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Monitoring of iodine species during water puriﬁcation
at a public water treatment plant in Japan
Sho Nishida, Maki Asami, Naoya Ohata, Jun Horigome and Naoki Furuta

ABSTRACT
Iodine is an essential element for humans; however, it can be toxic depending on its chemical form.
A variety of toxic and non-toxic iodine species have been identiﬁed in environmental water and in the
drinking water produced by public water treatment plants. Here, we examined the change of iodine
species during the water treatment process at a public water treatment plant in Japan. Samples of
raw water and of treated water immediately after each of eight treatment stages comprising the
treatment process were collected, and a speciation analysis was conducted by means of ion
chromatography– and size-exclusion chromatography–inductively coupled plasma mass
spectrometry. In the raw water, iodine was found mainly as iodide or iodinated humic substances
that were ultimately oxidized and transformed into iodate, a form non-toxic to humans, by two
independent oxidation stages in the water treatment process – ozone treatment and chlorine
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treatment. No disinfection byproducts were detected at any stage of the treatment process.
Fluorescence spectrometry with multivariate analysis revealed that humic substances were
markedly decreased by ozone treatment, but not by chlorine treatment. The present results show
that, at the plant-scale, ozone treatment is an effective means of removing toxic iodine species from
raw water.
Key words
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INTRODUCTION
Chlorine treatment is a method of disinfecting water that is

processes reduces the generation of chlorine-derived disin-

used as part of the water treatment processes of public water

fection byproducts (Guay et al. ).

treatment plants worldwide. However, during chlorine treat-

Iodine is a halogen element that is converted into disin-

ment, chlorine can react with organic matter to produce

fection byproducts by the water treatment process (Wang

carcinogenic chlorine-derived disinfection byproducts such

et al. ). In environmental water, iodine exists mainly

as chloromethane and chloroacetic acid (Hua & Reckhow

as iodide (I), iodate (IO
3 ) and iodinated humic substances

). To address this issue, additional treatment with

(Yoshida et al. ; Shimamoto et al. ). During the

ozone has been proposed (Srinivasan & Sorial ).

water treatment process, iodine species are mainly oxidized

Ozone decomposes organic matter more readily and is less

or transformed into IO
3 , which is non-toxic to humans, by

persistent than chlorine. Water treatment systems utilizing

means of chlorine treatment; however, iodinated disinfec-

ozone treatment (hereafter ‘advanced water treatment sys-

tion byproducts such as iodomethane and iodoacetic acid,

tems’) are used in public water treatment plants in many

which are more highly toxic to humans than the other

developed countries, and it is reported that the addition of

halogenated disinfection byproducts, are also produced

an ozone treatment stage to existing water treatment

(Richardson et al. ; Pals et al. ). It has been
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demonstrated experimentally that ozone transforms iodine

the intake gate of the water treatment plant; drinking

species into IO
3 without generating iodinated disinfection

water supplied by the same water treatment plant was also

byproducts (Allard et al. ; Lee et al. ); therefore,

sampled. Water at different stages of the treatment process

ozone treatment is a potentially useful means of disinfecting

(#1–#8 in Figure 1) was sampled in the water treatment

water without increasing the amounts of iodinated disinfec-

plant, and the whole sampling process was conducted

tion byproducts in processed water.

twice, in June and December 2016, because pre-chlorination

Many studies (Hua & Reckhow ; Yoshida et al.

was performed in December but not in June. All water

; Lee et al. ; Wang et al. ) have reported the

samples were ﬁltered through 0.45 μm nitrocellulose ﬁlters

chemical forms of halogens found in environmental water

(Merck Millipore, Darmstadt, Germany) and then stored at

and drinking water. However, how the relative amounts of

4  C until use. Dosages of chlorination and ozonation in

these chemical forms change during the water treatment

the water treatment plant are 1 mg L1 and 0.5 mg L1,

process has not been clariﬁed. In the present study, we

respectively, on average.

examined the change in iodine species during the advanced
water treatment process of a public water treatment plant

Operating conditions in ICPMS and chromatographies

located in Japan. Ion chromatography (IC)– and size-exclusion chromatography (SEC)–inductively coupled plasma

An ICPMS system (7500ce, Agilent Technologies Japan,

mass spectrometry (ICPMS) were used to determine the

Tokyo, Japan) was used in the total iodine analysis and

chemical forms of iodine after each stage of the treatment

iodine speciation analysis with the following operating par-

process, and ﬂuorescence spectrophotometry was used to

ameters: radiofrequency power, 1,550 W; plasma argon

determine the amount of humic substances in the water.

