L for chlorine in drinking water. A typical treatment 
for drinking-water is to feed 5 to 6 mg/L available chlorine into the system in order to 
achieve a 0.2 mg/L residual chlorine level (U.S. EPA, 1999). Therefore, the residual 
chlorine level of 0.2 mg/L must be kept to remove harmful bacteria in drinking-water 
supplies until reaching each household, but should not be more than 4 mg/L. Table 2.9 
shows the existing guidelines on human exposure to chlorine established by several 
organizations in the USA. 
 
 
Table 2. 9.  Existing guidelines on human exposure to chlorine. 

Source Type of Guideline Exposure 
Level (mg/L) 

U.S. Environmental Protection Agency Drinking water MRDL 4.0 
American Conference of Government TLV-air TWA 1.0 
Industrial Hygienists STEL-air 3.0 
OSHA Standard in air 1.0 
U.S. Mine Safety and Health 
Administration 

Standard-air TWA 1.0 

ACGIH Criteria Document 
Occupational exposure 

to chlorine in air 
0.5 for 15 

minutes 
W Germany, Switz. & former Yugoslavia TLV 0.5 
former USSR, most eastern Europe TLV 0.3 
most other countries TLV 1.0 

TLV= Threshold limit value           STEL= short-term exposure limit           
TWA= Time Weighted Average 
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2.5.2 Secondary Maximum Contaminant Levels (SMCLs) 
 
EPA has established National Secondary Drinking Water Regulations that set non-
mandatory water quality standards for 15 contaminants (Table 2.10). EPA does not 
enforce these "secondary maximum contaminant levels" or "SMCLs." They are 
established only as guidelines to assist public water systems in managing their drinking 
water for aesthetic considerations, such as taste, color and odor. These contaminants are 
not considered to present a risk to human health at the SMCL. 

EPA believes that if these contaminants are present in your water at levels above these 
standards, the contaminants may cause the water to appear cloudy or colored, or to taste 
or smell bad. This may cause a great number of people to stop using water from their 
public water system even though the water is actually safe to drink. 

Secondary standards are set to give public water systems some guidance on removing 
these chemicals to levels that are below what most people will find to be noticeable 
(http://www.epa.gov/safewater/consumer/2ndstandards.htm). 

Table 2. 10.  List of National Secondary Drinking Water Regulations. 
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3. MATERIALS AND METHODS 
 

 

3.1 Sample Collection 
 

Prior to the sampling schedule, bottles (High density polyethylene (#2, HDPE) and 
Polyethylene terephthalate (#1, PETE)) were prepared by purchasing 1 gallon (3.79L) 
bottled drinking-waters from a market. The bottles are the same as those that people 
commonly use as a drinking-water bottle at home. The drinking-water in each bottle was 
moved into bigger containers for preservation. The empty 1 gallon bottles were dried up 
for sampling. 
 
Tap water samples were collected at three locations in the Port LaBelle area of Hendry 
County, Florida during the months of February and March in 2008. The sampling 
locations are as follows: (1) L1: Oxbow Drive (Port LaBelle Hotel) (2) L2: 4012 East 
Palomar Circle (Palomar House) (2) L3: Port LaBelle Water Treatment Plant (WTP). The 
three sampling locations have a common water supply system; the drinking-water from 
WTP (L3) is supplied to both Port LaBelle Hotel (L1) and Palomar House (L2). The 
locations are shown in Figures 3.1 and 3.2.  
 
Water samples were collected directly from each tap into bottles after the running time of 
10 minutes. For experiments on chlorine removal by solar radiation, water samples were 
collected at both L1 and L2, and for experiments on chlorine removal by activated carbon 
filtration, water samples were collected at L1. On the other hand, for experiments on 
chlorine removal by various temperatures, water samples were collected at L3. The water 
sampling from a tap at L1 is shown in Figure 3.3. 
 
Collected samples were immediately moved into a place for the experiments. And, the 
initial concentrations of both free and total chlorine in each sample were then analyzed 
with a colorimeter (LaMotte, Smart 2, USA) by DPD (N,N-Diethyl-p-Phenylenediamine, 
LaMotte, DPD #1 tablet and DPD #3 tablet) method (Figure 3.4). Also, the pH, 
temperature and conductivity of each sample were measured with 
pH/conductivity/temperature meter (OAKION, 54X002608, Singapore). The device for 
precise pH and conductivity measurement was calibrated with pH 7.00 buffer solution 
(Fisher Scientific, SB107-500, pH 7 at 25℃, ± 0.01, USA) and potassium chloride (KCl) 
conductivity standard solution (Riccachemical, SP069610-1A, 1000 µmhos/cm at 25℃, 
USA) (Figure 3.5). 
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Figure 3. 1.  Location of Port LaBelle in Florida. 
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Figure 3. 2.  Sampling locations in Port LaBelle – L1: Oxbow Drive (Hotel), L2: 4012 East 
Palomar Circle (Palomar House), L3: Port LaBelle Water Treatment Plant (WTP). 

 
 

 
Figure 3. 3.  Sampling water from a tap in L1 (Hotel). 
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Figure 3. 4.  Reaction between free chlorine and DPD tablet generating pink color. 
 

 
 

Figure 3. 5.  pH/temperature/conductivity measurement of water sample. 
 

 
3.2 Experimental Methods 
 
Experiments were carried out with three different methods such solar radiation (UV), 
activated carbon filtration, and aeration (open and close bottles) at various temperatures; 
shelf (dark control and 26℃), refrigerator (dark control and 5℃), and freezer (dark 
control and -20℃). Those experiments were carried out with a duplicate set. Applied 
various physical factors are shown in Table 3.1.  
 
 
Table 3. 1.  Various physical factors applied in chlorine removal experiments. 
 

 
Sample 
Controls 

 

 
Bottle 
Types 

 
Sample 

 

 
Replicate 

 
Refill 

 
Reaction Times 

(hour) 

Solar (UV) 
Radiation 

HDPE 
Open1 Open2 Open3 

0, 1, 2, 3, 4, 5, 7, 9, 22, 
24,25, 26, 27, 28, 30, 33 

Close1 Close2 Close3 

PETE 
Open1 Open2 Open3 
Close1 Close2 Close3 

Dark Shelf 
(26℃) 

HDPE 
Open1 Open2 Open3 0, 1, 2, 4, 8, 24, 

36, 48, 60, 72 Close1 Close2 Close3 
Refrigerator 

(5℃) 
HDPE 

Open1 Open2 Open3 0, 1, 2, 4, 8, 24, 
36, 48, 60, 72 Close1 Close2 Close3 

Freezer (-20℃) 
→ Refrigerator 

 

HDPE 
Open1 Open2 Open3 

0, 48, 51, 54, 60, 72 
Close1 Close2 Close3 
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3.2.1 Chlorine Removal by Solar Radiation (UV) 
 
In experiments to investigate an effect of solar radiation (UV) for chlorine decomposition, 
two kinds of samples collected at L1 (Hotel) and L2 (Palomar House) were used at the 
same time in order to compare results between different water samples under the same 
intensity of solar radiation (UV). Especially, for water sampling at L1, two different 
kinds of bottles such as HDPE and PETE were used in order to investigate an effect of 
bottle material in the reaction between chlorine molecules in water and solar radiation.  
 
In order to measure the intensities of total solar radiation, UV radiation and brightness on 
residual chlorine removal during the experiment days, a solar radiation sensor (APOGEE, 
CS 300-L PYR-P Pyranometer, USA), a UV meter (MANNIX, UV-340, UV-AB, USA) 
and a lux (light) meter (BIOCELL, FX-101, India) were placed on the middle of the table 
with sunlight through the window where water samples were placed in a row. Figure 3.6 
shows the orientation of the three devices on the table; solar sensor in the middle, UV 
meter on the right site of the solar sensor, and lux (light) meter on the left site of the solar 
sensor.  
 
Solar radiation data (APOGEE, CS 300-L PYR-P Pyranometer, USA) were collected by 
a data logger which is connected with the solar sensor and records measurements such as 
temperature, relative humidity, solar intensity, etc. along with time and date. Before 
installing the solar sensor with the data logger in the experimental location, the data 
logger was connected with software in a personal computer to select logging parameters 
such as a measurement interval and start time, etc. After finishing the experiment, the 
data logger was reconnected to a personal computer the software was used again to 
readout the data (http://portlabelle.us/management/SOP/QB_CR10X.pdf). 
 
Prior to the practical experiment on March 12 and 13 2008, the three devices were pre-
tested in the same place from 9:56 to 14:25 on March 6 2008. Then, the solar sensor was 
fixed on the table, on the other hand, the intensities of the UV meter and lux (light) meter 
placed on the right side of the solar sensor were measured at the four different directions 
along four surfaces of a small cubic battery such as up, front, left, and right sides, in order 
to investigate the effect of the orientation on the sensitivity of each device.  
 
A total of 18 bottles with each 1 gallon sample (L1: 6 HDPE bottles and 6 PETE bottles, 
L2: 6 HDPE bottles) were placed in a row on a table with natural sunlight in front of a 
tinted window with a southern exposure from March 12 (9:00) to 13 (19:00) in 2008. 
Here, the half of the bottles was opened without any cap and the other was closed with 
each cap in order to investigate an effect of air contact in chlorine decomposition (Figure 
3.7). 
 
The concentrations of both free and total chlorine in samples were analyzed with a 
colorimeter (LaMotte, Smart 2, USA) by DPD method every assigned time shown in 
Table 3.1. For each analysis 10mL of each sample was needed according to the standard 
method for chlorine analysis. After using 10mL of each sample for chlorine analysis, 
each bottle was refilled as an initial volume (1 gallon, 3.79L) with 10mL of each sample 
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in a bottle for a refill. Also, the pH, temperature and conductivity of each sample were 
measured with pH/conductivity/temperature meter (OAKION, 54X002608, Singapore). 
The device for precise pH and conductivity measurement was calibrated with pH 7.00 
buffer solution (Fisher Scientific, SB107-500, pH 7 at 25℃, ± 0.01, USA) and potassium 
chloride (KCl) conductivity standard solution (Riccachemical, SP069610-1A, 1000 
µmhos/cm at 25℃, USA). 
 
 

 
 

Figure 3. 6.  Placement of solar sensor, UV meter and lux meter on a table with the 
      experiment set. 
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Figure 3. 7.  Samples on a table with natural sunlight through a tinted window with a 
southern exposure. 

 
 
The procedure to measure the concentration of free chlorine in a water sample using the 
colorimeter (LaMotte, Smart 2, USA) by DPD method is summarized as follows 
(Appendix 1). 
 
• After leaving samples on a shelf for an hour (one has a cap, another has no cap), 

move 10mL of a sample from 3.79L bottle into a tube with a pipette (Then, the tube 
should be rinsed with DI water before filling a sample). 

