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Abstract 11 

Cyanogen chloride (CNCl) and trichloramine (NCl3) are important disinfection 12 

byproducts in chlorinated swimming pools. However, some unknowns exist regarding the 13 

precursors of their formation. In this study, uric acid is shown to be an efficient precursor 14 

to formation of CNCl and NCl3. The molar yields of CNCl and NCl3 were observed to be 15 

as high as 44% (pH = 6.0, chlorine/precursor molar ratio [Cl/P] = 6.4) and 108% (pH = 16 

7.0, Cl/P = 30), respectively, both being strong functions of Cl/P, pH, and temperature. 17 

Analysis of swimming pool water samples, combined with the results of experiments 18 

involving chlorination of uric acid, and chlorination of body fluid analog mixtures, 19 

indicated that uric acid chlorination may account for a large fraction of CNCl formation 20 

in swimming pools.  Moreover, given that uric acid introduction to pools is attributable to 21 
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urination, a voluntary action for most swimmers, these findings indicate important 22 

benefits to pool water and air chemistry that could result from improved hygiene habits 23 

on the part of swimmers. 24 

Keywords: Uric acid; CNCl; chlorination; MIMS; swimming pool. 25 

Introduction 26 

Chlorination is the most commonly applied method for controlling microbial pathogens 27 

in drinking water and recreational water systems. However, chlorine is also known to 28 

react with aqueous constituents to yield disinfection byproducts (DBPs)
1, 2

. Nitrogen-29 

containing DBPs (N-DBPs) formed during chlorination are of particular concern because 30 

they tend to be more genotoxic, cytotoxic, and carcinogenic than the currently regulated 31 

DBPs (trihalomethanes and haloacetic acids)
3, 4

. In previous work, we identified several 32 

volatile N-DBPs that are formed in swimming pools as a result of the reactions between 33 

free chlorine and organic-N precursors that are present in swimming pool water
5
. 34 

N-DBPs in swimming pools are generally attributed to chlorination of constituents of 35 

human body fluids, including urine and sweat. Previous reports of sweat introduction 36 

rates to pools by swimmers have ranged from 0.20-1.76 L/swimmer/event
6-8

; similarly, 37 

estimates of urine introduction to pools have ranged from 25-117 mL/swimmer/event.  38 

The constituents of human body fluids include urea, various amino acids (e.g., glycine, 39 

histidine), creatinine, and uric acid as major organic-N components
9-11

 (See Tables S1 40 

and S2, Supporting information). Among these compounds, the chlorination of urea, 41 

creatinine, glycine, and histidine have been studied
5, 12, 13

; however, the chemistry of 42 

chlorination of uric acid has not been investigated in detail. Given the structure of uric 43 
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acid, with four amino-N groups per molecule, it has the potential to function as an 44 

important precursor to N-DBP formation. 45 

Typical concentrations of uric acid in sweat and urine are 0.012 mM and 4.54 mM, 46 

respectively
 
(See Tables S1 and S2, Supporting information).  If sweat and urine are 47 

assumed to be the only sources of uric acid introduction to pools, and if volumetric 48 

introduction rates of these body fluids by swimmers are assumed to be at the center of 49 

ranges reported above, this suggests that roughly 93% of uric acid introduced to pools 50 

comes from human urine.  51 

A common misconception within the swimming community is that urination in pools is 52 

an acceptable practice, although signs and placards are posted in many pools to 53 

encourage proper hygiene. It is also well known that many swimmers ignore these 54 

warnings, particularly noteworthy among these are competitive swimmers
14

. USA 55 

Swimming recognizes urination in pools as an important problem and has implemented 56 

an educational campaign to encourage coaches and swimmers to adopt better hygiene 57 

habits
15

.  58 

Volatile N-DBPs that are formed in swimming pools include NCl3 and CNCl
5
. The 59 

human health effects of NCl3, as well as the reactions that are responsible for its 60 

formation are comparatively well-defined. NCl3 has been associated with acute lung 61 

injury in accidental, occupational, or recreational exposures to chlorine-based 62 

disinfectants
16-18

. NCl3 is a common product by chlorination of organic-N precursors in 63 

swimming pools, and urea has been reported to be an efficient trichloramine precursor
5, 12, 

