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Abstract 

 

 Rainwater samples were collected from three different locations an industrial site of Si Racha, Thailand, a 

remote site of Ogasawara and an urban site of Tokyo, Japan during July and October, 2008 in order to determine 

chemical compositions of ionic species including organic acids. Isocratic Ion Chromatography (IC) was applied 

for analysis of cation (ammonium, sodium, potassium, calcium and magnesium ions) using 20 mM 

methanesulfonic acids as eluent. Inorganic anions (chloride, nitrate and sulfate ions) and selected 

monocarboxylic acids including formic, acetic, propanoic, and lactic acids and dicarboxylic acids including 

succinic, malonic and oxalic acids were analyzed by gradient elution IC with water and potassium hydroxide 

solutions. The methods provided good resolution and detection limit (0.2 – 4.8 µM) for all anionic species. The 

volume-weighted averages of pH were 4.66, 5.14 and 4.42, and those of EC were 1.29, 0.96 and 3.31 for Si 

Racha, Ogasawara and Tokyo, respectively. Sodium ion predominated in Si Racha and Ogasawara rainwater due 

to marine contribution. Anthropogenic sources are most significant sources for ammonium ion in Tokyo 

rainwater. For industrial (Si Racha) and urban (Tokyo) sites, ammonium ion mainly contributed neutralization of 

acidic species but magnesium ion partly contributed neutralization in remote (Ogasawara) site. Sulfate and 

nitrate ions contributed as Total Free Acidity (TFA) in all rainwater samples collected at three different sites. For 

the industrial site (Si Racha), the contribution of monocarboxylic acids to TFA exceeded 18.68% while there 

were much smaller contributions in Ogasawara and Tokyo rainwater (2.3 and 1.79%, respectively).of TFA. 

Dicarboxylic acids contributed in trace levels in almost all sampling area. It could be summarized that chloride 

alkaline and chloride alkaline earth salts originated from marine source in coastal areas. At the rural and 

industrial sites, sulfate and nitrate ions which were originated from anthropogenic activities caused acidification 



of rainwater. Thymol could be added as preservative to protect biological degradation of organic acids in 

rainwater prior analysis. Rainwater samples which added with thymol were able to be analyzed within 21 days 

after a rainy event.  
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1. Introduction 

 

 Chemical compositions of rainwater represent an important aspect for estimation of an atmospheric air 

pollution level. Rainout and/or washout are the significant cleaning processes to remove pollutants from the 

atmosphere and transfer to other ecosystems such as soil, water reservoirs, forests and so on (Fornaro, 2003). 

Increasing of rainwater acidity from natural precipitation is caused by dissolution of acidic substances in the 

atmosphere. High emissions of sulfur and nitrogen oxides are transformed to sulfuric and nitric acids under 

atmospheric conditions (Morales et al., 1998). Additionally, short-chain mono- and dicarboxylic acid (C1 to C4) 

compounds might cause lower pH of rain water (Willey and Wilson, 1993; Keene and Galloway, 1984; Khare et 

al., 1997). Acetic and formic acids are dominant species of low molecular weight carboxylic acids in rainwater, 

followed by propanoic acid. The contribution of organic species including formic and acetic acids and their 

precursors; formaldehyde and acetaldehyde are primarily generated from incomplete combustion of fossil fuels 

in vehicles and second most from photochemical reactions of anthropogenic hydrocarbons and other atmospheric 

precursors (Kawamura et al., 2001). Aqueous oxidation of aldehydes to carboxylic acids in the gas-phase via 

hydroxyl radical reactions is proposed to be another important pathway (Chameides and Davis, 1983). Formic 

and acetic acids are also originated from natural emissions of vegetation and microbial activities (Keene and 

Galloway, 1988; Talbot et al., 1988; Avery et al., 1991). They could be detected in rainwater and snow samples 

collecting at Los Angeles, California, southeastern North Carolina, USA, western Pacific Ocean, Spain, Brazil, 

Venezuela as well as Thailand (Kawamura et al., 1996; Sempéré and Kawamura, 1996; Morales et al., 1998; 

Kawamura et al., 2001; Lara et al., 2001; Kieber et al., 2002; Peña, 2002; Fornaro and Gutz, 2003; Avery et al., 

2006). Aromatic monoacids such as benzoic acid were found in urban rainwater ranged from 0.1-0.5 μM, which 

was less than 4% of total aliphatic monoacids (Kawamura et al., 1996). 