• Fill up the bottle with 10mL taken from a refill sample again as an initial volume. 
• Select “15 Chlorine” from menu, insert the tube with a sample into a chamber in                   

the colorimeter, close a lid and select SCAN BLANK.  
• Take out the tube from the colorimeter, open the cap, add one of chlorine DPD tablet          

(DPD #1, LaMotte) for measuring free chlorine and crush the tablet with a crusher 
(Figure 3.4). 

• Cap the tube and shake until the tablet has dissolved. Solution will turn pink if free 
chlorine is present. Wait 15 seconds, but no more than 15 seconds. 

• Insert the tube into the chamber, close lid and select SCAN SAMPLE. 
      (The result value means free chlorine level.) 
• Take out the tube with pick-colored sample from the chamber, open the cap, add one 

of chlorine DPD tablet (DPD #3, LaMotte) for measuring total chlorine and crush the 
tablet with the crusher. 
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• Cap the tube and shake until the tablet has dissolved. Solution will turn pink if free 
chlorine is present. Wait 15 seconds, but no more than 15 seconds. 

• Insert the tube into the chamber, close lid and select SCAN SAMPLE. 
      (The result value means total chlorine level.) 
 
! Do not use a tube with any scratch. 
! Use same tube in every measurement.  
 
 
3.2.2 Chlorine Removal by Activated Carbon Filtration 
 
Chlorine removal by an activated carbon filtration was carried out throughout the months 
of February and March, 2008. For this experiment, two activated carbon filters (BRITA, 
Slim Model, 8oz/236mL) were used; one for filtering 2 gallons per day (BRITA 
recommendation) and a second one for filtering more than 2 gallons per day (Figure 3.8). 
Water samples were daily collected at L1 (Hotel) using 1 gallon bottles (HDPE).  
 
Carbon filter was soaked in 500mL of tap water for 15 minutes as instructed by the 
manufacture company before starting a filtration, in order to achieve better filtration. And 
also, after daily filtration experiment, the bottom of each filter was kept in distilled water 
to prevent from making carbon particle dry. 
 
Prior to filtration, the concentrations of both free and total chlorine in samples were 
analyzed with a colorimeter (LaMotte, Smart 2, USA) by DPD method. Also, the pH, 
temperature and conductivity of each sample were measured with 
pH/conductivity/temperature meter (OAKION, 54X002608, Singapore). Whenever 
filtering every 2 gallons of water among total 6 gallons in the case of the second filter, the 
physical and chemical properties of samples were analyzed.  
 
 



 47

 
 
Figure 3. 8.  Activated Carbon filters-No.1: filtering only 2 gallons per day and No.2: 
filtering more than 2 gallons per day. 
 
 
3.2.3 Chlorine Removal by Aeration at Various Temperatures 
 
Experiments to investigate effects of aeration and temperature for chlorine removal were 
carried out from February 4 to 6 2008. Water samples were collected with 18 bottles 
(HDPE) at L3 (WTP) on February 4 2008. 6 bottles among 18 bottles were placed on a 
shelf with no sunlight (dark control and 26℃) (Figure 3.9), another 6 bottles were placed 
in a refrigerator (dark control and 5℃) and the other were placed in a freezer (dark 
control and -20℃). Then, the half of the bottles was opened without any cap and the other 
was closed with each cap for all three conditions in order to investigate the effect of 
aeration. The bottles placed on a dark shelf and in a refrigerator were kept during all 
experiment days under the same condition as the initial condition. On the other hand, the 
6 bottles in the freezer were moved after 24 hours into the refrigerator, and then 
preserved in it during the other experiment days with other 6 bottles placed from the 
beginning of the experiment (Figure 3.10). The method to analyze samples is the same as 
that described in the section of “3.2.1 Chlorine Removal by Solar Radiation” and the 
assigned analysis time is shown in Table 3.1. 
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Figure 3. 9.  Samples on a shelf with no sunlight (dark control and 26℃℃℃℃); open bottles (left) 
and capped bottles (right). 
 
 

 
 
Figure 3. 10.  Samples in a refrigerator (dark control and 5℃℃℃℃); samples from a freezer for 
melting (up) and original samples for keeping in a refrigerator (down). 
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4. RESULTS AND DISCUSSIONS 
 

4.1 Chlorine Removal by Solar Radiation (UV) 
 
Residual chlorine in tap water was dramatically reduced by exposing bottles of water to 
natural sunlight (UV) with the range of 2.85 to 866.87 µW/cm2 on a window sill for 2 
days.  
 
Table 4.1 and Figure 4.2 demonstrate the results of the calibration test between the solar 
sensor, UV meter, and light meter from 9:56 to 14:25 on March 6. The sky condition by 
cloud types had a great effect on the radiation intensities during the measurement period.  
 
In Figure 4.2, from 10:56 to 11:46 when it was very sunny with no cloud, the radiation 
values were very high compared to those at the other times when it was cloudier or 
heavily rainy. On the other hand, the measurement orientation of each device also had a 
visible effect on the radiation value. The correlation values (R2) between total solar 
radiation (up-side) and UV radiation were 0.9226 at up-side, 0.8902 at front-side, 0.8693 
at left-side, and 0.8948 at right-side, respectively, along with a cubic battery. And the 
correlation values (R2) between total solar radiation (up-side) and light intensity were 
0.9674 at up-side, 0.9490 at front-side, 0.6230 at left-side, and 0.8487 at right-side, 
respectively.  
 
Figure 4.3 illustrates correlation (R2) graphs between total solar radiation and light 
intensity (0.9673) and between total solar radiation and UV radiation (0.9226) measured 
at up-side. Therefore, it is indicated that radiation intensity values among the three 
devices are the most accurate when placed at up-side on the table. 
 
Figure 4.6 shows the results of chlorine decrease rate in waters (L1: Hotel) in HDPE and 
PETE bottles and also the intensities of total solar radiation, UV radiation, and light 
(brightness) depending on day and night.  
 
Total solar radiation and UV radiation, measured on March 12 and 13, indicated a high 
correlation (R2=0.9601) as shown in Figure 4.4. On March 12, during the morning, it was 
cloudy and then it started to be sunny from the afternoon, whereas on March 13, it was 
very sunny and the sky was very clear without any cloud, as shown in Figure 4.5.   
 
Free chlorine concentration greatly decreased for 2 days from 1.63 to 0.07 mg/L (PETE 
open bottle) by the range of UV radiation of 2.85 to 866.87 µW/cm2. The lowest chlorine 
concentration (0.07 mg/L) did not show any pink color in the reaction between free 
chlorine and DPD indicator in the chlorine test, which means the absence of free chlorine 
in water. The decrease rate of chlorine concentration on the second day (1.14 to 0.07 
mg/L) was greater than that on the first day (1.63 to 1.14 mg/L) because on the second 
day, the solar radiation (UV) intensity was much stronger (8.02 to 866.87 µW/cm2) than 
that on the first day (2.85 to 30.17 µW/cm2).  
 



 50

In a comparison of the chlorine decrease rates between HDPE and PETE bottles, 
decreased chlorine concentrations in waters in PETE bottles (0.44 mg/L free-Cl decrease 
in closed PETE bottle) were slightly lower than those in HDPE bottles (0.50 mg/L free-
Cl decrease in closed HDPE bottle) on the first day since PETE bottles were placed at the 
end of the experimental set on the table where sunlight did not come to the PETE bottles 
directly. After slightly moving all of the bottles to the middle of the window on the 
second day, there was no difference in chlorine concentration between the bottles since 
all the bottles could have same UV radiation.  
 
It therefore indicates that the bottle material between HDPE and PETE does not effect on 
the chlorine decrease by solar radiation (UV), and UV can penetrate effectively both 
HDPE and PETE bottles.  
 
On the other hand, free chlorine concentrations in the tap water samples were normally 
same as total chlorine concentration, which means the absence of combined chlorine 
(chloramines) produced by the reaction between ammonia or organic matters and free 
chlorine (HOCl and OCl-) in water and means that all chlorines are available for effective 
disinfection. Because by the nanofiltration process in the water treatment plant in Port 
LaBelle, combined chlorines (THM and chloramines) are removed, combined chlorine in 
the water samples does not exist. Moreover, nanofiltration can also treat natural organic 
matter in raw water, a precursor of THM. 
 
It is also shown that there is no special difference in the results between open bottles 
(1.56 mg/L free-Cl decrease in open PEPE bottle) and capped bottles (1.55 mg/L free-Cl 
decrease in closed PETE bottle). It thus suggests that either simple aeration, leaving 
bottles open without physically blowing air into water, dose not have any special effect 
on chlorine decrease, or the reaction between residual chlorine and air in water is very 
slow. 
 
There have been some studies concerning the reactions occurring in the UV photolysis of 
aqueous free chlorine. Primarily hydroxyl radicals (OH•) and chlorine radicals (Cl•) are 
generated in the photodecomposition of free chlorine in water (Nowell and Hoigne, 1992). 
As reported by other researchers (Oliver and Carey, 1977; Buxton and Subhani, 1972), 
the concentration dependence of the photolysis of HOCl can be explained by a chain 
reaction initiated by the reactions:  
 

                       HOCl + hν (UV photons)  →  OH• + Cl•       (At pH 4 and 350nm)       (26) 

        OH• + HOCl  →  H2O + OCl•                                                            (27) 

 
Chlorine radicals (Cl•) converted from free chlorine (HOCl or OCl-) does not generate 
chlorine odor and taste and also does not detected by DPD method. 
 
Here, the Cl• and/or OCl• species may participate in further reactions that deplete the 
HOCl. For example, the Cl• atom may react with HOCl by 
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                     Cl• + HOCl  →  HCl + OCl•                                                            (28) 

 

Also two free Cl• can form more stable species Cl2, and Cl2, a gas form, can evaporate 
into air from water. 

 

                                          Cl• + Cl• → Cl2 ↑                                                                         (29) 

 

Theoretically this reaction can be occurred, but it is suggested that actually this reaction 
is not a main because chlorine odor does not detected in the tap water and surrounding 
environment near the bottles containing tap water after chlorine in water is removed by 
sunlight. 

 

Chain termination may involve the reactions 
 

           Cl• + OCl• + H2O →  2 HOCl                                                         (30) 

        2OCl• + H2O  →  HCl + HClO2                                                                                    (31)      

 

On the other hand, at higher pH such as pH 10 where all of the chlorine is present as OCl–, 
OCl– can be decomposed into chloride ions (Cl–) and oxygen atoms (O) by UV radiation 
of 350 nm. 
 