64 

19
. CNCl is a toxic compound that can affect multiple organs, including the lungs, heart, 65 

and central nervous system, via inhalation
20, 21

, and is included on the US EPA Drinking 66 
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Water Priority List
22

 The U.S. Occupational Safety and Health Administration has not 67 

promulgated a permissible exposure limit for CNCl in the gas or liquid phase; however, 68 

they do refer to an upper-limit gas-phase concentration of 0.3 ppmv that has been 69 

established by the National Institute for Occupational Safety and Health as well as the 70 

American Council of Governmental Industrial Hygienists
23

. The World Health 71 

Organization recommended that 70 µg/L (as cyanide) be used as a guideline value for the 72 

maximum concentration of total cyanogen compounds in drinking water. Long-term 73 

monitoring of CNCl (and other volatile DBPs) indicated that it is ubiquitous in 74 

chlorinated swimming pools, with observed concentrations ranging between 75 

approximately 1-21 µg/L (as cyanide); CNBr was also observed to be present at 76 

concentrations of 1-25 µg/L (as cyanide)
24

.  77 

Among the organic-N compounds that are known to be present in pools, only the 78 

amino acids (e.g., glycine, L-histidine) have been demonstrated to yield CNCl from 79 

chlorination
5, 25

. Among the amino acids, glycine is known to be an effective CNCl 80 

precursor; CNCl yields from the other amino acids tend to be considerably lower
26

. In 81 

general, relatively little information is available to describe the specific chemistry 82 

responsible for CNCl formation in swimming pool water. Uric acid has never been 83 

identified as a potentially relevant CNCl precursor in swimming pools. 84 

Experiments were conducted to examine the reactions that result from the addition of 85 

free chlorine and uric acid under different conditions of solution chemistry and 86 

temperature. Membrane introduction mass spectrometry (MIMS) was employed for 87 

analysis of volatile DBPs from these reactions; MIMS has been demonstrated to be well-88 

suited to analysis of volatile DBPs in water, including CNCl and NCl3
5, 13, 27

. The results 89 
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of these experiments have implications with respect to solution-phase and gas-phase 90 

chemistry in chlorinated, indoor swimming pools. These findings are also directly 91 

relevant to the hygiene habits of swimmers, as well as the management practices of 92 

swimming pool facilities. 93 

Experimental Section 94 

Materials. All chemicals used in this study, unless otherwise noted, were purchased as 95 

reagent-grade chemicals from Sigma-Aldrich and used without further purification. Uric 96 

acid was purchased from J&K Chemical, China, and 1, 3-
15

N uric acid was purchased 97 

from Cambridge Isotope Laboratories, Inc. USA. Dilution to target aqueous-phase 98 

concentrations was accomplished with distilled, deionized water. Standard solutions of 99 

cyanogen chloride were prepared as needed from a 1:1 stoichiometric reaction of 100 

potassium cyanide (KCN) and sodium hypochlorite according to the method used by Wu 101 

et al.
28

 Standard solutions of trichloramine were prepared by the chlorination of urea at a 102 

chlorine/urea molar ratio (Cl/P) of 5.0 and buffered by 0.01 M phosphate to achieve pH 103 

7.0
12, 19

. The concentration of trichloramine (NCl3) in standard solutions was determined 104 

by DPD/FAS titration. Free chlorine stock solutions were standardized in terms of their 105 

UV absorbance at 292 nm (εOCl
-
 = 350 M

-1 
cm

-1
, 25 °C, and pH > 9.5). 106 

Apparatus. The MIMS system was based on a modification of an Agilent 7890A 107 

GC/MS, comprising an Agilent 5975C Mass Selective Detector (MSD) equipped with 108 

electron (70 eV) ionization (EI). Mass spectrum scan mode (49 ≤ m/z ≤ 200) coupled 109 

with EI was used to identify possible DBPs, while selected ion monitoring (SIM) with ± 110 

0.3 m/z resolution was used for quantification (analyte, m/z): CNCl, 61; CHCl3, 83; NCl3, 111 

119. Other details of the configuration and setup for MIMS system and operational 112 
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conditions can be obtained from the literature
29

.The limits of detection of CNCl, CHCl3, 113 

and NCl3 based on a signal-to-noise ratio of 2 were 9.4 × 10
-9

 M, 3.0 × 10
-9

 M, and 8.4 × 114 

10
-9 

M, respectively. All compound identifications by MIMS were confirmed by analysis 115 

of standard solutions.  116 

For LC-MS analysis, an Agilent 1200 series LC equipped with a UV/Vis detector 117 