ﬂow rate, 15 L min1; auxiliary argon ﬂow rate, 1.0 L

Our results show that, at the plant-scale, ozone treatment

min1; carrier gas (argon) ﬂow rate, 0.8 L min1; make up

is an effective means of removing toxic iodine species

gas (argon) ﬂow rate, 0.35 L min1.

from drinking water.

A Dionex ICS-2000 instrument (Thermo Fisher Scientiﬁc, Kanagawa, Japan) equipped with an anion exchange
column (Dionex IonPac AS11-HC, ϕ4 × 250 mm; Thermo

MATERIALS AND METHODS

Fisher Scientiﬁc) and a guard column (Dionex IonPac
AG11-HC, ϕ4 × 50 mm; Thermo Fisher Scientiﬁc) was used

Water sample collection

for IC-ICPMS with the following operating parameters:
injection volume, 250 μL; ﬂow rate, 1.3 mL min1; eluent,

The advanced water treatment process of a public water

potassium

treatment plant located in Japan was examined. By using a

(Thermo Fisher Scientiﬁc). A gradient program was used:

water sampler (Norwell; Saint-Gobain, Tokyo, Japan),

5 mM,

river water was sampled from the river 0.6 km upstream of

21–26 min; 50 mM, 26–38 min; 5 mM, 38–41 min.

Figure 1

|

hydroxide;

0–8 min;

suppressor,

5–30 mM,

Advanced water treatment process of a public water treatment plant located in Japan. Sampling points are numbered #1 to #8.

Dionex

8–21 min;

ASRS-300
30–50 mM,

S. Nishida et al.

582

|

Iodine behavior in water treatment

Water Supply

|

19.2

|

2019

Japan)

subjected to parallel factor analysis (PARAFAC), which

equipped with a multimode SEC column (Asahipak GS-

decomposes the peaks of EEM spectra (Yamashita et al.

320 HQ, ϕ7.5 × 300 mm; Showa Denko, Tokyo, Japan) and

). Data were analyzed by using Solo version 8.1.1

a guard column (Asahipak GS-2G 7B, ϕ7.5 × 50 mm;

(Eigenvector Research, Inc., USA).

A

PU-1580i

instrument

(JASCO,

Tokyo,

Showa Denko) was used for SEC-ICPMS with the following
operating parameters: injection volume, 100 μL; ﬂow rate,
0.5 mL min1; eluent, 20 mM Tris-HNO3 with 0.3 wt% etha-

RESULTS AND DISCUSSION

nol at pH 8.
Identiﬁcation of iodine species in river water and
Iodine speciation analysis and determination of total

drinking water

iodine content
We ﬁrst performed an iodine speciation analysis of the
Calibration standard solutions were prepared by dissolving

river water, which was sampled 0.6 km upstream of the

commercially available chemicals in ultrapure water.

intake gate of the water treatment plant, and of the pro-

Fulvic acid standard and humic acid standard, which were

cessed drinking water by using IC-ICPMS and SEC-

obtained

Society

ICPMS. In the IC-ICPMS analysis, four peaks representing

(Aomori, Japan), were dissolved in ultrapure water. Since

from

Japanese

Humic

Substances

iodine compounds were detected in the river water samples

humic acid is insoluble at low pH, humic acid solutions

and were identiﬁed as representing I, IO
3 , iohexol and

were prepared with 25% tetramethylammonium hydroxide

iopamidol by comparing the retention times with those of

to adjust the solution to pH 12.

standard solutions and referring to the previous reports

The samples used for IC-ICPMS were concentrated 30-

(Figure S1A; Sacher et al. ; Yoshida et al. ). In

fold by means of freeze-drying (FDU-810; Tokyo Rikakikai,

SEC-ICPMS analysis, two additional peaks (P1 and P2)