                      OCl– + hν (UV photons)  → Cl– + O          (At pH 10 and 350nm)          (32) 
 
However, when OCl– is irradiated at 254nm, the primary photoprocess is as follows: 
 

              OCl– + hν (UV photons)  →  O–• + Cl•       (At pH 10 and 254nm)           (33)  

 
At this wavelength, chlorine at OH• radicals can be generated by the reactions: 
 
        O–• + H2O  →  OH• + OH–                                                                                                (34) 

 

As explained above, UV-C radiation of below 280 nm are completely shielded by the 
ozone layer; only a fraction of the UV-B and UV-A wavelength bands reach ground level 
(Acra et al., 1990). Therefore, main reaction of chlorine decomposition by solar radiation 
will be the reaction (32) since OCl- is a predominant species in natural water (pH 7~8, 
around 80% OCl- and 20% HOCl) and UV-AB of above 280 nm can reach the earth. 
Through the above theory, it is suggested that the concentration of free chlorine (HOCl 
and OCl-) can decrease by forming different species such as HClO2 or chloride (Cl–).  
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Solar radiation (UV) treatment is effective for not only residual chlorine removal but also 
water disinfection. UV radiation of solar radiation can act as a strong disinfectant by 
itself in eliminating pathogenic organisms from water since it destroys germs, viruses, 
and other pathogens by inactivating their DNA (Acra et al. 1980; Acra et al. 1984; Acher, 
1985; Calkins et al., 1976). Moreover, hydroxyl radical (OH•) and atomic oxygen (O) 
produced by the chlorine photosynthesis reactions (Eqs. 26 and 32) can also act as a 
powerful disinfectant since OH• and O have the reduction potential of 2.80V and 2.42V 
in acidic solution (2.06V and 1.78V in alkali solution), respectively, which are much 
greater values than that of chlorine (1.36V in acidic solution and 0.9V in alkali solution) 
(Sharma, 2002; http://lenntech.com/water-disinfection/disinfectants-chlorine.htm; 
http://hyperphysics.phy-astr.gsu.edu/HBASE/Chemical/electrode.html). 
 

Figure 4.7 shows the results of chlorine decrease rate in the samples (HDPE bottles) 
collected in L1 (Hotel) and L2 (Palomar House) and also the intensities of total solar 
radiation, UV radiation, and light (brightness) depending on day and night. Free chlorine 
concentrations in both sample 1 (S1) and sample 2 (S2) greatly decreased for 2 days from 
1.59 to 0.09 mg/L (S1: open bottle) and from 1.74 to 0.09 mg/L (S2: open bottle) by UV 
radiation of 2.85 to 866.87 µW/cm2. The decrease rate of free chlorine concentration on 
the second day (1.11 to 0.09 mg/L in S1 in open bottle) was greater than that on the first 
day (1.59 to 1.11 mg/L in S1 in open bottle) because on the second day, the solar 
radiation (UV) intensity was much stronger (8.02 to 866.87 µW/cm2) than that on the 
first day (2.85 to 30.17 µW/cm2).  

 

The pH change of water depending on chlorine decrease rate is shown in Figure 4.8. The 
pH of the sample in open bottle slightly increased from 8.00 to 8.10, whereas it is a very 
small increase and it suggests that pH does not change in the reaction of chlorine 
decomposition by UV radiation. OCl-, a major species in the tap water (pH 8), is 
decomposed into Cl– and O by UV radiation of 350 nm (Eq. 32) which do not effect on 
pH value. Also, HOCl which consists around 20% at pH 8 (Figure 2.1) is decomposed 
into OH• and Cl• by UV radiation of 350 nm (Eq.26). Then, OH• leads an additional 
reaction with another HOCl which produces both H+ and OH- (Eq.27). Therefore, the pH 
of water can maintain balance. On the other hand, Cl• and OCl•, another species 
produced by the reaction between HOCl and UV radiation, can produce H+ which 
decreases the pH of water (Eqs.28 and 32) whereas, the result of pH measurement (stable 
pH) in this experiment indicates that those reactions (Eqs.28 and 32) were barely 
occurred. 

Figure 4.9 illustrates the result of electrical conductivity change by the reaction between 
residual chlorine and UV radiation. Electrical conductivity (EC) is a measurement of the 
ability of water to conduct electrical current, and it estimates the amount of total 
dissolved salts (TDS) or the total amount of dissolved ions in the water. Measurements of 
conductivity provide a general indication of water quality. An electrical current is 
proportional to the concentration of dissolved ions in the water - the more ions, the more 
conductivity in    the water resulting in a higher electrical current 
(http://lakeaccess.org/russ/conductivity.htm).  
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In Figure 4.9, the electrical conductivity of sample 1 in open bottle slightly increased 
from 330 to 340 µS/cm by the photosynthesis of chlorine with sunlight exposure for 2 
day. As aforementioned, at pH 8 which is the same pH as the water samples, a main 
reaction (80%) between chlorine and UV radiation is Eq.32 describing that OCl- is 
decomposed into Cl– and O. In this reaction, the photosynthesis of OCl- dose not effect on 
electrical conductivity since OCl- and Cl– have the same charge of -1, and O is 
electrically neutral. On the other hand, HOCl which consists around 20% at pH 8 (Figure 
2.1) is decomposed into OH• and Cl• by UV radiation of 350 nm (Eq.26). OH• and Cl• 
do not participate in electrical conductivity value since those do not carry charge, 
whereas Cl•, through an additional reaction (Eq.28), produces both H+ and Cl- which can 
increase electrical conductivity value in water.  

On the other hand, the water temperature greatly increased from 21 to 31℃ by solar 
radiation on the second day as shown in Figure 4.10. Electrical conductivity is strongly 
dependent on temperature; the electrical current flow increases with increasing 
temperature (http://lakeaccess.org/russ/conductivity.htm). The increase of electrical 
conductivity may be caused by the increase of water temperature.  

Through the understanding of both the experimental phenomenon and the theoretical 
facts, it is thus suggested that the increase of electrical conductivity by the photosynthesis 
of chlorine (HOCl and OCl-) is occurred by either the production of H+ and Cl- from the 
reaction between Cl• and HOCl, or the increase of water temperature by solar radiation. 
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Table 4. 1.  Total solar radiation, UV radiation and light intensity measurement data on March 6 2008. 
 

Time 
March 6 

Cloud 
Condition 

Solar Radiation 
(x100, µw/cm2) 

  
UV Sensor  
(µw/cm2)  

  

  
Light Sensor  
(x100, lux)  

  
Front Up Left Right Front Up Left Right 

9:56 Altostratus 66.7 200 102 120 30 93.0 80.0 100.0 14.0 
9:58 Altostratus 79.9 150 40 75 30 83.0 115.0 99.0 13.0 
10:07 Altocumulus 28.4 118 26 27 16 38.0 21.6 16.8 8.0 
10:15 Altocumulus 167.3 215 114 133 38 123.5 124.0 101.8 14.0 
10:24 Altocumulus 64.0 190 55 60 26 54.0 35.0 27.0 11.0 
10:33 Altocumulus 58.2 170 40 41 28 61.3 45.2 34.7 9.8 
10:41 Altocumulus 181.4 148 124 124 42 158.0 135.0 88.9 11.6 
10:56 Sunny 195.9 219 144 108 62 129.4 143.5 78.5 17.7 
11:01 Sunny 197.3 220 169 108 58 128.0 144.0 74.6 18.5 
11:06 Sunny 201.5 223 160 112 35 125.6 144.4 69.6 12.2 
11:11 Sunny 201.0 231 166 105 35 123.2 141.4 64.0 13.0 
11:16 Sunny 207.0 225 171 86 38 132.2 144.6 52.5 13.7 
11:26 Sunny 220.1 264 197 95 45 140.0 143.0 42.7 12.5 
11:31 Sunny 223.6 292 208 93 44 144.1 155.0 47.2 15.0 
11:36 Sunny 221.6 259 224 91 36 137.7 152.4 43.5 14.2 
11:41 Sunny 175.6 230 170 73 31 108.6 130.0 32.0 12.8 
11:46 Sunny 190.9 254 204 104 55 133.0 145.5 40.2 15.0 
11:51 Stratocumulus 172.5 271 225 78 35 65.0 83.4 17.2 8.2 
12:09 Stratocumulus 41.5 161 37 30 12 45.5 27.2 14.1 6.8 
14:07 Cumulonimbus 17.5 14 74 12 9 11.0 19.2 4.7 4.0 
14:09 Cumulonimbus 17.5 13 74 12 8 10.8 18.4 4.5 3.5 
14:11 Cumulonimbus 17.5 13 65 11 8 9.2 14.8 3.8 2.5 
14:13 Cumulonimbus 9.6 8 40 7 5 6.2 10.0 2.5 2.2 
14:16 Cumulonimbus 8.9 8 32 6 5 6.8 9.6 2.4 2.8 
14:18 Cumulonimbus 11.2 9 32 7 6 6.9 8.8 2.3 2.4 
14:22 Cumulonimbus(Rain) 4.6 5 15 4 3 3.2 3.9 1.1 1.2 
14:25 Cumulonimbus(Rain) 2.0 2 7 2 2 1.4 1.9 0.5 0.5 
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Figure 4. 1.  Common types of clouds in the troposphere. 
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Figure 4. 2.  Total solar radiation, UV radiation and light intensity measurement on March 6 2008. 
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Figure 4. 3.  Correlation between total solar radiation, UV radiation and light intensity measured at up side on March 6 2008. 
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Table 4. 2.  Total solar radiation, UV radiation and light intensity measurement data during March 12 and 13 2008. 

 

Date 
  

Time 
(hour) 

Total Solar Radiation 
(x100, uw/cm2) 

UV Radiation 
(uw/cm2) 

Light Intensity 
(x100, lux) 

  9~10 14.00 9.32 9.22 
  10~11 20.82 10.73 10.15 

  11~12 36.94 24.00 20.90 
March 12 12~13 37.88 28.63 24.13 

  13~14 41.24 25.77 21.46 
  14~15 47.45 30.17 24.19 
  16~17 18.64 14.18 10.04 
  19~20 2.58 2.85 2.57 
  22~23 0.00 0.00 0.00 
  1~2 0.00 0.00 0.00 
  4~5 0.00 0.00 0.00 
  6~7 0.00 0.00 0.00 
  8~9 13.45 17.52 19.68 
  10~11 71.29 19.50 11.49 
  11~12 233.81 359.48 140.97 

March 13 13~14 382.35 866.87 165.11 
  14~15 204.09 614.27 166.24 
  16~17 89.55 104.18 86.02 
  19~20 12.57 8.02 6.96 
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Correlation between Total Solar Radiation, UV Radia tion and Light Intensity Measured at Up Side 
during March 12 and 13 2008

R2 = 0.9601

0

100

200

300

400

500

600

700

800

900

1000

0 50 100 150 200 250 300 350 400 450

Total Solar Radiation Intensity (x100, uw/cm2)

U
V

 R
ad

ia
tio

n 
In

te
ns

ity
 (

uw
/c

m
2)

0

25

50

75

100

125

150

175

Li
gh

t I
nt

e
ns

ity
 (

x1
0

0,
 lu

x)

UV radiation
Light intensity

R2 = 0.9360

 
 
Figure 4. 4.  Correlation between total solar radiation, UV radiation and light intensity measured at up side during March 12 and 13 2008. 
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- March 12 (Cloudy → Sunny) - 
 

\         
          (1) March 12 -9:00                      (2) March 12 – 10:00                   (3) March 12 – 11:00                     (4 ) March 12 – 12:00 
                                 

           
        (5) March 12 – 14:00                       (6) March 12 – 16:00                       (7) March 12 18:00               (8) March 12 – 19:00                                                       
 
 
Figure 4. 5.  Cloud types observed from 9:00 to 19:00 on March 12 and 13 2008 in Port LaBelle, Florida. 