(detection fixed at 210 nm) with a Diskma Technologies C18 (250 × 2.1mm) column and 118 

an Agilent 6310 Ion Trap equipped with electrospray ionization (ESI) were used. The 119 

mobile phase used for the analysis was a solution of 75% water (adjusted pH to 2.7 with 120 

neat formic acid) and 25% acetonitrile (isocratic). Mass spectra were collected in 121 

negative ion scanning mode for m/z ranging from 50-300 amu. The capillary was 122 

maintained at 1 nA and the dry gas flow rate was maintained at 10.0 L/min. 123 

Experimental Procedure. All experiments, unless otherwise noted, were conducted 124 

using a phosphate buffer system (0.01 M) at pH = 7.0 and 25 °C. Chlorination 125 

experiments were carried out in well-mixed, glass-stoppered, 250 mL flasks. Aliquots of 126 

an aqueous sodium hypochlorite solution (1000 mg/L as Cl2) were added to aqueous 127 

solutions of uric acid Analysis of aged (3 d) aqueous solutions of uric acid indicated no 128 

change of composition; therefore, uric acid hydrolysis was assumed to be negligible for 129 

the conditions of these experiments.  The reaction vessels were filled and sealed under 130 

conditions that yielded little or no headspace to minimize losses of volatile compounds to 131 

the gas phase. The concentration of free chlorine was measured by DPD/FAS titration; 132 

MIMS was used to measure the concentrations of volatile DBPs.   133 

Body fluid analog solutions (BFAs) were prepared by diluting known constituents of 134 

human body fluids with distilled, deionized water to a TOC concentration of 1.5 mg/L.; 135 
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the compositions of BFA solutions used in this work are listed in Table S3. BFA included 136 

urea, (1,3-
15

N) uric acid, creatinine, histidine, and glycine The BFA solution was 137 

chlorinated at varying concentrations of sodium hypochlorite for 60 min and analyzed for 138 

DBPs by MIMS.  139 

Swimming pool water samples were collected approximately 20-30 cm below the 140 

surface of each pool in gas-tight, headspace-free plastic bottles from indoor general use 141 

and exercise pools in Beijing, China. Water in these pools is chlorinated routinely, and 142 

city tap water is used as the supply of water for the pool. The samples were transported to 143 

the laboratory for analysis by DPD/FAS titration and MIMS within 2 h of collection. The 144 

bottles used to collect and transport the samples were opaque to ultraviolet radiation. For 145 

some experiments with pool water samples, free chlorine or uric acid were added to 146 

increase their respective concentrations. This was done to examine the behavior of uric 147 

acid and free chlorine in pool water matrixes. 148 

Results and Discussion 149 

Volatile DBP Identification from Uric Acid. 150 

Volatile DBPs formed from the chlorination of uric acid were analyzed at initial Cl/P 151 

molar ratios ranging 1.6 to 9.6. Two major volatile products, CNCl and NCl3, were 152 

evident in these experiments after 60 min of reaction time. The distribution of products 153 

varied with the Cl/P ratio. Figure 1 illustrates mass spectra obtained by MIMS analysis of 154 

chlorinated solutions of uric acid at Cl/P molar ratios of 6.4 and 9.6. A peak cluster at m/z 155 

61 (CN
35

Cl
•+

) and 63 (CN
37

Cl
•+

) with an abundance ratio of 3:1 indicated the formation 156 

of cyanogen chloride (Figure 1a). NCl3 was identified by the existence of a peak cluster 157 

at m/z 84 (N
35

Cl2
•+

), 86 (N
35

Cl
37

Cl
•+

), 88 (N
37

Cl2
•+

) with an abundance ratio of 9:6:1, as 158 
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well as a molecular ion peak at m/z 119 (N
35

Cl3
•+

). These peaks showed good agreement 159 

with the mass spectra developed from corresponding standard solutions. NCl3 and CNCl 160 

were both present after 60 min of chlorination of uric acid at a molar ratio of 6.4 (Figure 161 

1a). For this reaction condition, the peak abundance of NCl3 was small relative to that of 162 