Tokyo, Japan) and re-dissolving in ultrapure water. The con-

were detected in the high-molecular-weight fraction of

centrated samples and untreated samples were injected into

the river water (Figure S1B). (Figure S1A and S1B are avail-

the IC-ICPMS and SEC-ICPMS systems, respectively, and

able with the online version of this paper.) Previously, it was

the isotopes of

127

I were detected. To reduce the memory

reported that iodine is contained in humic substances, which

effect of iodine, samples and standard solutions were pre-

are organic high-molecular-weight compounds (molecular

pared with tetramethylammonium hydroxide to adjust the

weight >1,000 g mol1) that are abundant in environmental

solutions to pH 12. The total concentration of iodine in

water (Shimamoto et al. ). Fulvic acid and humic acid

the samples and standards were measured by means of

are two major soluble humic substances (Kuwatsuka et al.

ICPMS. All experiments were replicated three times.

). We therefore used SEC-ICPMS to examine the fulvic
acid and humic acid standards, which were made from pur-

Analysis of humic substances by using a ﬂuorometer

iﬁed extracts obtained from soil (Figure S1B). A peak
representing iodine was detected in the high-molecular-

Water samples and humic substance standard solutions

weight fraction of the fulvic acid standard, conﬁrming the

were analyzed by using a ﬂuorometer (F-7100; Hitachi

presence of iodine as iodinated fulvic acid. This iodinated

High-Tech Science, Tokyo, Japan) and the following operat-

fulvic acid was detected at the same retention time as was

ing

P2 in the river water sample, indicating that P2 represented

parameters:

emission

excitation

wavelength,

wavelength,

200–600 nm;

200–600 nm;
interval,

iodinated fulvic acid. Since P1 was eluted before P2, it is

5.0 nm; scan speed, 60,000 nm min1, and all others

likely that P1 was derived from an iodinated humic sub-

remained as the default settings. The measurements were

stance with a higher molecular weight than that of fulvic

repeated twice for each sample and the mean values were

acid. No peak representing iodine was observed in the

used for the following analyses. The resulting three-dimen-

humic acid standard (Figure S1B). Hereafter, the peak of

sional

P1 þ P2 is referred to as ‘iodinated humic substances’.

excitation–emission

matrix

sampling

(EEM)

data

were
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We next examined the river water (stage #1 in June)

iodinated humic substances were the most abundant forms

and drinking water (stage #8 in June) samples by using a

of iodine in the raw water, but the dominant form was

ﬂuorometer, and compared the EEM patterns obtained

shifted to IO
3 by pre-chlorination and coagulating sedimen-

with those of humic substance standards. Fluorescence-

tation treatment (#2), indicating that the change in iodine

emitting compounds were detected in both the river

form was likely a result of oxidation by pre-chlorination

water and the drinking water (Figure S2A). PARAFAC

treatment (Figure 2(b)). I was further decreased by ozone

revealed that the EEM pattern for the river water (stage

treatment (#4) and was undetectable after intermediate

#1 in June) comprised two major components (components

chlorination (#6). These results demonstrated that oxidation

1 and 2, Figure S2B) and one minor component (com-

due to ozone treatment and chlorine treatment were the

ponent 3, Figure S2B). (Figure S2A and S2B are available

main treatment stages responsible for the changes in

with the online version of this paper.) The EEM patterns

iodine speciation during the water treatment process con-

of components 1 and 2 were identical to the EEM patterns

ducted in December.

of fulvic acid and humic acid, respectively, and these data

Changes in the abundances of humic substances during

were in good agreement with previous reports (Yamashita

the water treatment process were investigated by means of

et al. ). The minor component (component 3) was

EEM analysis (Figure 3). Fluorescence intensity was mark-

likely derived from proteins, as suggested elsewhere (Yama-

edly decreased by ozone treatment (#4, Figure 3(a)) in both

shita et al. ). These results conﬁrmed that the river

June and December. Fluorescence intensities of fulvic acid

water contained fulvic acid and humic acid.

and humic acid, which were estimated by PARAFAC, were
greatly decreased after ozone treatment (#4, Figure 3(b)).