 For dicarboxylic acids, the predominant compound is the shortest-chain oxalic acid (C2) followed by 

malonic and succinic acids. The high carbon numbers in long chain of dicarboxylic acids were less abundant in 

urban rainwater and snow/sleet samples (Sempéré and Kawamura, 1994). Dicarboxylic acids were considered to 

be mainly generated from secondary photochemical reactions of anthropogenic and natural organic compounds 

(Kawamura and Gagosian, 1990). Direct emission from incomplete oxidation of fossil fuels during combustion 

processes were another source of dicarboxylic acids (Kawamura and Kaplan, 1987). C6-C11 dicarboxylic acids 

with a predominant of C9 compounds might be produced from photooxidation of biogenic unsaturated fatty acids 

in marine atmosphere (Kawamura and Gagosian, 1987). 

 The chemical compositions of rainwater were mostly concerned especially in China due to the severe air 



pollutions in many cities including Beijing, Shanghai and Guangzhou. Rainwater samples were collected from 

fifty three rain events throughout the year 2003. Formate, acetate and methane sulfonic acids (MSA) were 

additional organic species that were quantified. The most abundance that lowered pH of rainwater were sulfate 

and nitrate ions and neutralized ions were ammonium and calcium ions (Tang et al., 2005). Similarly, all species 

were analyzed in seventy-six rainwater samples collected from acid precipitation in Shanghai. Volume-weighted 

mean concentration of CH3COO-, HCOO- and MSA were 0.66 ± 0.36, 0.14 ± 0.06 and 0.003 ± 0.003 μeq l-1, 

respectively. CH3COO- and HCOO- ions contributed to acidity of rainwater but there were underestimation 

owing to the evaporation loss during measurement (Huang et al., 2008). 

 Water-soluble organic compounds (WSOC) in the size-segregated aerosol samples, cloud water and wet 

depositions were collected at Jeju Island. Liquid Chromatography coupled with TOC and NMR was applied to 

characterize main functional groups and chemical classes of WSOC. The chemical shift in ppm of 1H-NMR 

spectra of the size-aggregated samples could identify any organic functional groups. Formate, acetate, oxalate 

and MSA were found in active and passive collectors of cloud samples and wet deposition samples at the 100m 

Hill except MSA was not be found in passive collectors (Decesari et al., 2005). 

 This research focused on investigation of the optimized conditions for analysis of mono- and dicarboxylic 

acids such as formic, acetic, propanoic, lactic, malonic, oxalic and succinic acids in rainwater by Ion 

Chromatography. Then, concentrations of mono- and dicarboxylic acids were compared among three different 

sampling sites; Si Racha site (industrial site), Ogasawara Island (remote site) and Tokyo (urban site) during July 

to October, 2008. The impacts of anthropogenic activities on organic acid concentrations in rainwater were 

determined. The appropriate concentration of thymol used for storage of rainwater samples and the storage time 

before analysis was also evaluated.  

2. Experimental methods 

2.1 Reagents and standards 

 Oxalic acid anhydrous (AR grade) was obtained from Wako Pure Chemical Wako Pure Chemical (Osaka, 

Japan); acetic, propanoic, malonic and succinic acids and thymol from Kanto Chemical (Tokyo, Japan); formic 

and lactic acids from Fisher Scientific. Standard inorganic anions (chloride, nitrate and sulfate) and standard 

cation solutions were prepared from each standard solution (Japan Calibration Service System (JCSS) certified, 

Kanto Chemicals). Repeatability of cation measurement was confirmed by two concentration levels of reference 

materials used in Acid Deposition Monitoring Network in East Asia (EANET) (Network Center for EANET, 

2008). Deionized water filtered through a 0.2 μm Whatman membrane cartridge in a Millipore Water 

Purification Systems (Millipore Co., Billerica, MA) was used to prepare all aqueous solution. The concentrations 

of standard solutions which are closed to natural concentration levels in rainwater were prepared once a week 

from a concentrated stock.  

2.2  Rainwater collection and storage 

 Rainwater samples were collected from three monitoring sites with different climates and geographical 

locations: Si Racha as an industrial site, Ogasawara Island as a remote site and Tokyo as an urban site. The Si 

Racha monitoring site (13º 07՛ 05.38˝ N, 100º 55՛ 20.26˝ E, 53 m above sea level) is located in the campus of 