CNCl. When free chlorine was applied at a Cl/P molar ratio of 9.6, the abundance of 163 

peaks attributable to CNCl decreased, while those of NCl3 increased. After 60 min of 164 

reaction time under this condition, the peaks associated with CNCl diminished (Figure 165 

1b). This indicated that a higher dose of free chlorine could diminish CNCl yield. This 166 

observation is consistent with the OCl
-
-catalyzed hydrolysis of CNCl that has been 167 

reported previously
30

.  168 

Small amounts of chloroform (concentration up to approximately 10
-8

 M; yield less 169 

than 0.1% on a molar basis of uric acid) were also detected as a result of the chlorination 170 

of uric acid; this signal is not visible in Figure 1 because chloroform was present at a 171 

relatively low concentration compared to CNCl and NCl3. Therefore, no additional 172 

measurements of CHCl3 are reported or discussed herein. 173 

Quantification of Volatile DBPs and Residual Chlorine. 174 

Chlorination of uric acid was also studied by time-course measurements of the 175 

concentrations of free chlorine, CNCl, and NCl3 in solution at different Cl/P ratios. Free 176 

chlorine monitoring showed that uric acid exerted considerable chlorine demand, with the 177 

vast majority of free chlorine being consumed in the first hour, followed by a period of a 178 

slower rate of free chlorine loss (Figure S1). Uric acid appeared to consume free chlorine 179 

faster than most other organic-N precursors that are common in pools
5, 12

. For example, 180 

creatinine and histidine (1.8 × 10
-5

 M) consumed less than 15% and 30%, respectively, of 181 
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free chlorine after 60 min chlorination at a Cl/P ratio of 6.4, pH 7.5. In contrast, uric acid 182 

(5 × 10
-5

 M) consumed more than 85% of free chlorine under similar conditions. 183 

However, among compounds that are likely to be present in pools, chlorine reactions with 184 

glycine appear to take place at a rate that is similar to the rate of reaction with uric acid.  185 

Specifically, glycine (3.6 × 10
-5

 M) consumed roughly 84% of free chlorine after 30 min 186 

chlorination at a Cl/P ratio of 4.8, pH 7
27

. This is similar to the behavior displayed by uric 187 

acid. 188 

With regard to CNCl, its concentration increased steadily during the first 8 h of the 189 

reaction, ultimately yielding a concentration of approximately 13 µM, followed by steady 190 

decay at a Cl/P ratio of 6.4 (see Figure 2). The maximum observed molar yield of CNCl 191 

was calculated as approximately 26% at this Cl/P ratio. The experiment was repeated at 192 

several different Cl/P molar ratios, and CNCl dynamics were observed to be strongly 193 

influenced by the Cl/P ratio (see Figure S1). At a Cl/P ratio of 1.6, only trace quantities of 194 

CNCl were observed within the first 2 hours, which then disappeared, possibly the result 195 

of a locally high concentration of free chlorine when it was added to the uric acid solution. 196 

At a Cl/P ratio of 3.2, the CNCl concentration increased steadily for 72 h of chlorination, 197 

during which time the free chlorine concentration was less than 0.5 mg/L (as Cl2). These 198 

results suggest that net CNCl production (accumulation) occurred at low residual free 199 

chlorine concentration. For higher Cl/P ratios, the CNCl concentrations increased in the 200 

early portion in the reaction, reached a peak, and then decreased. The time required to 201 

reach the peak concentration decreased as the Cl/P ratio increased.  202 

As shown in Figure 3, the observed yield of CNCl was strongly dependent on the Cl/P 203 

ratio, and the maximum molar yield of CNCl was obtained at a Cl/P ratio of 6.4. The 204 
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measured pattern of CNCl yield was qualitatively similar to CNCl formation resulting 205 

from the chlorination of glycine, in which the observed CNCl yield was maximal at a 206 

chlorine/glycine ratio of approximately 3.2
27

. Under conditions corresponding to an ideal, 207 

completely mixed, batch reactor, where compounds added to a reactor are immediately 208 

dispersed to achieve spatially-uniform composition, it is expected that only mono-209 

chlorine substitution would take place at a Cl/P ratio of 1 or less. Indeed, N-chloro uric 210 

acid was identified by LC/MS as the primary reaction product under these conditions 211 