 61

 
- March 13 (Sunny) - 

 

           
              (1) March 13 – 9:00                                        (2) March 13 – 11:00                                     (3) March – 13:00                                                
 

           
         (4) March 13 – 14:00                                        (5) March 13 – 16:00                                       (6) March 13 – 18:00 

 
 
Continued by Figure 4.5 
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Table 4. 3.  Physical and chemical properties of water samples by the reaction with solar radiation (UV) during March 12 and 13 2008 
(Samples (S1) collected in L1 (Hotel) with HDPE bottles). 

Bottle 
Control 
 (HDPE) 

Time 
  

(hour) 

Analysis  
Time 

(hr:min) 

    Replicate 1         Replicate 2     

Free-Cl 
(mg/L) 

Total-Cl 
(mg/L) 

Temperature 
((((℃℃℃℃)))) 

pH 
  

Conductivity 
(µ(µ(µ(µS/cm) 

Free-Cl 
(mg/L) 

Total-Cl 
(mg/L) 

Temperature 
((((℃℃℃℃)))) 

pH 
  

Conductivity 
(µ(µ(µ(µS/cm) 

Open 0 9:10 1.59 1.58 24.6 8.00 330 1.59 1.59 24.6 7.99 330 
  1 10:10 1.57 1.57 24.8 8.01 331 1.56 1.56 24.6 8.00 330 
  2 11:10 1.55 1.55 24.8 8.00 331 1.55 1.55 24.8 7.99 330 
  3 12:10 1.46 1.46 25.8 8.00 333 1.47 1.47 25.8 8.00 331 

March 12  4 13:10 1.39 1.40 26.5 8.02 333 1.39 1.39 26.5 8.01 332 
  5 14:10 1.30 1.30 27.1 8.01 333 1.31 1.31 27.1 8.01 332 
  7 16:10 1.10 1.10 27.8 8.08 335 1.10 1.10 27.8 8.06 334 
  10 19:10 1.11 1.11 28.0 8.06 337 1.10 1.10 27.9 8.07 335 
  23 8:10 1.07 1.07 20.9 8.08 339 1.09 1.09 20.7 8.08 337 
  25 10:10 0.96 0.96 22.5 8.08 340 0.98 0.98 22.4 8.09 337 
  26 11:10 0.88 0.88 24.7 8.10 340 0.89 0.89 24.7 8.09 339 

March 13  27 12:10 0.65 0.65 26.8 8.12 339 0.67 0.67 26.8 8.10 341 
  28 13:10 0.37 0.37 28.2 8.08 340 0.35 0.37 28.1 8.09 340 

  29 14:10 0.20 0.21 31.4 8.09 340 0.22 0.22 31.4 8.11 341 
  31 16:10 0.14 0.14 32.5 8.11 341 0.15 0.15 32.5 8.11 341 
  34 19:10 0.10 0.10 31.0 8.10 341 0.08 0.09 31.0 8.09 340 

Close  0 9:15 1.60 1.62 24.6 8.00 325 1.63 1.64 24.5 8.01 327 
  1 10:15 1.59 1.60 24.8 7.99 325 1.62 1.62 24.8 7.99 328 
  2 11:15 1.59 1.59 24.8 7.98 325 1.60 1.61 24.8 7.99 327 

March 12   3 12:15 1.52 1.52 25.7 8.02 327 1.52 1.52 25.8 8.00 330 
  4 13:15 1.45 1.45 26.6 8.03 330 1.44 1.44 26.6 8.00 332 
  5 14:15 1.31 1.30 27.1 8.02 332 1.31 1.31 27.0 8.01 332 
  7 16:15 1.12 1.13 28.1 8.01 336 1.11 1.12 28.1 8.02 335 
  10 19:15 1.12 1.12 27.8 8.02 335 1.11 1.11 27.8 8.03 336 
  23 8:15 1.10 1.11 21.0 8.09 337 1.12 1.12 21.0 8.05 338 
  25 10:15 0.98 0.98 22.5 8.07 339 0.99 1.01 22.5 8.05 340 

  26 11:15 0.85 0.85 24.7 8.09 340 0.87 0.87 24.7 8.07 340 
 March 13  27 12:15 0.60 0.62 26.8 8.09 340 0.61 0.62 26.7 8.09 342 
  28 13:15 0.41 0.41 28.3 8.09 341 0.39 0.39 28.4 8.10 342 
  29 14:15 0.23 0.23 31.9 8.09 340 0.20 0.20 31.9 8.10 340 
  31 16:15 0.10 0.10 32.9 8.11 341 0.11 0.11 32.9 8.12 342 
  34 19:15 0.06 0.07 31.0 8.09 341 0.08 0.08 32.0 8.11 342 
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Table 4. 4.  Physical and chemical properties of water samples by the reaction with solar radiation (UV) during March 12 and 13 2008 
(Samples (S1) collected in L1 (Hotel) with PETE bottles). 

Bottle 
Control 
 (PETE) 

Time 
  

(hour) 

Analysis  
Time 

(hr:min) 

    Replicate 1         Replicate 2     

Free-Cl 
(mg/L) 

Total-Cl 
(mg/L) 

Temperature 
((((℃℃℃℃)))) 

pH 
  

Conductivity 
(µ(µ(µ(µS/cm) 

Free-Cl 
(mg/L) 

Total-Cl 
(mg/L) 

Temperature 
((((℃℃℃℃)))) 

pH 
  

Conductivity 
(µ(µ(µ(µS/cm) 

Open 0 9:20 1.62 1.62 24.5 8.01 326 1.63 1.64 24.5 8.02 328 
  1 10:20 1.61 1.62 24.7 8.01 327 1.62 1.62 24.6 8.00 328 
  2 11:20 1.61 1.61 24.8 8.00 327 1.61 1.61 24.8 8.01 327 
  3 12:20 1.57 1.58 25.9 8.00 327 1.58 1.58 25.9 8.01 327 

March 12 4 13:20 1.55 1.56 26.9 8.02 330 1.54 1.54 26.8 8.00 327 
  5 14:20 1.35 1.36 27.5 8.03 333 1.35 1.35 27.5 8.02 329 
  7 16:20 1.13 1.14 28.2 8.05 338 1.14 1.14 28.2 8.04 332 
 10 19:20 1.14 1.14 28.0 8.08 336 1.13 1.14 28.1 8.07 334 
  23 8:20 1.13 1.13 21.0 8.07 338 1.13 1.13 21.2 8.08 336 
  25 10:20 1.01 1.01 22.8 8.08 339 1.00 1.00 22.8 8.09 338 
  26 11:20 0.85 0.85 24.9 8.07 340 0.87 0.87 24.9 8.09 338 

March 12 27 12:20 0.64 0.64 26.8 8.07 341 0.67 0.67 26.8 8.10 340 
  28 13:20 0.39 0.38 28.2 8.09 340 0.37 0.37 28.3 8.11 340 

  29 14:20 0.25 0.25 31.5 8.07 340 0.24 0.24 31.5 8.10 340 
  31 16:20 0.15 0.15 32.5 8.09 342 0.15 0.16 32.6 8.10 341 
  34 19:20 0.07 0.07 31.1 8.10 342 0.06 0.06 31.2 8.11 340 

Close 0 9:25 1.63 1.63 24.6 8.00 325 1.64 1.64 24.6 8.01 327 
  1 10:25 1.62 1.62 24.7 8.01 325 1.63 1.63 24.7 8.00 326 
  2 11:25 1.62 1.62 24.7 8.01 325 1.62 1.63 24.7 8.01 327 

March 12  3 12:25 1.58 1.59 25.9 8.01 327 1.59 1.59 25.8 8.00 329 
  4 13:25 1.54 1.55 26.8 8.02 325 1.55 1.55 26.8 8.02 330 
  5 14:25 1.40 1.41 27.6 8.04 332 1.39 1.40 27.6 8.02 330 
  7 16:25 1.20 1.22 28.4 8.07 335 1.20 1.21 28.3 8.05 333 
 10 19:25 1.19 1.20 28.0 8.08 336 1.20 1.20 28.0 8.07 333 
  23 8:25 1.20 1.20 21.0 8.09 339 1.18 1.18 21.1 8.10 335 
  25 10:25 1.06 1.07 22.8 8.08 341 1.04 1.05 22.8 8.11 336 

  26 11:25 0.88 0.88 24.8 8.09 340 0.85 0.85 24.9 8.10 338 
March 13 27 12:25 0.67 0.67 26.9 8.11 341 0.69 0.69 26.8 8.11 338 

  28 13:25 0.37 0.37 28.2 8.11 341 0.36 0.36 28.3 8.12 340 
  29 14:25 0.25 0.25 31.2 8.10 340 0.23 0.23 31.3 8.10 340 
  31 16:25 0.13 0.13 32.7 8.11 341 0.14 0.14 32.8 8.10 341 
  34 19:25 0.08 0.08 31.2 8.12 342 0.10 0.10 31.5 8.10 340 
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Table 4. 5. Physical and chemical properties of water samples by the reaction with solar radiation (UV) during March 12 and 13 2008 
(Samples (S2) collected in L2 (Palomar House) with HDPE bottles). 

Bottle 
Control 
 (HDPE) 

Time 
  

(hour) 

Analysis  
Time 

(hr:min) 

    Replicate 1         Replicate 2     

Free-Cl 
(mg/L) 

Total-Cl 
(mg/L) 

Temperature 
((((℃℃℃℃)))) 

pH 
  

Conductivity 
(µ(µ(µ(µS/cm) 

Free-Cl 
(mg/L) 

Total-Cl 
(mg/L) 

Temperature 
((((℃℃℃℃)))) 

pH 
  

Conductivity 
(µ(µ(µ(µS/cm) 

Open 0 9:00 1.72 1.74 23.5 8.00 333 1.75 1.75 23.3 8.00 333 
  1 10:00 1.69 1.68 23.9 7.98 335 1.68 1.69 23.9 8.02 334 
  2 11:00 1.54 1.53 24.7 7.99 335 1.55 1.56 24.8 8.04 332 
  3 12:00 1.48 1.49 25.9 8.00 334 1.48 1.48 25.8 8.03 333 

March 12   4 13:00 1.42 1.42 26.6 8.01 334 1.42 1.42 26.7 8.02 334 
  5 14:00 1.15 1.15 27.4 7.98 332 1.15 1.15 27.4 8.00 333 
  7 16:00 1.04 1.06 28.3 7.99 333 1.04 1.05 28.3 8.03 334 
  10 19:00 1.04 1.05 28.1 7.99 334 1.05 1.05 28.0 8.04 334 
  23 8:00 1.05 1.05 20.6 8.00 334 1.05 1.05 20.6 8.04 334 
  25 10:00 0.94 0.94 22.5 8.02 338 0.96 0.96 22.5 8.08 337 
  26 11:00 0.82 0.82 24.7 8.05 339 0.85 0.85 24.6 8.07 337 