Iodine speciation analysis during the water treatment

These results indicate that humic substances were decomposed by ozone treatment. The ﬂuorescence intensities of

process

those humic substances were also decreased after coagulating
We next conducted an iodine speciation analysis at different

sedimentation treatment (#2), indicating that humic sub-

stages of the water treatment process of a public water treat-

stances were precipitated and removed by this treatment.

ment plant in Japan. The process at this plant comprised

The decreases in the amounts of fulvic acid and humic acid

seven stages, and water samples were collected at each

after coagulating sedimentation treatment were estimated to

stage (Figure 1). In December, an additional hypochlorous

be 36% and 45% in June and 33% and 42% in December,

acid treatment stage was conducted as the ﬁrst stage for

respectively; the addition of a pre-chlorination stage did not

pre-chlorination, which is required to compensate for the

affect the amount of humic substances removed. These results

decreased effect of biological puriﬁcation during the

suggest that oxidation by chlorine treatment is not enough to

winter, and therefore the water sampling was conducted

decompose humic substances, but it is enough to break the

twice, once in June and once in December. In June, the

chemical bonds between iodine and humic substances.

iodine speciation showed a drastic change after ozone treatment; I and iodinated humic substances were dominant

Change in the proportions of iodine species

until ozone treatment (#4), after which the dominant form

was shifted to IO
3 (Figure 2(a)). This indicated that I and

The total amounts of iodine and of the major iodine species

iodine binding to humic substances are oxidized and trans-

were quantiﬁed at the different stages of the water treatment

IO
3


by ozone treatment. In addition, the peak

process from the SEC-ICPMS and total iodine analysis data

representing I was almost undetectable after the intermedi-

(Figure 4). The peaks representing iodinated humic sub-

ate chlorination stage (#6), indicating that any I remaining

stances and IO
3 could not be completely separated;

after ozone treatment was completely oxidized and con-

therefore, the concentrations of iodinated humic substances

verted to IO
3 by chlorine treatment.

and IO
3 were estimated from the peak area between 11.7

formed into

In December, unlike in June, the iodine speciation was

and 15.0 min and between 15.0 and 18.3 min, respectively

drastically changed by the initial treatment stages; I and

(separated at the bottom of overlapped area, Figure 2).
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Iodine speciation results for each water treatment stage. Representative data of three independent experiments are shown. IC, ion chromatography; SEC, size-exclusion
chromatography; ICPMS, inductively coupled plasma mass spectrometry.

Recovery (%) was calculated as the ratio to the total iodine

treatment (#4), and was decreased to an undetectable level

concentration. Iohexol and iopamidol were not taken into

by subsequent intermediate chlorination (#6). However,

account in the recovery rate calculation because the peaks

the concentration of IO
3 was increased by 2.7 times

of those compounds were considered small enough to

during the water treatment process. The sum of the decre-

ignore. In the raw water, the recovery of iodine was 98 ±

ments of iodinated humic substances and I by ozone

3% for the samples collected in June and 99 ± 1% for the

treatment (2.96 ng iodine mL1, from #3 to #4) was in agree-

samples collected in December, conﬁrming that all ion

1
ment with the increment of IO
3 (3.16 ng iodine mL ),

species could be explained in this study.

conﬁrming that iodinated humic substances and I were oxi-

In the samples collected in June, the concentration of I



dized and transformed into IO
3 by ozone treatment.

was decreased to less than half that in the raw water by

In the samples collected in December, the concen-

ozone treatment (#4), and it was then gradually decreased

trations of iodinated humic substances and I were

by the following treatment stages until the concentration

decreased to 1/2 and 1/3, respectively, the concentration

of I in the drinking water was 1/8 that in the raw water.

in the raw water after chlorination and coagulating sedimen-

The concentration of iodinated humic substances was

tation treatment (#2), whereas the concentration of IO
3 was

decreased to 1/12 that in the raw water after ozone

increased by 2.9 times that in the raw water. A further
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Analysis of humic substances at each water treatment stage in June and in December. (a) Excitation–emission matrixes for each water treatment stage. (b) Fluorescence
intensities of fulvic acid and humic acid. Values were estimated by parallel factor analysis of the excitation–emission matrixes data shown in (a). Timing of the chlorine treatment
and ozone treatment is indicated with arrows.
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Concentration of iodine species at the different treatment stages (#1–#8). Values are presented as mean ± SD of three independent experiments. Means of recovery rates ((the
total concentrations of three iodine species/the total iodine concentration) ×100%) are shown above the bars of total of three iodine species. (a) June. (b) December.