(Figure S2).  212 

It should be noted that swimming pools are not well-mixed systems. The concentrations 213 

of precursors and DBPs in pools demonstrate vertical and horizontal stratification in 214 

pools
31

. Diurnal cycles of precursor and DBP concentrations have been observed in 215 

pools
8
.  The characteristic time for mixing in a pool will depend on the recirculation rate 216 

of water through the treatment system, but typically will be on the order of 4-6 hours
8
. 217 

This suggests that locally-high uric acid and DBP concentrations may accumulate in the 218 

vicinity of urine release locations in pools. The precursors and DBPs that are formed 219 

under these conditions are likely to be dispersed over the characteristic mixing time listed 220 

above. However, given the volatility of CNCl and NCl3, as well as the mechanical mixing 221 

of swimmers
32

, it is likely that a substantial fraction of these compounds will be 222 

transferred to the gas phase. 223 

As the Cl/P ratio increased above 1, the products tended to be less stable and underwent 224 

decarbonylation (Figure S3) or hydrolysis to yield other intermediates that went on to 225 

react with free chlorine to yield DBPs, including CNCl
13

. At low Cl/P ratios, N-226 

chlorination will dominate and little or no free chlorine will be present in solution.  As 227 
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the Cl/P ratio increases, free chlorine will be present. Free chlorine (specifically OCl
-
) 228 

catalyzes the hydrolysis of CNCl
30

. As a result, apparent CNCl yields will decrease when 229 

free chlorine remains in solution. In general, CNCl will decay slowly in the absence of 230 

free chlorine, but will decay rapidly when free chlorine is present. 231 

Like many other organic-N compounds that are common to pools
5,12

, uric acid 232 

functions as a precursor to NCl3 formation. Approximately 1.7 µM NCl3 accumulated 233 

after 30 min chlorination of uric acid at a Cl/P ratio of 6.4, followed by steady decay (see 234 

Figure 2). The dynamic behavior of NCl3 was essentially the opposite of CNCl, with 235 

respect to Cl/P ratio. NCl3 decayed when free chlorine was exhausted, but was stable in 236 

the presence of free chlorine. Aqueous solutions of NCl3 have been reported to be stable 237 

in the presence of free chlorine
5, 27, 33

. Based on this information, it is reasonable to expect 238 

the effective yield of NCl3 to increase with the Cl/P ratio. As shown in Figure 3, the more 239 

free chlorine applied in chlorination of uric acid, the higher the NCl3 yield. A similar 240 

trend has been observed to result from chlorination of urea and glycine under acidic and 241 

neutral pH conditions
12, 19

. 242 

In swimming pool water disinfection, free chlorine is generally present at a much 243 

higher molar concentration than organic-N compounds, such as uric acid. For example, in 244 

the U.S., well-maintained pools are operated with a residual free chlorine concentration 245 

of 1-5 mg/L as Cl2
34

,
 
although concentrations below the limit of detection are commonly 246 

observed
17

. In many other countries, free chlorine concentrations in pools are routinely 247 

maintained well below 1 mg/L. For example, in China, the Water Standard of Swimming 248 

Pools
35

 calls for a free chlorine concentration to be maintained between 0.2-1 mg/L. In 249 

the U.K., the Pool Water Treatment Advisory Group (PWTAG) suggests that a free 250 
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chlorine concentration below 1 mg/L should be maintained, depending on how the pool is 251 

operated, with confirmation of adequate quality based on microbiological tests. Therefore, 252 

free chlorine concentrations in pools are observed to span a wide range. 253 

To investigate the chlorination of uric acid under conditions of high free chlorine 254 

concentration, experiments were also conducted at Cl/P ratios as high as 30. The results 255 

indicated that the maximum observed molar CNCl yields from the chlorination of uric 256 

acid at Cl/P molar ratios of 10, 20 and 30 were 3%, 2% and 0.3%, respectively (Figure 257 

S4); these yields were considerably lower than the yield that was observed at Cl/P = 6.4 258 

(15% after 40 min chlorination at the same conditions). NCl3 molar yields of 13%, 75% 259 

and 108% (on a uric acid molar basis) were observed after 20 minutes of chlorination at 260 