March 13   27 12:00 0.60 0.61 26.9 8.08 339 0.63 0.63 26.9 8.09 339 
  28 13:00 0.32 0.32 28.2 8.11 339 0.30 0.31 28.2 8.12 341 

  29 14:00 0.23 0.23 31.2 8.12 340 0.19 0.20 31.2 8.12 341 
  31 16:00 0.14 0.15 32.4 8.12 340 0.14 0.14 32.3 8.10 340 
  34 19:00 0.08 0.07 31.0 8.10 341 0.10 0.10 31.1 8.12 341 

Close  0 9:05 1.74 1.75 23.4 8.00 332 1.75 1.76 23.4 8.00 334 
  1 10:05 1.63 1.64 23.8 8.02 334 1.64 1.64 23.9 8.04 335 
  2 11:05 1.58 1.59 24.9 8.02 334 1.58 1.58 24.9 8.05 335 
  3 12:05 1.49 1.49 25.9 8.01 333 1.50 1.50 25.9 8.05 334 

March 12   4 13:05 1.40 1.41 26.8 8.03 332 1.41 1.42 26.8 8.04 334 
  5 14:05 1.20 1.21 27.4 8.01 333 1.20 1.22 27.4 8.03 333 
  7 16:05 1.09 1.09 28.1 8.05 334 1.08 1.09 28.2 8.05 334 
  10 19:05 1.08 1.10 27.8 8.07 335 1.06 1.07 27.8 8.07 335 
  23 8:05 1.07 1.08 20.9 8.08 337 1.07 1.07 21.0 8.09 335 
  25 10:05 0.98 0.98 22.6 8.08 338 0.96 0.96 22.5 8.08 336 

  26 11:05 0.85 0.85 24.7 8.10 340 0.84 0.84 24.6 8.08 336 
 March 13 27 12:05 0.64 0.66 26.9 8.10 340 0.66 0.67 26.9 8.10 338 
  28 13:05 0.37 0.37 28.2 8.12 342 0.35 0.35 28.1 8.00 340 
  29 14:05 0.26 0.27 31.2 8.09 341 0.23 0.23 31.2 8.12 340 
  31 16:05 0.17 0.18 32.4 8.11 343 0.15 0.15 32.5 8.12 342 
  34 19:05 0.09 0.10 31.1 8.10 343 0.07 0.09 30.9 8.10 340 
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Chlorine Removal in Tap Water by Solar Radiation (U V) during March 12 and 13 2008
- Comparison between HDPE and PETE Bottles -
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Figure 4. 6.  Chlorine removal in tap water by solar radiation (UV) during March 12 and 13 2008 –Comparison between HDPE and 
PETE bottles - 
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Chlorine Removal in Tap Water by Solar Radiation (U V) during March 12 and 13 2008 
-Comparison between Sample1 (S1: Hotel) and Sample2 (S2: Palomar)-
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Figure 4. 7.  Chlorine removal in tap water by solar radiation (UV) during March 12 and 13 2008 – Comparison between Sample 1 
(S1:Hotel) and Sample 2 (S2: Palomar)-  
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Chlorine Removal in Tap Water by Solar Radiation (U V) during March 12 and 13 2008
- pH Measurement -
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Figure 4. 8.  Chlorine removal in tap water by solar radiation (UV) during March 12 and 13 2008 –pH measurement- 
 



 68

 

Chlorine Removal in Tap Water by Solar Radiation (U V) during March 12 and 13 2008 
-Conductivity Measurement-
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Figure 4. 9.  Chlorine removal in tap water by solar radiation (UV) during March 12 and 13 2008 –Conductivity measurement- 
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Water Temperature Change by Solar Radiation during March 12 and 13 2008
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Figure 4. 10.  Water temperature change by solar radiation during March 12 and 13 2008. 
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4.2 Chlorine Removal by Activated Carbon Filtration 
 
Activated carbon filtration was significantly effective for removing residual chlorine in tap 
water. Among the two experiment sets, in the case of treating the water (S1) of only 2 gallons 
per day by an activated carbon filter, the removal efficiency of free chlorine ranged 95.8% to 
100.0% for the water of total 44 gallons (average: 98.6%), as shown in Table 4.7 and Figure 
4.12. In the filtered water, no chlorine odor was detected and the taste was as good as bottled 
water. 
 
Carbon surfaces have both negative (anionic) or positive (cationic) charges to attract free ions 
in solution or suspension, depending on how they are treated. Treatment of carbon with a base 
during the manufacturing process increases the capacity of carbon to exchange anions; 
acidification of the surface makes carbon a powerful cation exchanger (Jankowska et al., 1991).  
Ion exchange is defined as a ‘reversible chemical reaction between a solid and an aqueous 
solution that allows the interchange of ions’ (Ockerman, 1991). Carbon is a natural ion 
exchanger (Helffrich, 1962).  
 
In a water deionization process, hydrogen ions (H+) exchange positively charged ions such as 
lead (Pb2+), copper (Cu2+) and sodium (Na+), and hydroxyl ions (OH-) exchange negatively 
charged ions such as sulfates (SO4

2-), phosphates (PO4
3-) and chlorides (Cl-). Therefore, 

chlorine (OCl-), existing as an anion in natural water, can be removed by exchanging it with 
anionic charges such as OH- on carbon surfaces. 
 
Total chlorine concentration was same as free chorine concentration in all tap water samples, 
which indicates there is no combined chlorine (chloramines) in this tap water. It is suggested 
that chlorine form consisting residual chlorine in this tap water is free chlorine, HOCl and OCl-, 
and they can be removed by the reaction of ion exchange with OH- on carbon surfaces rather 
than by adsorption. 
 
The removal efficiency of free chlorine at the first one gallon filtration was 95.8%, which is 
slightly lower than that shown from the next filtration. It demonstrates that at the beginning of 
the filtration, the activated carbon does not charge as perfectly as to achieve ion exchange 
between charged ions on carbon surface such as H+ and OH- and charged ions in tap water such 
as Pb2+, Na+, OCl-, and SO4

2-. In order to make carbon surface charged perfectly, enough 
soaking time of more than 15 minutes is needed in water. On the other hand, it is recommended 
that the filtered water from second filtration after discarding one gallon water by a beginning 
filtration are used for drinking, which is consistent with the recommendation of the 
manufacture company. 
 
Table 4.7 and Figure 4.12 also show the pH change of water by activated carbon filtration. 
Generally, the pH of water decreased by the filtration. At the filtration of the first one gallon, 
pH decreased from 8.01 to 5.95, whereas the more water was filtered, the higher pH was shown 
in the water compared to the result of the first one gallon filtration. The water with pH 8.00 
became pH 6.59 after filtering water of 44th gallons. 
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As aforementioned, in activated carbon filtration, hydrogen ions (H+) exchange positively 
charged ions such as lead (Pb2+), copper (Cu2+) and sodium (Na+), and hydroxyl ions (OH-) 
exchange negatively charged ions such as sulfates (SO4

2-), phosphates (PO4
3-) and chlorides 

(Cl-). The cause of the pH change of water by ion exchange in activated carbon filtration can be 
explained with the rate between cations and anions in the water. Table 4.6 demonstrates molar 
concentrations of cations and anions in the water sample.  
 
Molarity (mol/L, molar, or M) or molar concentration denotes the number of moles of a given 
substance per liter of solution (M = moles of solute / liter of solution). This is the most often 
used concentration unit, molar concentrations are often measured with highest precision and 
for most analytical applications, this is the preferred way of expressing concentration as it 
makes stoichiometric calculations much easier. 
(http://environmentalchemistry.com/yogi/chemistry/MolarityMolalityNormality.html). The 
molar concentration (mM, mmol/L) of each ion shown in Table 4.6 was calculated by the 
conversion from the concentration (mg/L) of each ion measured in the water quality analysis of 
Port LaBelle Utility System (PLUS) in January 2008 (Appendix 2). For example, in the case of 
calcium (Ca2+, 40g/mol),   
 

(mM) mmol/L 27.2
mol 1

mmol 1000
  x  

mg 1000

g 1
  x  

g 40

mol 1
  x  

L 1

mg 05.0 =  

 
In Table 4.6, it is shown that the total molar concentration of cations (3.75 mM) is greater than 
that of anions (2.97 mM), which means more cations than anions are existing in the water 
(There may be more ion species which were not analyzed in the test). Specifically, the main 
species of cations is Ca2+ (2.27 mM, 61% of all cations, a species occurred permanent hardness 
in water), covalent cation, whereas the main species of anions are HCO3

- (1.87 mM, 63% of all 
anions, a species occurred temporary hardness in water) and Cl- (1.04 mM, 35% of all anions), 
monovalent anion. When OH- on carbon surface exchanges HCO3

- in water, they react as a 
molar rate of 1:1 since they are the same monovalent ion, whereas when H+ on carbon surface 
exchanges Ca2+ in water, they react as a molar rate of 2:1 since H+ is a monovalent ion but Ca2+ 
is a covalent ion. 
 
Thus, it is indicated that the pH decrease by the filtration was mainly resulted from the reaction 
between H+ and Ca2+ which produces two H+ ions into water by removing one Ca2+ ion. On the 
other hand, as the reason for the pH increase of water by the more filtration frequency (pH 5.95 
after filtering the first one gallon, but pH 6.59 after filtering 44 gallons), it is also suggested 
that the ability of cation exchange of carbon filter decreases faster than that of anion exchange 
by filtering more water, since more H+ ions are needed in ion exchange between other cations 
in the tap water (existing more than anions in the tap water) and H+ on carbon surface. It also 
indicates that even if the carbon filter can be effectively used for the removal of anions such as 
OCl- in the tap water of more than 40 gallons, it may not be effective for the removal of cations 
at the filtration of water of more than 40 gallons since the capacity of available H+ on carbon 
surface decreases faster that that of OH-. 
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Table 4. 6.  Comparison of molar concentrations between cations and anions in Port LaBelle tap 
water (calculated data from Appendix 2). 
 