Kasetsart University, Si Racha, Chonburi, Thailand. This station is defined as an industrial site as well as hilly 

topography with heights between 80–180 m and hemicycle of the Gulf of Thailand 

(http://en.wikipedia.org/wiki/Eastern_Thailand). It is surrounded by Eastern Seaboard as well as petrochemical, 

consumer products, automobile and shipping industries (http://en.wikipedia.org/wiki/Amphoe_Si_Racha). The 

eastern part of this area is regarded as potentially sources of various atmospheric pollutants. In terms of rainfalls, 

a rainy season starts from June to October and a dry one between November to May. The Ogasawara monitoring 

site (27° 05΄ 30΄΄ N, 142º 12΄ 58΄΄ E, 230 m above sea level) is located in an archipelago of over 30 subtropical 

and tropical islands in the Pacific Ocean. It is located about 1,000 km directly south of Tokyo, Japan. The Tokyo 

monitoring site (35° 41΄ 18΄΄ N, 139º 45΄ 22΄΄ E, 47 m above sea level) is located at the rooftop of Science 

Museum, Tokyo in Kitanomaru Park near the Imperial Palace. Surrounding of the Tokyo site is business area and 

heavy traffic environment. Rainwater samples were collected in a pre-cleaned polyethylene bucket (surface area 

0.06 m2) using wet-only collector. The samples from three sites were continuously collected within 24 hr during 

July to October, 2008. The biocide; thymol (isopropylmethylphenol, IPMP) was added in rainwater samples for 

biodegradable protection. Rainwater samples were stored in darkness at 4ºC and filtered through a 0.22 μm pore 

size Millipore filter prior to Ion Chromatographic analysis. 

2.3 Analytical procedures 

Amounts of daily precipitations were recorded followed by pH and electrical conductivity (EC) of 

rainwater. pH was measured with F55 Navi pH/electrical conductivity meter (Horiba, Japan); electrical 

conductivity was determined with DS-15 conductivity meter (Horiba, Japan) at 25°C. Concentration of inorganic 

cations (Na+, NH4
+, K+, Mg2+ and Ca2+) were analyzed with Dionex Ion Chromatographic system equipped with 

an IP25 isocratic pump, a EG40 eluant generator, a CD20 conductivity detector, a LC25 chromatographic oven, 

and a AS3500 autosampler with 100 μl of injection loop. The separation procedure was performed by Dionex 

IonPac CS12A (4 x 250 mm) separation column, CG12A (4 x 50 mm) guard column coupled with a cation 

self-regenerating suppressor (CSRS-ULTRA II, 4mm). An isocratic system consisted of 20 mM methanesulfonic 

acid (MSA) as an eluant at 1.0 ml min-1.  

 All carboxylic acids were identified and analyzed in their anionic form (formate, acetate, propanonate, 

lactate, succinate, malonate and oxalate) by the same setup of Dionex Ion Chromatographic system. Inorganic 

anions (chloride, nitrate and sulfate) were analyzed at the same time. An IonPac AS11-HC anion exchange 

column (4 x 250 mm) coupled with a anion self-regenerating suppressor (ASRS-300, 4 mm) was used as an 

analytical column. The gradient profile was modified from the Dionex recommended condition in order to 

configure appropriate conditions and high separation resolution. A gradient profile consisted of 1 mM potassium 

hydroxide at the beginning and exponentially increased to 5 mM from 0 to 7 min. From 7 to 10 min, the eluant 

concentration was exponentially increased to 8 mM and then continuously exponentially increased to 25 mM 

from 10 to 35 min from 35 to 40 min, it linearly decreased from 25 to 1 mM. The eluant flow rate was 1.0 ml 

min-1. The separation column for anionic species consists of cross-linked polystyrene-divinylbenzene resin with 

a functional group of alkanol quaternary ammonium as the stationary phase where all organic and inorganic 

species could be separated. (http://www.dionex.com/en-us/columns-accessories/ion-chromatography/hydroxide/ 

cons3609.html). 



 Standard solutions containing known anionic species were individually analyzed to identify the retention 

time. The quantification was calculated from linear regression lines of mixed anionic standards, detection limits 

and relative error of measurement were calculated from calibration lines of each anion. All calculations for 

electroneutral and non-seasalt species were provided by Technical Manual for Wet Deposition Monitoring in 

East Asia (Network Center for EANET, 2000). 

 The various concentrations of thymol ranged from 25 – 400 ppm were added in mixed anionic solutions to 

determine the appropriate amount with different storage times. 

 

3. Results and Discussion 

 

3.1 Optimization and calibration of Ion chromatographic analysis  

 An analytical condition of Ion Chromatography for organic species were modified and optimized from the 

Dionex recommended conditions (http://www.dionex.com). The gradient profile started from 1 mM at the 

beginning and exponentially increased to 5 mM in 7 min. The concentration of potassium hydroxide was then 

continuously increased to 8 mM within 10 min. and immediately increased to 10 mM at 10.01 min. The 

increasing concentration in potassium hydroxide from 0 to 10 mM was appropriated for completely separation 

for momocarboxylic acids. The obtained chromatogram of organic and inorganic species is shown in Figure 1. 