Cl/P ratios of 10, 20, and 30, respectively. These results also indicate that high free 261 

chlorine concentration, which can be used to control the CNCl accumulation, will 262 

promote accumulation of NCl3. 263 

Effects of pH and Temperature. 264 

The effects of pH on the chlorination of uric acid were examined by time-course 265 

monitoring of the concentrations of CNCl and NCl3 using inline MIMS at a Cl/P ratio of 266 

6.4 and 25 °C for pH values of 6.0, 7.0, and 8.0. Solution pH affected the CNCl yield, 267 

with a maximum molar yield of 44% (on a uric acid molar basis) being obtained at a Cl/P 268 

ratio of 6.4 and pH 6.0 (see Figure 4a). For comparison, glycine has been identified as the 269 

most efficient amino acid for the production of CNCl, with a yield as high as 55% (on a 270 

glycine-N molar basis) at a Cl/P ratio of 2, pH 7.0 after 30 min chlorination
26

. The data 271 

presented in Figure 4a imply that uric acid represents a potentially important precursor to 272 

CNCl formation in chlorinated swimming pools. These data also indicate that CNCl 273 
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formation is sensitive to pH in the range of 6.0-8.0 and that CNCl formation rates and 274 

yields both decrease as the pH increases. Low pH conditions have been reported to 275 

promote nitrile formation
36

 and allow accumulation of CNCl because CNCl hydrolysis is 276 

catalyzed by OCl
- 30

.  277 

Uric acid is a diprotic acid with pKa values of 5.4 and 10.3
37

, while HOCl is a 278 

monoprotic acid with a pKa of 7.6. Table S4 provides a summary of the distribution 279 

fractions (α) of uric acid and HOCl for the pH values used in these experiments. For all 280 

pH values, the urate ion represented the dominant form of uric acid; however, 281 

approximately 20% of the uric acid was present in the neutral form at pH = 6.0; this was 282 

the highest fraction of the neutral form of uric acid in all experiments. At the lowest pH 283 

condition, virtually all of the free chlorine was present as HOCl. The rates of CNCl and 284 

NCl3 accumulation were greatest at this pH value. This suggests that the reactions that 285 

resulted in the accumulation of these compounds were favored by the neutral forms of 286 

uric acid and free chlorine. 287 

The formation of CNCl from chlorination of uric acid was also evaluated as a function 288 

of temperature, based on experiments that were conducted at Cl/P = 6.4, pH = 7.0, and 289 

temperatures of 15 °C, 25 °C, and 35 °C. As shown in Figure 4c, CNCl formation is 290 

strongly temperature-dependent. For example, at 25 °C, after 10 min the molar yield of 291 

CNCl was approximately 17%. The observed maximum CNCl yield decreased to 13% at 292 

15 °C and 11% at 35 °C. As discussed previously, the observed CNCl accumulation was 293 

influenced by the formation from uric acid and decomposition by the hypochlorite-294 

catalyzed hydrolysis pathway. The rates of CNCl formation and decay both increased 295 

with temperature. The results described above imply that CNCl hydrolysis is more 296 
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sensitive to temperature than CNCl formation. At warmer temperatures (25 °C, 35 °C), 297 

CNCl was generated quickly, reached a peak after approximately 8 minutes, and then 298 

decayed. At 15 °C, the CNCl concentration increased monotonically over the 45 min 299 

reaction period. Clearly, the dynamics of CNCl behavior from the chlorination of uric 300 

acid are influenced by pH and temperature. 301 

Similarly, NCl3 formation was sensitive to both pH and temperature. Low pH promoted 302 

NCl3 formation (see Figure 4b). Similar behavior was reported for NCl3 formation from 303 

the chlorination of urea
12, 19, 38

. And elevated temperature was also observed to increase 304 

the rates of NCl3 formation and decay (Figure 4d). 305 

In all experiments involving the examination of NCl3 dynamics as a function of pH and 306 

temperature, the applied Cl/P ratio was 6.4. Under these conditions, free chlorine was 307 

rapidly depleted, and NCl3 was quite unstable. Hydrolysis of NCl3 is likely to have 308 

played a role in the loss of NCl3 under these conditions. However, NCl3 hydrolysis would 309 

be expected to yield increases in the concentrations of NHCl2 and NH2Cl, which were not 310 

observed (data not shown). Therefore, it appears that undefined reaction(s), in addition to 311 

hydrolysis, contribute to NCl3 decay under these conditions. 312 

Chlorination of BFA. 313 

A large fraction of organic-N compounds that are added to pool water by swimmers 314 

enter through releases of sweat and urine. Body fluid analog (BFA) mixtures were chosen 315 

to evaluate the contribution of uric acid to the formation of CNCl and NCl3 in swimming 316 

pools. BFA solutions generally include known constituents of human urine and sweat, 317 

and have been used as surrogates for actual human body fluids in previous studies of 318 

chlorination of recreational waters
39, 40

. BFA solutions used in these experiments were 319 
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developed from literature information
11, 40