 

A) Molar concentrations of cations  
 

Cation Name Molecular 
Formula 

Molar Mass 
(g/mol) 

Concentration 
(mg/L) 

Molar Concentration 
(mM, mmol/L) 

Calcium Ca2+ 40.0 90.9 2.27 
Barium Ba2+ 137.0 0.002 1.46x10-5 

Iron Fe2+ 55.9 0.016 2.86x10-4 
Potassium K+ 39.0 2.21 5.67x10-2 

Magnesium Mg2+ 24.3 2.61 1.07x10-1 
Manganese Mn2+ 55.0 0.0005 9.09x10-6 

Sodium Na+ 23.0 32.4 1.41 
Strontium Sr2+ 87.6 0.138 1.58x10-3 

Total 
Concentration 

  
3.74929 
 

 
 

B) Molar concentrations of anions 
 

Anion Name Molecular 
Formula 

Molar Mass 
(g/mol) 

Concentration 
(mg/L) 

Molar Concentration 
(mM, mmol/L) 

Fluoride F- 19.0 0.05 2.63x10-3 
Chloride Cl- 35.5 37.0 1.04 
Sulfate SO4

2- 96.0 1.3 1.35x10-2 
Sulfite SO3

2- 80.0 0.07 8.75x10-4 
Nitrite NO2

- 46.0 0.01 2.17x10-4 
Nitrate NO3

- 62.0 0.08 1.29x10-3 
Carbonate Alk. CO3

2- 60.0 0.5 8.33x10-3 
Bicarbonate 

Alk. 
HCO3

- 61.0 114.0 1.87 

Hydroxide Alk. OH- 17.0 0.5 2.94x10-2 
Total 

Concentration 
  

2.96629 
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Figure 4.13 shows a graph of electrical conductivity change by carbon filtration. Generally, the 
electrical conductivity of water was decreased by the filtration. At the filtration of water of 20th 

gallon, electrical conductivity greatly decreased from 345 to 248 µS/cm, whereas the more 
water was filtered, the higher electrical conductivity was shown in the water compared to the 
result of the filtration of water of 20th gallon. The water with the electrical conductivity of 345 
µS/cm became 287 µS/cm after filtering water of 44th gallon.  

Electrical conductivity (EC) is a measurement of the ability of water to conduct electrical 
current, and it estimates the amount of total dissolved salts (TDS) or the total amount of 
dissolved ions in the water. Measurements of conductivity provide a general indication of 
water quality. An electrical current is proportional to the concentration of dissolved ions in the 
water - the more ions, the more conductivity in    the water resulting in a higher electrical 
current (http://lakeaccess.org/russ/conductivity.htm).  

One of the disadvantages of activated carbon filter is limited lifetime, as explained in the 
section of 2.4.2. It needs a regular replacement period since carbon surface consisting the filter 
has limited space to react with organic or inorganic contaminants in water. As well as that, 
carbon particles in the filter are continuously discarded out of the filter by filtering water, as 
shown in Figure 4.11. (However, any carbon powder is not presented in filtered water in the 
lower pitcher. It is presented in only unfiltered water in the upper pitcher.)  The velocity of the 
filtration was faster as the more waters were filtered since there are more pores on the carbon 
surface by the loss of the carbon powder. Also, faster filtration means worse filtration effect for 
the removal of contaminants in water. Increasing contact time allows greater amounts of 
contaminant to be removed from the water. Contact is improved by increasing the amount of 
activated carbon in the filter and by reducing the flow rate of water through the filter (Seelig et 
al., 1992). Therefore, carbon filter should be replaced as instructed by each manufacture 
company. 
 
 

 
 
Figure 4. 11.  Carbon power showing in water during filtering (unfiltered water). 
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Table 4.8 and Figure 4.14 show the result of the removal efficiency of chlorine and pH change 
by the filtration of water of more than 2 gallons per day. The removal efficiency of free 
chlorine ranged 80.4% to 99.3% for the water of total 120 gallons (average: 92.8%).  
 
On the second day when a total of 9 gallons were filtered, free chlorine showed much lower 
removal efficiency of 94.9% than that of 99.3% on the first day when a total of 5 gallons were 
filtered. However, on the third day when only 3 gallons were filtered, the removal efficiency 
increased again as 98.2%. For the chlorine removal in water, the carbon filter showed very high 
efficiency of more than 80% for the filtration of 120 gallons water. As aforementioned, 
however, it also indicates that even if the carbon filter can be effectively used for the removal 
of ions such as OCl- in the tap water of more than 40 gallons (until 120 gallons), it may not be 
effective for the removal of cations at more than 40 gallons.  
 
Generally, the pH of water was decreased by the filtration. At the filtration of water of the first 
5 gallons, pH decreased from 8.15 to 6.20, whereas the more water was filtered, the higher pH 
was shown in the water. The water with pH 8.00 became pH 7.26 after filtering water of 120th 
gallons. The reasons for general pH decrease by carbon filtration and less pH decrease 
according to more water filtrations are the same as mentioned in the case of filtering water of 
only 2 gallons per day.  
 
Figure 4.15 shows a graph of electrical conductivity change by carbon filtration. Generally, the 
electrical conductivity of water was decreased by the filtration. At the filtration of 74th gallon, 
electrical conductivity greatly decreased from 350 to 315 µS/cm, whereas the more water was 
filtered, the higher electrical conductivity was shown in the water compared to the result of the 
filtration of 74th gallon. The water with the electrical conductivity of 342 µS/cm became 326 
µS/cm after filtering water of 120th gallons.  
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Table 4. 7.  Physical and chemical properties of water samples (S1) by activated carbon filtration (2 gallons/day). 
 

Sampling  
Date  

Total Water  
 (gallons) 

                         
Free-Cl  
(mg/L) 

                Total-Cl  
(mg/L) 

pH 
  

Temperature 
(℃℃℃℃) 

        Conductivity 
             (µµµµS/cm)  

Before  After  %removal Before After %removal Before  After  Before  After Before  After  
21-Feb 1 1.44 0.06 95.83 1.47 0.07 95.24 8.01 5.95 26.1 26.0     
21-Feb 2 1.45 0.01 99.31 1.47 0.02 98.64 8.02 5.94 26.0 26.0     
22-Feb 3 1.36 0.03 97.79 1.36 0.05 96.32 7.98 5.93 25.3 25.2     
22-Feb 4 1.36 0.03 97.79 1.36 0.04 97.06 8.01 5.91 25.2 25.2     
25-Feb 5 1.17 0.03 97.44 1.18 0.03 97.46 8.05 5.95 25.8 25.7     
25-Feb 6 1.18 0.02 98.31 1.19 0.03 97.48 8.10 6.03 25.9 25.9     
26-Feb 8 1.09 0.00 100.00 1.10 0.00 100.00 8.06 6.01 25.0 25.4     
27-Feb 10 1.42 0.01 99.30 1.43 0.01 99.30 8.06 6.02 24.5 24.5     
28-Feb 12 1.39 0.03 97.84 1.39 0.04 97.12 7.70 6.27 23.4 22.8     
29-Feb 14 0.77 0.02 97.40 0.77 0.03 96.10 8.19 6.43 22.9 22.5     
03-Mar 16 1.40 0.01 99.29 1.39 0.02 98.56 8.14 6.28 24.5 24.0     
04-Mar 18 1.59 0.02 98.74 1.59 0.02 98.74 8.16 6.31 24.3 24.4     
05-Mar 20 1.55 0.01 99.35 1.57 0.01 99.36 8.08 6.33 25.9 25.5 345 248 
06-Mar 22 1.54 0.01 99.35 1.54 0.01 99.35 8.11 6.31 25.1 24.9 340 246 
07-Mar 24 1.55 0.00 100.00 1.56 0.02 98.72 7.98 6.34 26.2 26.0 340 247 
08-Mar 26 1.08 0.00 100.00 1.10 0.01 99.09 8.12 6.47 25.5 25.2 330 250 
10-Mar 28 1.20 0.03 97.50 1.20 0.04 96.67 8.08 6.62 23.7 23.0 339 268 
11-Mar 30 1.16 0.02 98.28 1.16 0.02 98.28 7.98 6.50 25.5 24.9 337 266 
12-Mar 32 1.70 0.00 100.00 1.70 0.00 100.00 8.00 6.54 26.6 25.6 334 263 
13-Mar 34 1.68 0.01 99.40 1.69 0.01 99.41 7.97 6.51 25.8 25.3 342 267 
14-Mar 36 1.38 0.00 100.00 1.39 0.00 100.00 7.98 6.52 23.0 22.7 336 278 
15-Mar 38 1.32 0.01 99.24 1.32 0.01 99.24 7.82 6.44 23.4 24.0 339 278 
17-Mar 40 1.41 0.04 97.16 1.41 0.04 97.16 8.01 6.56 24.7 24.5 342 287 
18-Mar 42 1.45 0.02 98.62 1.46 0.02 98.63 7.83 6.56 24.0 24.0 342 284 
19-Mar 44 1.45 0.02 98.62 1.46 0.02 98.63 8.00 6.59 24.0 23.9 345 287 
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Figure 4. 12. Chlorine removal and pH change in tap water by activated carbon filtration 1.  
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Chlorine Removal and Conductivity Change in Tap Wat er by Activated Carbon Flitration 1
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Figure 4. 13.  Chlorine removal and conductivity change in tap water by activated carbon filtration 1.  
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Table 4. 8.  Physical and chemical properties of water samples (S1) by activated carbon filtration (more than 2 gallons/day). 
 
Sampling  

Date  
Total Water 

(gallons) 
  Free-Cl (mg/L)    Total-Cl (mg/L)  pH  Temperature ( ℃℃℃℃) 

Before  After  %removal  Before  After  %removal  Before  After  Before  After  
18-Feb 0.4 1.44 0.10 93.06 1.44 0.11 92.36 8.20 6.27 24.2 24.3 
18-Feb 0.8 1.44 0.06 95.83 1.44 0.06 95.83 8.20 6.16 24.7 24.7 
18-Feb 1.2 1.44 0.01 99.31 1.44 0.03 97.92 8.20 6.05 24.3 24.3 
18-Feb 1.6 1.44 0.04 97.22 1.44 0.04 97.22 8.20 6.13 24.3 24.3 
18-Feb 2 1.44 0.03 97.92 1.44 0.03 97.92 8.20 6.18 24.2 24.3 
18-Feb 5 1.52 0.01 99.34 1.53 0.04 97.39 8.15 6.20 24.5 24.4 
19-Feb 8 1.65 0.04 97.58 1.70 0.05 97.06 8.05 6.20 23.8 23.8 
19-Feb 11 1.50 0.09 94.00 1.51 0.10 93.38 8.08 6.28 23.8 23.9 
19-Feb 14 1.58 0.08 94.94 1.58 0.10 93.67 8.05 6.28 23.5 23.2 
20-Feb 17 1.62 0.03 98.15 1.63 0.04 97.55 8.12 6.46 24.7 24.7 
21-Feb 20 1.44 0.02 98.61 1.45 0.03 97.93 8.02 6.33 25.9 25.7 
21-Feb 23 1.35 0.02 98.52 1.35 0.02 98.52 8.01 6.45 25.8 25.5 
22-Feb 26 1.35 0.03 97.78 1.36 0.05 96.32 8.03 6.43 25.3 25.3 
22-Feb 29 1.34 0.03 97.76 1.35 0.04 97.04 8.01 6.49 25.2 25.1 
25-Feb 32 1.12 0.04 96.43 1.12 0.05 95.54 7.89 6.54 25.8 25.7 
25-Feb 35 1.10 0.02 98.18 1.10 0.02 98.18 8.08 6.68 25.3 25.6 
26-Feb 38 1.08 0.02 98.15 1.09 0.02 98.17 8.06 6.54 24.9 25.4 
26-Feb 40 1.10 0.03 97.27 1.10 0.03 97.27 8.06 6.58 25.1 25.7 
26-Feb 42 1.14 0.03 97.37 1.14 0.03 97.37 8.07 6.68 24.8 25.6 
27-Feb 44 1.22 0.04 96.72 1.22 0.04 96.72 8.05 6.61 24.4 24.3 
27-Feb 46 1.34 0.04 97.01 1.36 0.04 97.06 8.04 6.69 24.3 24.5 
27-Feb 48 1.42 0.07 95.07 1.42 0.08 94.37 8.06 6.78 24.4 24.4 
28-Feb 50 1.62 0.08 95.06 1.64 0.08 95.12 7.99 6.83 23.4 22.6 
28-Feb 52 1.53 0.11 92.81 1.53 0.13 91.50 8.04 6.92 23.5 22.7 
28-Feb 54 1.49 0.20 86.58 1.52 0.22 85.53 8.13 7.07 23.5 22.6 
29-Feb 56 0.72 0.07 90.28 0.74 0.08 89.19 8.21 7.03 22.9 22.3 
29-Feb 58 0.67 0.09 86.57 0.68 0.09 86.76 8.21 7.17 22.9 22.0 
29-Feb 60 0.67 0.12 82.09 0.69 0.13 81.16 8.22 7.27 22.9 21.8 
03-Mar 62 1.40 0.13 90.71 1.40 0.15 89.29 8.10 6.97 24.3 24.0 
03-Mar 64 1.38 0.15 89.13 1.38 0.16 88.41 8.10 7.04 24.6 24.1 
03-Mar 66 1.34 0.13 90.30 1.35 0.14 89.63 8.09 7.06 24.8 24.1 
04-Mar 68 1.40 0.17 87.86 1.45 0.20 86.21 8.05 7.03 24.7 24.6 
04-Mar 70 1.63 0.16 90.18 1.64 0.20 87.80 8.13 7.06 24.5 24.5 
04-Mar 72 1.62 0.16 90.12 1.63 0.19 88.34 8.13 7.07 24.5 24.6 
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Continued by Table 4.8. 
 