The peaks of lactate (9.40 min), acetate (9.65 min), propanoate (10.27 min) and formate (10.67 min) ions were 

separated with high resolution time. Chloride, nitrate and sulfate ions showed high electrical conductance and 

could be eluted at 14.92, 23.56 and 30.59 min, respectively. Dicarboxylate ions were eluted with high 

concentration of potassium hydroxide in order of succinate (25.28 min), malonate (27.09 min) and oxalate (33.24 

min) ions.  

 The retention time, calibration curves of all species determined by linear regression as well as correlation 

coefficients and detection limits of the appropriate methods were summarized in Table 1. 

 The appropriate chromatographic methods provided very good precision and repeatability, the standard 

deviations ranged from 0.01 – 0.55 µM for all concentration levels. The method mostly provided the relative 

error within the accepted limit (± 10%). 

 

Figure 1. Chromatogram of mixed organic and inorganic species.  



Table 1. Retention time, linear regression lines, correlation coefficients and detection limits of 

the measurement for anionic species. 

Anions Retention 

time (min) 

Calibration curve Correlation 

coefficient 

Detection 

limit (µM) 

Lactate 9.40 x = 5.238 x 10-5y -0.0795 0.999857 0.25 

Acetate 9.65 x = 6.895 x 10-5y – 0.4818 0.998963 0.67 

Propanoate 10.27 x = 8.118 x 10-5y – 0.6673 0.999091 0.37 

Formate 10.67 x = 5.978 x 10-5y – 0.3432 0.999445 0.20 

Chloride 14.92 x = 1.669 x 10-6y – 0.002 0.999997 0.46 

Nitrate 23.56 x = 2.993 x 10-6y – 0.02577 0.999862 0.38 

Succinate 25.28 x = 4.79 x 10-5y – 0.1306 0.999386 0.78 

Malonate 27.09 x = 6.404 x 10-5y + 3.793 0.999118 4.85 

Sulfate 30.59 x = 2.465 x 10-5y 0.998762 1.55 

Oxalate 33.24 x = 3.149 x 10-5y 0.998868 0.93 

x and y denote concentrations of ions (mg l-1) and represented peak area (arb. unit), respectively. 

3.2 pH and EC of rainwater collected at the three monitoring sites during June and October, 2008  

 Volume-weighted mean (VWM) pH and EC of rainwater collected at the three monitoring sites during 

June and October, 2008 were given in Table 2. The results showed that the VWM-pH of Ogasawara rainwater 

was closed to the pH of natural unpolluted rainwater (5.6). The lowest EC in the Ogasawara site indicated the 

lower concentrations of ionic species which were also observed in Table 3 and 5. Low VWM-pH and high 

VWM-EC of rainwater in the Tokyo site was attributed to the anthropogenic activities, especially automobile 

emissions. The data of Si Racha monitoring site suggested that ionic species derived from industrial activities 

caused lower pH of rainwater. The results were clearly indicated that anthropogenic activities of both 

transportation and industry cause d lower pH of rainwater than natural activities. 

Table 2. VWM-pH and EC of rainwater samples collected at the three 

monitoring sites during June and October, 2008. 

Station pH EC (mS m-1) 

Si Racha 4.66 1.29 

Ogasawara 5.14 0.96 

Tokyo 4.42 3.31 

3.3 Concentration of cationic species in rainwater collected at the three monitoring sites. 

 VWM concentrations of cations in rainwater collected at the three monitoring sites were shown in Table 3. 

For metropolitan city as Tokyo, ammonium ion was dominated followed by sodium ion. The Ogasawara and Si 



Racha sites were located near the coastal line; sodium ion originated from seasalt particles dominated as well as 

cluster elements such as calcium and magnesium ions. Tokyo site is also closed to the sea (Tokyo bay), high 

sodium concentration was the second most ion that contributed from seasalt compared to other species. Si Racha 

site was also located closed to petrochemical plants and many industrial estates, and thus those emission sources 

might generate ammonium ion as the second most abundant ion. Non-seasalt (nss) calcium ion could be 

calculated from Eq. (1), the nss-calcium in Ogasawara rainwater (remote site) was lower compared with the 

seasalt fraction. It could be considered that most of calcium ions originated from the seawater while this cluster 

ion in Tokyo rainwater (urban site) and Si Racha rainwater (industrial site) was considered to be mainly 

originated from anthropogenic activities. VWM of cations were given in Table 3. 