. The solutions included urea, creatinine, uric 320 

acid, glycine and histidine (see Table S3).  321 

To examine this chemistry in greater detail, isotopically-labeled (1, 3-
15

N) uric acid was 322 

used to quantify the contribution of uric acid to the formation of CNCl and NCl3. 323 

Chlorination of isotopically-labeled (1, 3-
15

N) uric acid yielded C
15

NCl (62 amu) and 324 

C
14

NCl (61 amu) in roughly equal quantities; however, trichloramine formation was 325 

biased toward 
15

NCl3 (85 amu) formation for Cl/P ratios below 6.4,while some 
14

NCl3 (84 326 

amu) formation was evident at higher Cl/P ratios (Figure S5). A summary of free chlorine 327 

and CNCl concentrations resulting from 60 min of BFA chlorination is presented in 328 

Table 1.  These data indicate that uric acid accounted for 24-68% of the total observed 329 

CNCl formed in these experiments. This pattern was also consistent with CNCl yields 330 

from chlorination of uric acid under different Cl/P ratios. These results suggest that uric 331 

acid can represent an important CNCl precursor in swimming pool facilities or in other 332 

settings where chlorination of human urine may occur.  333 

With regard to the NCl3, the data in Table S5 shows that uric acid accounted for only 3-334 

4% of the total observed NCl3 formed in chlorination of BFA. These results indicate that 335 

uric acid is not the major precursor of NCl3 among the BFA constituents, which is 336 

consistent with the literature
5, 12, 19

. 337 

Swimming Pool Water Analysis. 338 

Swimming pool water samples were collected and analyzed for CNCl and NCl3 (see 339 

Table 2) As in previous work
24

, these data indicate that CNCl and NCl3 are ubiquitous in 340 

chlorinated, indoor swimming pools. When additional free chlorine was added to the pool 341 

water samples to bring the concentration to 1 mg/L, the concentration of CNCl decreased 342 
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rapidly, for example, from 12.54 µg/L to 2.53 µg/L within 10 min in sample C. CNCl in 343 

samples A and B did not change substantially, probably because its concentrations were 344 

quite low. This suggested that high concentrations of free chlorine are beneficial in 345 

controlling CNCl accumulation in swimming pools. 346 

To evaluate the contribution of uric acid chlorination to the formation of CNCl and 347 

NCl3 in real pool water samples, varying uric acid concentrations were added to the 348 

samples (based on the hypothetical scenario presented in Supporting Information), as 349 

shown in Table 2. In general, the CNCl concentration increased with increasing uric acid 350 

concentration. For example, the CNCl concentration increased from 1.97 to 4.44 µg/L 351 

(approximately 2.3 times) in sample B. In Sample C, the CNCl concentration decreased 352 

with increasing uric acid concentration from 1.4 to 2.2 µM. That may be resulted from 353 

the relatively Cl/P ratio lower than 6.4 with the input of uric acid. These findings indicate 354 

that uric acid has the potential to represent an important contributor to CNCl formation in 355 

chlorinated pools.  356 

However, the formation of NCl3 did not show a consistent pattern with the addition of 357 

uric acid. This may be because other N-precursors, such as urea
5, 19

 dominate NCl3 358 

formation in swimming pools.  359 

The formation and accumulation of CNCl and NCl3, both of which are volatile, have 360 

the potential to adversely affect air and water quality in chlorinated, indoor pools
8
. Given 361 

that volatile DBPs have been linked to both acute and chronic adverse health effects 362 

among swimmers, it is apparent that efforts to reduce urine input to pools may yield 363 

important improvements to air and water quality, as well as the health of swimmers and 364 

pool patrons. 365 
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CNCl and NCl3 are present in virtually all chlorinated swimming pools and are 366 

potentially important DBPs because of their volatility and toxicity. These experiments 367 

indicate that CNCl and NCl3 are the major products that result from the chlorination of 368 

uric acid. Uric acid can represent an important precursor of CNCl in swimming pools. 369 