Sampling  
 Date 

Total 
Water 

(gallons) 

  
 Free-Cl (mg/L) 

  
Total-Cl (mg/L)        pH Temperature ( ℃℃℃℃) Conductivity( µµµµS/cm) 

Before  After  %removal Before  After  %removal Before  Aft er  Before  After  Before  After  
05-Mar 74 1.44 0.14 90.28 1.45 0.15 89.66 7.93 6.98 26.0 25.8 350 315 
05-Mar 76 1.44 0.10 93.06 1.44 0.10 93.06 8.06 7.00 26.0 25.7 349 318 
05-Mar 78 1.55 0.10 93.55 1.55 0.10 93.55 8.04 7.02 25.9 25.5 349 321 
06-Mar 80 1.60 0.11 93.13 1.60 0.12 92.50 8.06 6.94 24.9 24.9 340 309 
06-Mar 82 1.58 0.10 93.67 1.58 0.10 93.67 8.10 7.07 25.0 25.0 341 313 
06-Mar 84 1.58 0.10 93.67 1.57 0.11 92.99 8.10 7.03 25.0 25.1 340 312 
07-Mar 86 1.48 0.10 93.24 1.50 0.11 92.67 7.98 6.98 26.2 26.0 341 310 
07-Mar 88 1.53 0.08 94.77 1.55 0.10 93.55 7.98 7.02 26.2 26.1 340 314 
07-Mar 90 1.48 0.08 94.59 1.49 0.10 93.29 8.01 7.08 26.2 26.2 341 316 
08-Mar 92 1.03 0.07 93.20 1.05 0.08 92.38 8.02 7.05 25.5 24.9 330 304 
08-Mar 94 1.05 0.08 92.38 1.08 0.10 90.74 8.13 7.15 25.4 24.9 331 306 
08-Mar 96 1.05 0.08 92.38 1.08 0.08 92.59 8.14 7.25 25.4 24.9 331 310 
10-Mar 98 1.20 0.09 92.50 1.20 0.09 92.50 8.04 7.07 23.5 23.0 338 316 
10-Mar 100 1.22 0.12 90.16 1.22 0.12 90.16 8.04 7.23 23.6 22.9 338 320 
10-Mar 102 1.22 0.15 87.70 1.24 0.17 86.29 8.09 7.27 23.6 22.9 339 323 
11-Mar 104 1.12 0.12 89.29 1.12 0.13 88.39 7.95 7.08 25.1 24.6 336 314 
11-Mar 106 1.14 0.12 89.47 1.15 0.12 89.57 7.94 7.18 25.2 24.6 336 316 
11-Mar 108 1.15 0.11 90.43 1.15 0.12 89.57 8.00 7.18 25.3 24.6 335 318 
12-Mar 110 1.54 0.15 90.26 1.54 0.15 90.26 7.95 7.06 27.3 26.1 333 310 
12-Mar 112 1.60 0.18 88.75 1.60 0.19 88.13 8.01 7.15 27.1 26.0 334 314 
12-Mar 114 1.57 0.19 87.90 1.57 0.20 87.26 8.01 7.18 26.9 25.8 334 314 
13-Mar 116 1.70 0.23 86.47 1.70 0.24 85.88 8.00 7.09 26.0 25.9 342 320 
13-Mar 118 1.65 0.27 83.64 1.65 0.28 83.03 8.02 7.17 25.9 25.9 340 321 
13-Mar 120 1.68 0.33 80.36 1.68 0.33 80.36 8.00 7.26 25.9 25.7 342 326 
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Figure 4. 14.  Chlorine removal and pH change in tap water by activated carbon filtration 2.  
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Chlorine Removal and Conductivity Change in Tap Wat er by Activated Carbon Filtration 2
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Figure 4. 15.  Chlorine removal and conductivity change in tap water by activated carbon filtration 2. 
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4.3 Chlorine Removal by Aeration at Various temperatures 
 
Aeration at various temperatures was not effective in removing chlorine in water. Free chlorine 
concentration slightly decreased from 1.66 to 1.41 mg/L in open bottle on a dark shelf (26°C) 
for 3 days and from 1.67 to 1.43 mg/L in open bottle in a refrigerator (5°C) for 3 days, as 
shown in Table 4.9 and Figure 4.16. Also, the pH of water did not change by aeration, and no 
difference of free chlorine concentration shows between open bottle and capped bottle. 
Moreover, in the analysis after 1 month, chlorine of almost same concentration (1.34 mg/L) as 
that on the third day was detected, and it indicates a long residual effect of chlorine. 
 
From the result that keeping tap water on a dark shelf and in a refrigerator did not decrease 
chlorine concentration, it is recommended that clean tap water could be preserved at dark place 
for a long time without any concern of bacteria re-growth in water. Therefore, in order to 
remove chlorine in water, water treatments by solar radiation and activated carbon filtration are 
suggested, whereas in order to maintain residual chlorine in tap water for an emergency 
situation such as hurricane, storing tap water in clean and sealed bottles at dark places with no 
sunlight is suggested. 
 
Table 4.10 and Figure 4.17 show the result of chlorine removal by water freezing and melting. 
Free chlorine concentration slightly decreased from 1.68 to 1.56 mg/L in open bottle for 3 days. 
Also, the pH of water did not change by freezing and melting, and no difference of free 
chlorine concentration shows between open bottle and capped bottle (aeration). From other 
experiment results that there is no great difference between open and capped bottles, the slight 
concentration difference between the bottles shown in this experiment is considered as an 
analytical error. In an additional analysis after 1 month, chlorine of almost same concentration 
(1.58 mg/L) as that on the third day was detected, and it indicates a long residual effect of 
chlorine. 
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Table 4. 9.  Chemical properties of water sample (S3:WTP) by aeration on a dark shelf  (26℃℃℃℃) 
and in a refrigerator (5℃℃℃℃). 
 

Place 
     

Bottle 
Control 

Time 
(hours) 

Analysis Time 
  

  
Free-Cl (mg/L) pH 

Replicate1 Replicate2 Average Average 
    0 2008-02-04 11:20 1.64 1.68 1.66 8.30 
    1 2008-02-04 12:40 1.65 1.63 1.64 8.33 

    2 2008-02-04 14:40 1.70 1.89 1.80 8.24 
    4 2008-02-04 16:30 1.75 1.68 1.72 8.38 
Dark Shelf (26 ℃℃℃℃) Open 8 2008-02-04 20:40 1.51 1.48 1.50 8.35 

  (HDPE) 24 2008-02-05 11:30 1.60 1.52 1.56 8.27 
    36 2008-02-05 21:40 1.56 1.39 1.48 8.28 
    48 2008-02-06 11:30 1.60 1.40 1.50 8.31 
    60 2008-02-06 21:40 1.40 1.40 1.40 8.27 
    72 2008-02-07 10:10 1.42 1.40 1.41 8.29 
    0 2008-02-04 11:25 1.74 1.68 1.71 8.30 
    1 2008-02-04 12:50 1.52 1.54 1.53 8.33 
    2 2008-02-04 14:50 1.71 1.57 1.64 8.28 
    4 2008-02-04 16:35 1.59 1.60 1.60 8.36 
Dark Shelf (26 ℃℃℃℃) Close 8 2008-02-04 20:45 1.58 1.49 1.54 8.34 

  (HDPE) 24 2008-02-05 11:35 1.48 1.53 1.51 8.28 
    36 2008-02-05 21:45 1.45 1.60 1.53 8.28 
    48 2008-02-06 11:35 1.50 1.45 1.48 8.27 
    60 2008-02-06 21:45 1.40 1.35 1.38 8.24 
    72 2008-02-07 10:15 1.42 1.35 1.39 8.25 

    0 2008-02-04 11:35 1.72 1.62 1.67 8.30 
    1 2008-02-04 12:55 1.70 1.60 1.65 8.44 

    2 2008-02-04 14:55 1.59 1.62 1.61 8.40 
    4 2008-02-04 16:40 1.57 1.61 1.59 8.46 

Refrigerator (5 ℃℃℃℃) Open 8 2008-02-04 20:50 1.39 1.46 1.43 8.44 
  (HDPE) 24 2008-02-05 11:40 1.56 1.59 1.58 8.40 
    36 2008-02-05 21:50 1.53 1.42 1.48 8.41 
    48 2008-02-06 11:45 1.60 1.50 1.55 8.13 
    60 2008-02-06 21:50 1.40 1.50 1.45 8.29 
    72 2008-02-07 10:20 1.38 1.48 1.43 8.25 
    0 2008-02-04 12:20 1.74 1.65 1.70 8.30 
    1 2008-02-04 13:30 1.70 1.65 1.68 8.31 
    2 2008-02-04 15:25 1.72 1.66 1.69 8.40 
    4 2008-02-04 17:05 1.67 1.50 1.59 8.44 
Refrigerator (5 ℃℃℃℃) Close 8 2008-02-04 21:20 1.43 1.42 1.43 8.47 
  (HDPE) 24 2008-02-05 12:05 1.40 1.42 1.41 8.42 
    36 2008-02-05 22:05 1.42 1.45 1.44 8.43 
    48 2008-02-06 11:45 1.48 1.50 1.49 8.28 
    60 2008-02-06 21:55 1.50 1.42 1.46 8.32 
    72 2008-02-07 10:25 1.45 1.42 1.44 8.29 
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Chlorine Concentration and pH Changes by Aeration o n Dark Shelf and in Refrigerator
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Figure 4. 16.  Chlorine concentration and pH change by aeration on dark shelf and in refrigerator. 
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Table 4. 10.  Chemical properties of water sample (S3:WTP) by freezing and aeration. 
 