 The non-seasalt (NSSF) or seasalt fractions (SSF) of one component (X) were calculated by the following 

equations: 

NSSFX  =  [Xrain] – [(Narain)*(X/Naseawater)] (1) 

SSFX  =  [Narain][X/Naseawater] (2) 

Table 3. Volume-weighted mean concentrations of cations in rainwater. 

Station Volume-weighted mean concentrations (µM) 

Ammonium Sodium Potassium Magnesium Calcium nss-Calcium 

Si Racha, 

Thailand 
15.43 19.07 3.95 1.33 10.10 9.69 

Ogasawara, 

Japan 
1.21 37.26 0.91 5.39 0.88 0.13 

Tokyo, Japan 47.32 17.14 1.65 2.60 6.25 5.88 

3.4 Neutralization of acidic species in rainwater 

 Ammonium ion and various anion oxides, carbonate and bicarbonate of basic cations such as Ca2+, Mg2+ 

and K+ were able to neutralize protons from sulfuric, nitric and other organic acids in rainwater. The degree of 

neutralization of acids, which are mainly considered for nitrate and sulfate ions were calculated as neutralization 

factors (NF) expressed by the below equation: 

NFX   =    [X]/[ −
3NO  + −2

4SO ] (3) 

Where X denotes the respective cation concentrations (µM) of interest species (NH4
+, Ca2+ and Mg2+). 

Table 4 demonstrates that ammonium ion is considered as the major neutralizing ions followed by K+ and Ca2+. 

The high concentration of ammonium ion in rainwater corresponds with the high amount of ammonia gas in 

ambient air. From the neutralization factors in Table 4, ammonium ion provided the highest NF in Si Racha and 

Tokyo sites. This ion obtains from aqueous dissolution of ammonia which is mainly emitted from fertilizer 

application, biomass burning and animal breeding (Bouwman et al., 1997).. Ammonium ion partly neutralized 

acid species in Tokyo and Si Racha rainwater. Calcium ion which was originated from anthropogenic activities 



(Table 3) was the second most neutralization ion in Si Racha rainwater. Magnesium ion as cluster ion from 

natural sources was the most neutralization ion in Ogasawara rainwater 

Table 4. Neutralization factors for +
4NH , Ca2+, Mg2+, and K+. 

Station 
Neutralization factors 

Ca2+ Mg2+ NH4
+ K+ 

Si Racha, Thailand 0.32 0.04 0.48 0.12 

Ogasawara, Japan 0.13 0.82 0.18 0.14 

Tokyo, Japan 0.07 0.03 0.57 0.05 

3.5 Contribution of anionic species to ion concentrations in rainwater. 

 The concentrations of anions in rainwater and their total free acidities are shown in Table 5. The most 

abundant anion in rainwater collected at both Ogasawara (remote) and Si Racha (industrial) sites was chloride 

ion, which infers that marine contribution is significant. Nitrate was dominated in Tokyo rainwater, which infers 

that nitrate was supposed to originate from automobiles, and sulfate was the second most abundant and also 

originated from anthropogenic sources. Among organic species, lactate was the most abundant in Ogasawara 

rainwater while formate was the most dominant species in Tokyo and Si Racha rainwater followed by acetate ion. 

Formate ion is considered to originate from oxidation of formaldehyde. Aqueous and atmospheric oxidation of 

aldehydes to carboxylic acids (Chameides and Devis, 1983) by oxidants such as hydroxyl radical and oxidation 

of ethanol in gasohol were the major sources of acetic acid in Si Racha rainwater. 

 Volume weighted mean (VWM) concentration and volume weighted standard deviation were calculated 

using the following equations (Huang et al., 2008): 

 VWM concentration = 
∑
∑

i

ii

p
px

 (4) 
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2
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2
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i

−∑
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 (5) 

 VWM concentrations and VWMSD of anions and their acidities are shown in Table 5. An acidity of anion, 

[A-] is an amount of dissociated acid and determined by the following acid-base equilibrium equation (4). In 

addition to acidities, a total free acidity (TFA) can be expressed by total free anion concentration determined by 

the Eq. (5) (Keene et al., 1983; Peña et al, 2002): 

 [A-] =  Ka[M]   (6) 

   Ka + [H+] 

 Total Free Acidity = 2[nss-SO4
2-] + [NO3

-] + Σ[Formate, Acetate, Propanoate] + 2Σ[Lactate, Succinate, Oxalate] (7) 

 

Where [M] denotes the concentrations of anionic species, Ka denotes the acid dissociation constant and 

[H+] denotes the hydrogen ion concentration. For Si Racha rainwater, total free organic acids exceeded up to 



20.94% of total free acids which was almost ten times higher than those in the other two locations. The acidity of 

rainwater was generated from nitrate and nss-sulfate that acidified pH Tokyo rainwater while organic acids were 

not much affect in pH of Tokyo rainwater. Difference from Tokyo rainwater, Ogasawara rainwater presented 

very low acidity and mostly contributed from sulfate and nitrate ions.  