Because uric acid introduction to pools is attributable to urination, which is largely a 370 

voluntary process for most swimmers, opportunities exist for significant improvement of 371 

air and water quality in pools via changes in swimmer hygiene practices. Specifically, if 372 

swimmers avoided urinating in pools, then air and water quality would likely improve 373 

independent of other changes in water treatment or air circulation. 374 
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 487 

Figure 1. Representative mass spectra of volatile disinfection byproduct mixtures 488 

resulting from the chlorination of uric acid (5.0 × 10
-4

 M) for 60 min at pH 7.0, 25 °C. (a) 489 

Cl/P ratio of 6.4; (b) Cl/P ratio of 9.6. 490 

 491 
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 492 

Figure 2. Free chlorine (right axis) and volatile DBP (left axis) concentrations as a 493 

function of time resulting from chlorination of an aqueous solution of uric acid (5 × 10
-5 

494 

M) at the Cl/P molar ratio of 6.4, pH 7.0, and 25 °C.  495 
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 496 

Figure 3. Maximum CNCl and NCl3 yields (on a molar basis of uric acid) from 497 

chlorination of an aqueous solution of uric acid (5 × 10
-5 

M) at different Cl/P ratio, pH = 498 

7.0, T = 25 °C. 499 
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 500 

Figure 4. Time-course profiles of pH-dependence of (a) CNCl and (b) NCl3 501 

concentrations and T-dependence of (c) CNCl and (d) NCl3 concentrations resulting from 502 

chlorination of uric acid (initial concentration = 5.0 × 10
-4

 M), as measured by in-line 503 

MIMS with Cl/P molar ratio of 6.4.  504 

  505 
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Table 1. Estimated contribution of uric acid to the formation of CNCl. 506 

No. Chlorine dose 

(mg/L as Cl2) 

FAC    

(mg/L as Cl2) 

CNCl (µg/L)
 

Contrib.
u
 

(%) C
14

NCl C
15

NCl 

1 8.0 0.7 29.45 4.0 24 

2 10.0 1.6 15.65 8.10 68 

3 12.0 2.2 13.55 3.60 42 

4 14.0 2.8 13.25 2.30 30 

Contrib.
u
: The contribution of uric acid to the formation of CNCl. Obtained according to 507 

the equality: Contrib.
u
 = 2[C

15
NCl] / ([C

14
NCl] + [C

15
NCl]), in percentage. 508 

  509 
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Table 2. CNCl and NCl3 formation in samples of swimming pool water.   510 

Sample
a
 pH 

1
b
 

 
2

c
 

Free chlorine
d
 

(mg/L as Cl2) 

CNCl
e
 

(µg/L) 

NCl3
e
 

(µg/L) 
 

Uric acid 

(µM) 

CNCl
e
 

(µg/L) 

NCl3
e
 

(µg/L) 
 

A 8.42 0.4 2.72 11.1 

 
0 2.56 4.7 

 
0.45 2.08 5.9 

 
1.41 3.36 11.7 

 
2.20 4.80 4.1 

B 7.61 < 0.1 1.92 5.0 

 
0 1.97 2.5 

 
0.45 2.51 4.6 

 
1.41 4.11 4.0 

 
2.20 4.44 4.6 

C 7.79 0.4 12.54 5.0 

 
0 2.53 5.4 

 
0.45 2.95 4.6 

 
1.41 6.22 6.9 

 
2.20 4.74 4.6 

a 
A and B: indoor general use swimming pool; C: indoor exercise pool.  511 

b
 Original swimming pool water samples. 512 

c
 Varying uric acid was added to the samples. NaOCl was added to achieve the initial free 513 

chlorine concentration to 1 mg/L as Cl2. All Analyses were conducted 10 min after 514 

sample chlorination. 515 
d
 Analysis by DPD/FAS titration. 516 

e
 Analysis by MIMS. 517 

  518 

Page 28 of 29

ACS Paragon Plus Environment

Environmental Science & Technology



 29 

 TOC Art 519 

 520 

Page 29 of 29

ACS Paragon Plus Environment

Environmental Science & Technology