Place 
     

Bottle 
Control 

Time 
(hours) 

Analysis Time 
  

  
Free-Cl (mg/L) pH 

Replicate1 Replicate2 Average Average 
Freezer (-20℃℃℃℃)  0 2008-02-04 12:30 1.69 1.67 1.68 8.30 

→   24 2008-02-05 12:30         
Refrigerator (5 ℃℃℃℃) Open 48 2008-02-06 12:30 1.79 1.79 1.79 8.02 

  (HDPE) 51 2008-02-06 15:30 1.72 1.65 1.69 7.98 
    54 2008-02-06 18:30 1.59 1.64 1.62 7.80 
    60 2008-02-06 21:30 1.54 1.62 1.58 7.76 
    72 2008-02-07 10:00 1.55 1.56 1.56 7.69 

Freezer (-20℃℃℃℃)   0 2008-02-04 12:35 1.82 1.61 1.72 8.30 
→   24 2008-02-05 12:30         

Refrigerator (5 ℃℃℃℃) Close 48 2008-02-06 12:30 1.86 1.73 1.80 7.68 
  (HDPE) 51 2008-02-06 15:30 1.66 1.68 1.67 7.74 
    54 2008-02-06 18:30 1.58 1.59 1.59 7.72 
    60 2008-02-06 21:30 1.56 1.57 1.57 7.75 
    72 2008-02-07 10:05 1.54 1.56 1.55 7.68 
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Chlorine Concentration and pH Changes by Freezing a nd Melting
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Figure 4. 17.  Chlorine concentration and pH change by freezing and melting. 
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5. CONCLUSIONS 
 
The conclusions for residual chlorine removal by solar radiation (UV), activated carbon 
filtration and aeration at various temperatures are suggested as follow; 
 
 
5.1. Chlorine Removal by Solar Radiation (UV) 
 
(1) Chlorine concentration greatly decreased for 2 days in both samples (S1 and S2), showing 
the concentration decrease from 1.63 to 0.07 mg/L by the range of UV radiation of 2.85 to 
866.87 µW/cm2, with the change of chlorine species from OCl- or HOCl to Cl-. 
 
(2) The bottle material between HDPE and PETE does not effect on the chlorine decrease by 
solar radiation (UV), and UV can penetrate effectively both HDPE and PETE bottles.  
 
(3) Free chlorine concentrations in the samples were normally same as total chlorine 
concentration, and it means that in the tap water, there is no combined chlorine (chloramines). 
 
(4) Simple aeration, leaving bottles open without physically blowing air into water, dose not 
have any special effect on chlorine decrease, or the reaction between residual chlorine and air 
in water is very slow. 
 
(5) The pH of the sample in open bottle slightly increased from 8.00 to 8.10, whereas it is a 
very small increase and it is suggested that pH does not change in the reaction of chlorine 
decomposition by UV radiation. 
 
(6) The electrical conductivity of sample 1 in open bottle slightly increased from 330 to 340 
µS/cm by the photosynthesis of chlorine with sunlight exposure for 2 day. It suggests that the 
increase of electrical conductivity by the photosynthesis of chlorine (HOCl and OCl-) is 
occurred by either the production of H+ and Cl- from the reaction between Cl• and HOCl, or the 
increase of water temperature by solar radiation. 
 
(7) Solar radiation (UV) treatment is effective for not only residual chlorine removal but also 
water disinfection. UV radiation of solar radiation can act as a strong disinfectant by itself in 
eliminating pathogenic organisms from water since it destroys germs, viruses, and other 
pathogens by inactivating their DNA. 
 
 
5.2. Chlorine Removal by Activated Carbon Filtration  

 
(1) For the filtration of water of only 2 gallons per day, the removal efficiency of free chlorine 
ranged 95.8% to 100.0% for the water of total 44 gallons (average: 98.6%). In the filtered 
water, no chlorine odor was detected and the taste was as good as bottled water. 
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(2) For the filtration of water of more than 2 gallons per day. The removal efficiency of free 
chlorine ranged 80.4% to 99.3% for the water of total 120 gallons (average: 92.8%). The 
carbon filter showed very high efficiency of more than 80% for the filtration of 120 gallons 
water. 
 
(3) Hydrogen ions (H+) exchange positively charged ions such as lead (Pb2+), copper (Cu2+) 
and sodium (Na+), and hydroxyl ions (OH-) exchange negatively charged ions such as sulfates 
(SO4

2-), phosphates (PO4
3-) and chlorides (Cl-). Therefore, chlorine (OCl-), existing as an anion 

in natural water, can be removed by exchanging it with anionic charges such as OH- on carbon 
surfaces. 
 
(4) The pH of water decreased by the filtration. When OH- exchanges HCO3

- (major anion in 
the sample), they react as a molar rate of 1:1, whereas when H+ exchanges Ca2+ (major anion in 
the sample), they react as a molar rate of 2:1. It is thus indicated that the pH decrease by the 
filtration was resulted from the reaction between H+ and Ca2+ which produces two H+ ions in 
water by removing one Ca2+ ion. 
 
(5) It is indicates that even if the carbon filter can be effectively used for the removal of ions 
such as OCl- in the tap water of more than 40 gallons, it may not be effective for the removal 
of cations in water of more than 40 gallons. 
 
(6) The electrical conductivity of water decreased by the filtration. At the filtration of 20th 

gallon, electrical conductivity greatly decreased from 345 to 248 µS/cm. 
 
(7) A regular replacement period is needed since carbon surface consisting the filter has limited 
space to react with organic or inorganic contaminants in water, and the loss of carbon particles 
in the filter are continuously occurred out of the filter as more water are filtered. 
 
 
5.3. Chlorine Removal by Aeration at Various Temperatures 
 
(1) Aeration at various temperatures was not effective in removing chlorine in water. Free 
chlorine concentration slightly decreased from 1.66 to 1.41 mg/L in open bottle on a dark shelf 
(26°C) for 3 days and from 1.67 to 1.43 mg/L in open bottle in a refrigerator (5°C) for 3 days. 
Also, in chlorine removal by water freezing and melting, free chlorine concentration slightly 
decreased from 1.68 to 1.56 mg/L in open bottle for 3 days. . In an additional analysis after 1 
month, chlorine of almost same concentration as that on the third day was detected, and it 
indicates a long residual effect of chlorine. 
 
(2) In order to remove chlorine in water, water treatments by solar radiation and activated 
carbon filtration are suggested, whereas in order to maintain residual chlorine in tap water for 
an emergency situation such as hurricane, storing tap water in clean and sealed bottles at dark 
places with no sunlight is suggested. 
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APPENDIXES 

Appendix 1. 

Free and total chlorine test SOP by LaMotte, Inc. 
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Appendix 2. 
 
Port LaBelle Drinking-Water Quality Analysis result  in January 2008 
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Continued by Appendix 2. 
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Appendix 3. 
 
Comparison of water quality test results between Port LaBelle and New York City (NYC) 
 

Physical and Chemical 
Parameters 

  
Units  

  
New York 

  
Port LaBelle 

  
  

  
EPA 
limit Catskill Croton GW NYC average 

Alkalinity  mg/L CaCO3 15 54 66 45 114     
Barium mg/L  0.02 0.03 0.02 0.02 0.002 U 2 

Bicarbonate Alkalinity mg/L       114     
Carbonate Alkalinity mg/L       0.5 U   

Chloride mg/L 12 55 41 36 37   250 
Color-distribution system  color units 7 12 5 8 1     

Fluoride mg/L 0.9 1.0 1.1 1.0 0.05 U 2.2 
Hardness mg/L CaCO3 26 92 110 76 91     

Hydroxide Alkalinity mg/L       0.5 U   
Iron mg/L 0.06 0.1 0.29 0.15 0.016 I 0.3 

Magnesium mg/L 1.8 7.7 11.5 7 2.61     
Manganese mg/L 0.044 0.087 0.052 0.061 0.001 U 0.3 

Nitrate mg/L NO3-N 0.19 0.21 2.93 1.11 0.08   10 
Nitrate+Nitrite 
(NO3+NO2) mg/L       0.08     

Nitrite mg/L NO2-N 0.002 0.002 0.001 0.002 0.01 U 1 
Odor TON       0   3 

Phosphate, Total- mg/L    3.7 3.7 0.005 U   
Potassium mg/L 0.7 2.1 1.3 1.4 2.2     

Silica [silicon oxide, SiO2] mg/L 2 3.1 12.8 6.0 15.4     
Sodium mg/L 9 25 28 21 32.4     

Strontium mg/L 0.03 0.07 0.07 0.06 0.01     
Sulfate mg/L 7.1 11.6 35.1 17.9 1.3 I 250 

Total Dissolved Solids mg/L 58 186 223 156 188   500 
Total Organic Carbon mg/L carbon 1.5 2.8 0.8 1.7 1.0 U   

Total Suspended Solids mg/L       1 U   
Turbidity-distribution 

system NTU 1 1.1 0.6 0.9 1.5   5 
                

Aluminum  mg/L 0.013 0.009 0.005 0.009     0.05-0.2 
Calcium mg/L 7.6 23.2 25.5 18.8       

Chlorine Residual, free mg/L 0.8 0.8 0.9 0.8   U 4 
Color-entry points color units 7 14 5 8.67     15 

Copper mg/L 0.01 0.02 0.04 0.02     1.3 
Corrosivity Langelier index -2.2 -1.2 -1 -1.5     0 

Hardness 
grains/gallon[US] 

CaCO3 1.5 5.3 6.4 4.4       
Lead mg/L 0.0007 0.0006 0.0008 0.0007     0 

Nickel mg/L ND ND ND ND       
pH pH units 7.1 7.2 7.3 7.2     6.5-8.5 

Phosphate, Ortho- mg/L 2.1 2.1 1.6 1.9       
Specific Conductance umho/cm 100 315 323 246       

Temperature F 55 55 59 56       
Turbidity-entry points NTU   1.7  1.7     1 
UV254 Absorbency absorbency units 0.029 0.057 0.021 0.036       

Zinc mg/L 0.002 0.001 0.072 0.025     5 
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Continued by Appendix 3. 
 
Comparison of water quality test results between Port LaBelle and New York City (NYC) 
-Summary 
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Appendix 4. 
 
Water quality analysis result by activated carbon filtration (BRITA)-provided by BRITA 
–English 
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Continued by Appendix 4. 
 
Water quality analysis result by activated carbon filtration (BRITA)-provided by BRITA 
–Spanish 
 

 
 
 