reduction was observed in iodinated humic substances and

concentration of humic acid substances. These results suggest

I following ozone treatment (#4), and accordingly IO
3

that iodine bound to humic substances is released by

was further increased. Eventually iodinated humic sub-

oxidation via chlorine treatment, but that the humic sub-

stances and I levels in the drinking water were 1/13 and

stances themselves are not decomposed (Figure S3,

1/6, respectively, the level in the raw water.

available with the online version of this paper). The differ-

The present results show that I and iodinated humic
IO
3,

ence in the disinfection activity between ozonation and

which is non-

chlorination is probably derived from the difference in oxidiz-

toxic to humans, by two independent oxidation stages in

ability; the oxidizability of ozone is much higher than that of

the water treatment process – ozone treatment and chlorine

chlorine (Rodríguez et al. ). Although humic substances

treatment. The results from the samples collected in Decem-

are a mixture of various compounds, it is thought that

ber show that the pre-chlorination treatment stage accounted

iodine bonds primarily to the aromatic rings of humic sub-

for oxidation of approximately half of the iodinated humic

stances (Schlegel et al. ). This suggests that chlorine

substances in the raw water. However, this pre-chlorination

treatment is strong enough to remove iodine from the aro-

treatment stage did not contribute to the reduction in the

matic rings but not oxidize the humic substances themselves.

substances in raw water are changed to
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CONCLUSIONS
Here, we conducted an iodine speciation analysis during the
advanced water treatment process of a public water treatment plant in Japan and found that oxidation via ozone
treatment and chlorine treatment are the main stages
responsible for the transformation of I and iodinated
humic substances into IO
3 , a harmless form of iodine to
humans. In addition, our data showed that humic substances are decomposed and removed by ozone treatment.
Thus, this study demonstrates that, at the plant-scale, disinfection by means of ozone treatment is an effective
method for removing toxic iodine species from raw water.
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Figure S1 Identification of iodine species in river water and drinking water.
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Figure S2 Identification of fluorescence-emitting compounds by using parallel factor analysis.
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Figure S3 Hypothetical model of the change in chemical form of iodine species and humic
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Figure S1 Identification of iodine species in river water and drinking water.
(A) Ion chromatography–inductively coupled plasma mass spectrometry chromatograms of iodine
species in river water, drinking water, and standard solutions. (B) Size-exclusion chromatography–
inductively coupled plasma mass spectrometry chromatograms of iodine species in river water,
drinking water, and humic substance standard solutions.

1

2

(A)
600

Fulvic acid

Humic acid

River water

Drinking water

550
500

Excitation wavelength (nm)

450
400
350
300
250
600
550
500
450
400
350
300
250
300

400

500

600

300

400

500

600

Emission wavelength (nm)

(B)

600
550

River water

500
450
400
350
300

Excitation wavelength (nm)

250
600
550

Component 1

Component 2

Fulvic acid

Humic acid

Component 3

500
450
400
350
300
250
300

600
550

400

500

600

500
450
400
350
300
250
300

400

500

600

300

400

500

600

Emission wavelength (nm)

1

Figure S2 Identification of florescence-emitting compounds by using parallel factor analysis.
(A) Excitation–emission matrix patterns were obtained for standards of two humic substances (fulvic
acid and humic acid), river water (stage #1 in June) and drinking water (stage #8 in June). (B)
Components in the river water (stage #8 in June) were as determined by parallel factor analysis. Data
analysis was conducted by using Solo version 8.1.1 (Eigenvector Research, Inc., USA). Component 1
was identified as being fulvic acid, Component 2 as humic acid, and Component 3 was likely a
mixture of proteins.
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Figure S3 Hypothetical model of the change in chemical form of iodine species and humic substances
during chlorine treatment and ozone treatment.
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