Table 5. Concentrations of anionic species and total free acid of anionic species in rainwater. 

Species Si Racha Tokyo Ogasawara 

Conc. (µM) Acidity 

(µM) 

Conc. (µM) Acidity 

(µM) 

Conc. (µM) Acidity 

(µM) 

Sulfate 10.06 ± 1.550 10.06 31.02 ± 0.197 31.02 4.03 ± 1.314 4.03 

Nitrate 8.87 ± 1.970 8.87 45.88 ± 14.997 45.88 2.06 ± 0.338 2.06 

Formate 5.35 ± 3.433 4.71 1.49 ± 0.651 1.61 0.17 ± 0.048 0.16 

Acetate 1.90 ± 0.327 0.80 1.23 ± 0.475 0.32 0.09 ± 0.066 0.06 

Propanoate 3.41 ± 1.773 1.21 0.05 ± 0.037 0.01 4.96 x 10-5 ± 

9.46 x 10-5 

9.6 x 10-11

Lactate 0.99 ± 0.271 0.85 0.04 ± 0.024 0.03 0.26 ± 0.076 0.02 

Succinate - - 0.02 ± 0.023 3.54 x 

10-8 

- - 

Oxalate 0.20 ± 0.055 0.11 0.18 ± 0.084 0.007 0.01 ± 8.276 x 

10-3 

0.008 

TFA  36.67  109.90  10.37 

 For all rainwater samples, monocarboxylic acid anions such as formate, acetate, propionate were most 

abundant, especially in Si Racha rainwater (18.68%) followed by 2.3% and 1.7% for Ogasawara and Tokyo 

rainwater respectively. Dicarboxylic acid anions such as lactate, succinate and oxalate were very low 

contribution in all sites (0.09, 0.003 and 0.3% for Ogasawara, Tokyo and Si Racha rainwater, respectively). It 

could be concluded that organic acids in Si Racha rainwater originated from anthropogenic activities. Sulfate and 

nitrate ions were acidic anions from anthropogenic activities in Tokyo and Ogasawara rainwater. Since 

Ogasawara is located in a remote site, the impact of these two acidic anions might be transformed from washed 

out not originated from the sampling station itself. They might be no sources of acidic pollutants so that 

rainwater probably dissolved all acidic species from polluted cloud. 

 The ionic neutralization in rainwater is expressed by the following equation: 

 R1   =   (C - A)/(C + A) x 100%   (8) 

Where R1, C and A represent an ionic balance of rainwater and equivalent concentrations of cations and 

anions, respectively. Figure 2 shows ionic balances of rainwater including organic anions and those without 

organic anions. Total equivalent concentrations of cations could be balanced with those of anions in Ogasawara 

and Tokyo rainwater, which could be concluded that all ionic species in rainwater were analyzed. On the other 



hand, some Si Racha rainwater samples without organic anions are highly rich in cation (R1 > 20%). When 

organic species were added to total equivalent concentrations of anionic species (A) in equation (8) for Si Racha 

rainwater samples, the ionic balances were improved to fall within the range of acceptance limit (± 20%). This 

results suggests that organic ionic species must be considered when ionic balance of Si Racha rainwater is focus 

on. 

         

Figure 2. Ionic balances of rainwater including organic anions and those without organic anions. 

3.6 Correlation coefficients between ionic species 

 The correlation coefficients between any ionic specie concentrations in Ogasawara rainwater in Table 6 

showed strong correlations between sodium, potassium calcium and magnesium ions (r > 0.7). It could be 

concluded that these ions are suspected to originate from the marine natural sources. Sodium, potassium, calcium 

and magnesium ions were assumed to be dominantly found in chloride salts and some were in sulfate salts 

because of considerably high correlation with chloride (r > 0.72) and high correlation with sulfate (r > 0.59). 

Acetate ion highly correlated with proton as well as ammonium and calcium ions, which implies that acetate 

existed as acetic acid, ammonium salt or calcium salt. Strong correlation between nitrate and acetate ions (r = 

0.788) indicated the same origin from anthropogenic activities possibly vehicle and industrial sources.. 

 In Tokyo rainwater, strong correlation between sodium and magnesium ions with chloride was found 

(Table 7), which suggests that these cations existed as chloride salts. Nitrate and sulfate ions were assumed to 

originate in ammonium salts because of high correlation coefficients. Formate strongly correlated with acetate 

and lactate ions due to the anthropogenic activities. The minus signs of lactate and oxalate ions with sodium and 

potassium ions indicated these compounds were in acidic forms. It could be summarized that the causes of 

acidity in Tokyo rainwater generating from nitrate and sulfate ions in acid and ammonium salts on the basis of 

high correlation coefficients.  
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Table 6. Correlation coefficients between ionic species in Ogasawara rainwater. 

 H+ Na+ NH4
+ K+ Ca2+ Mg2+ Cl- NO3

- SO4
2- Formate Acetate Lactate

H+ 1  0.002 0.244 0.02 0.048 4 x 10-5 0.006 0.280 0.165 0.049 0.417 0.201 

Na+  1 0.006 0.947 0.711 0.985 0.970 -0.015 0.617 0.0523 0.152 0.011 

NH4
+   1 0.046 0.216 0.007 0.007 0.390 0.012 0.067 0.658 0.049 

K+    1 0.739 0.928 0.926 -0.007 0.669 0.301 0.006 -0.004

Ca2+     1 0.706 0.725 0.062 0.447 0.213 0.944 -0.026

Mg2+      1 0.957 -0.024 0.590 0.481 -0.270 0.019 

Cl-       1 -0.013 0.591 0.147 -0.072 -0.002

NO3
-        1 0.040 0.039 0.788 0.032 

SO4
2-         1 0.014 -0.000 0.011 

Formate          1 * 0.059 

Acetate           1 -0.098

Lactate            1 

 

  



Table 7. Correlation coefficients between ionic species in Tokyo rainwater. 

 H+ Na+ NH4
+ K+ Ca2+ Mg2+ Cl- NO3

- SO4
2- Formate Acetate Lactate Oxalate

H+ 1 0.187 0.529 -0.070 -0.034 0.192 0.237 0.734 0.793 -0.200 -0.157 -0.105 0.003 

Na+  1 -0.001 0.325 0.019 0.927 0.989 -0.031 0.067 -0.029 -0.087 -0.650 -0.462

NH4
+   1 0.078 0.341 0.006 -0.001 0.820 0.625 -0.002 0.0213 0.016 0.3697

K+    1 0.1153 0.202 0.253 0.049 0.113 0.246 0.097 -0.112 -0.711

Ca2+     1 0.089 0.016 0.308 0.061 0.013 0.006 0.085 0.0663

Mg2+      1 0.945 -0.005 0.089 0.112 -0.137 -0.479 0.280 

Cl-       1 -0.027 0.081 -0.065 -0.120 -0.810 -0.376

NO3
-        1 0.552 2 x 10-5 0.030 0.087 0.228 

SO4
2-         1 -0.032 -0.011 0.027 0.045 

Formate          1 0.772 0.789 -0.049

Acetate           1 0.066 0.000 

Lactate            1 * 

Oxalate             1 

* Very small no. of data. 

 In Si Racha rainwater (Table 8), sodium ion strongly correlated (r = 0.983) with chloride ion, they might 

be affected by marine contributions. Potassium and ammonium ions were also considered to originate from the 

same sources because of high correlation (r = 0.713). From the same reasons, acetate and formate ions were 

probably found in ammonium acetate and calcium formate salts, respectively. Propanoate might be originated 

with formate ion while lactate and oxalate were generated together with nitrate and acetate ions. The last four 

ions (lactate, oxalate, succinate and malonate) could be classified as artificial anions especially nitrate from 

combustion in vehicles. Oxidation of aldehydes (formaldehyde and acetaldehyde) and ethanol from gasohol were 

the main sources of formate and acetate ions. 

  



Table 8. Correlation coefficients between ionic species in Si Racha rainwater. 

 H+ Na+ NH4
+ K+ Ca2+ Mg2+ Cl- NO3

- SO4
2- Formate Acetate Propanoate Lactate Oxalate 

H+ 1 0.004 -0.043 -0.032 -0.055 -0.001 0.013 0.325 0.275 -0.210 0.001 -0.021 0.146 0.042 

Na+  1 0.128 -0.008 -0.017 0.407 0.983 -0.075 -0.015 -0.233 -0.080 0.015 -0.081 -0.353 

NH4
+   1 0.713 0.037 0.001 0.095 0.157 0.034 0.172 0.517 0.024 0.348 0.315 

K+    1 0.081 0.003 -0.002 0.067 0.053 0.066 0.137 -0.033 0.394 0.312 

Ca2+     1 0.009 -0.018 0.028 0.032 0.726 -0.037 -0.009 0.027 0.073 

Mg2+      1 0.431 -0.014 0.025 0.176 0.022 0.000 -0.043 -0.081 

Cl-       1 0.048 -0.002 -0.248 -0.058 0.000 0.048 0.239 

NO3
-        1 0.089 0.075 0.272 -0.027 0.527 0.523 

SO4
2-         1 -0.007 0.005 -0.037 0.031 0.016 

Formate          1 0.305 -0.729 0.061 0.266 

Acetate           1 -0.073 0.795 0.576 

Propanoate            1 -0.078 -0.228 

Lactate             1 0.616 

Oxalate              1 

 

3.7 Time variation of organic acid concentrations with addition of thymol as preservative 

 Concentrations of organic acids in rainwater are significantly decreased with the elapsed time in a room 

temperature because microorganisms could assimilate them after collection. Various kinds of biocides such as 

chloroform, mercuric chloride, phosphoric acid and thymol were applied as preservative (Kawamura et al., 1996; 

Sempéré and Kawamura 1996; Morales et al., 1998; Kawamura et al., 2001; Lara et al., 2001; Peña et al., 2002 

and Avery et al., 2006), while Fornaro and Gutz (2003) stored all rainwater samples in a freezer (-18 ºC). In this 

research work, thymol was selected as preservative of rainwater. Time variation of seven kinds of mono- and di- 

carboxylic acid concentrations (formic, acetic, propanoic, lactic, succinic, maleic and oxalic acids) and two 

levels of the initial concentrations (10 and 50 µM) with a storage time were presented in Figure 3. Increasing of 

thymol concentrations did not significantly result in decrease of organic acid concentrations. For various 

concentrations of thymol, the two initial levels of all organic acid concentrations were mostly stable until 21 

days and then continuously decreased. Among organic acids, a concentration of lactic acid with the initial 

concentration of 50 µM rapidly decreased within 21 days and slightly decreased after the day 21. It might be 

attributable that lactic acid was one of fruit acids that could be served as nutrient, and thus it was more suitable 

for microorganism than the other kinds of organic acids. For the high level of the initial concentrations (50 µM), 

all acids decreased more rapidly than those with the lower initial concentrations after 21 days. It could be 

explained that the degradation rate was dependent on the initial concentrations of organic acids. For high 

precision analysis, these results suggest that the rainwater samples have to be measured within three weeks. 



 

Figure 3. Time variation of organic acid concentrations when a prepared organic acid solution 
was added with various amount of thymol. Initial concentrations of organic acids 
were 10 and 50 µM, and thymol concentrations in the sample solutions were 0, 25, 
50, 100, 200, 400 ppm, respectively. 

 
4. Conclusions 

 Mono- and di- carboxylic acids in rainwater samples could be analyzed by ion chromatographic technique 

without sample preparation. The samples were measured for pH, EC, ion concentrations, sample volume and 

amount of precipitations. Among cations, sodium was the most abundant in Si Racha and Ogasawara rainwater, 

whereas ammonium ion was the most abundant in Tokyo rainwater. Cluster ions such as magnesium are 
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considered to play an important role in neutralization of acidity in remote site of Ogasawara. For Tokyo (urban 

site) and Si Racha (industrial site) rainwater, ammonium ion strongly neutralized acid anions and cause decrease 

in the acidity of rainwater.  

 Contribution of organic acid ions to total acidity was only 21% while inorganic acids such as sulfuric and 

nitric acids contributed lower pH of Si Racha rainwater samples. Different from Si Racha, acidity of Tokyo and 

Ogasawara rainwater were contributed from inorganic species (almost 98%). Both cationic and anionic species 

in Ogasawara rainwater were mostly originated from natural sources. Concentrations of monocarboxylic acids 

were higher than dicarboxylic acids in rainwater samples collected in all three sampling locations. Besides three 

different locations, mono- and di- carboxylic acids were more significantly contributed in industrial site than in 

rural and remote sites. Addition of organic species could be improved the ionic neutralization of Si Racha 

rainwater. From the correlation coefficients, it could be found the cluster ions were associated with chloride and 

sulfate salts. It could be found that the acidity of rainwater in Tokyo caused by ammonium sulfate and nitrate. 

 Sodium chloride was the most abundant and organic acids were strongly contributed to lower pH of Si 

Racha rainwater. 

 Concentrations of organic acids were sustained by addition of various amounts of thymol as preservatives. 

Addition of thymol could maintain concentrations of organic acids within 21 days and then continuously 

decrease after the day 21. Contribution of organic acids should be considered for lower pH of rainwater 

especially in industrial and heavy traffic areas. 
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