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Bench scale evaluation of Fe(II) ions on haloacetic acids
(HAAs) formation in synthetic water
M. Saﬁur Rahman and Graham A. Gagnon

ABSTRACT
Cast iron pipes were installed broadly in North American water utilities, particularly in older cities
such as Halifax, NS, and other cities in the northeastern portions of Canada and the USA. Many of
these cast iron pipes are corroded and are continuous sources of Fe(II) ions in drinking water
distribution systems. In this paper, the results of an experimental investigation into the factors
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inﬂuencing haloacetic acids (HAAs) formation in the presence of Fe(II) ions are presented. The
experiments were conducted using NaHCO3 buffered synthetic water samples with different
characteristics (i.e. pH, phosphate, stagnation time) simulating with water distribution systems. The
results showed that Fe(II) ions signiﬁcantly reduced HAAs formation in different reaction systems at a
95% conﬁdence level. In control water systems, pH had no signiﬁcant impact, however, in the
presence of Fe(II) ions in water, pH had an obvious impact to increase HAAs formation (α ¼ 0.05). In
contrast, phosphate-based corrosion inhibitor signiﬁcantly (α ¼ 0.05) reduced HAAs formation in the
presence of different dosages of Fe(II) ions in water samples for the reaction period of 24, 48, 84 and
130 h, respectively. Signiﬁcant factors and their rank inﬂuencing HAAs formation and distribution
were identiﬁed using a 24 full factorial design approach.
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INTRODUCTION
Approximately 30% of the 600,000 km of water mains in the

(and Fe2þ release) to occur during water stagnation/

USA are comprised of unlined cast iron or ductile iron

oxygen depletion conditions. However, ferric oxides in

(AWWA ). The interior surface of an unlined cast iron

iron corrosion are reduced and ferrous ions are formed

water distribution pipe is typically exposed to an oxidizing

according to Equation (5) following the ‘Kuch Mechanism’

environment that causes corrosion. Hozalski et al. ()

(Kuch ):

reported the reduction of pipe wall as a zero-valent iron
(Fe(O)); correspondingly when Fe(O) ions come in contact

Feð0Þ ! Fe2þ þ 2e

(1)

O2 þ 4Hþ þ 2e ! 2H2 O

(2)

HOCl þ Hþ þ 2e ! Cl þ H2 O

(3)

NH2 Cl þ 2Hþ þ 2e ! Cl þ NHþ
4

(4)

Fe(s) þ 2FeOOH(s) þ 6Hþ ! 3Fe2þ þ 4H2 O

(5)

with water, Fe(II) ions are formed in water through iron corrosion (Equation (1)). Oxidants such as oxygen and free
chlorine (HOCl and OCl) or monochloramine are available in drinking water to accept the released electrons
(Equations (2)–(4)) (Sarin et al. a). Consequently, con2þ

centration of ferrous ions Fe

in iron pipe water systems

increases under these corrosion conditions (Kirmeyer et al.
). Kuch () and Kirmeyer et al. () have hypothesized that ferric (Fe3þ) oxides present in the iron scale act
as an alternative oxidant for allowing the iron corrosion
doi: 10.2166/aqua.2013.116
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with free chlorine and disinfectant byproducts present in
iron pipe water distribution systems.

from the iron corrosion products (Sarin et al. a). A labora-

In recent years, different types of effort have been exe-

tory study revealed that the release rate of Fe(II) ions ranges

cuted to understand the corrosion mechanisms and to

from 0.003 mg m1 h1 in iron pipe loops with ﬂowing oxyge-

control metal release from corroded pipe. Increasing pH

nated water to 0.01 mg m1 h1 under stagnant anoxic

and/or alkalinity are two cost effective and useful methods

conditions (Sarin et al. b). However, in corroded iron

to reduce the metal corrosion. Phosphate-based corrosion

pipe, the corrosion products are the main source of aqueous

inhibitors are an alternative additive for drinking water for

Fe(II) ions in distribution systems. The concentration of

mitigating metal corrosion protection, red water control,

Fe(II) ions was found to be 7.2 mg/L, dry weight basis in a

and turbidity reduction (Maddison et al. ). The possible

center sample and 17.1 mg/L, dry weight basis in a side

mechanism of phosphate corrosion inhibitor is that phos-

sample of 40–50 year-old iron pipe collected from the distri-

phate usually adsorbs to the surface of iron particles and

bution system in Melbourne, Australia (Lin et al. ).

probably involves the interaction of PO3
with two Fe3þ
4

Reduction of pipe walls could be mentioned by zero-valent

ions to relatively stable Fe-PO4-Fe linkage or binuclear

iron or by the ferrous ions contained in or sorbed to iron

inner-sphere complexes (Stumm & Sulzberger ; Lytle

oxide corrosion products (Hozalski et al. ). Several lab-

& Snoeyink ). Other studies have suggested that phos-

oratory studies have reported that Fe(O) is a robust

phate adsorbs onto the iron surface to form a protective

reductant that reduces different types of halogenated solvents

ﬁlm (McNeill & Edwards ) that might reduce corrosion.

including chlorinated byproducts: haloacetic acids (HAAs)

However, in the USA, around 67% of water utilities use poly-

(Zhang et al. ; Hozalski et al. ), carbon tetrachloride

phosphate or a blend of polyphosphate and orthophosphate

(Matheson

&

Tratnyek

),

trichloro(nitro)methane

and the rest of the utilities (33%) add orthophosphate as a cor-

(chloropicrin) (Pearson et al. ), 1,1,1-trichloroethane

rosion inhibitor to the ﬁnished water (Edwards & McNeill

(Fennelly & Roberts ), and pentachlorophenol (Kim &

). Unfortunately, published research concerning the reac-

Carraway ). It has also been reported that Fe(O)

tivity of phosphate-based corrosion inhibitors on the

reduces several brominated compounds, for instance, 1,2-

formation of HAAs in the presence and absence of Fe(II)

dibromoethane (Rajagopal & Burris ), 1,2 dibromo-3-

ions in solution iron is not yet well established.

chloropropane (Siantar et al. ). In addition to the study

The formation of HAAs and their species distribution is

on impact of zero valent iron (Fe(O)) on reduction of haloge-

a complex phenomenon and depends on several factors

nated compounds, Chun et al. () investigated a study

including characteristics of water, treatments procedures,

using synthetic iron pipe corrosion scales, i.e. magnetite

and water distribution pipe materials. Previous studies

and goethite which contain both Fe(II) and Fe(III) ions;

have mostly reported both the formation of HAAs and

and found that selected disinfection byproducts (i.e.

their reduction in full scale distribution systems (Singer

trichlonitromethane, trichloacetonitrile, 1,1,1-trichloropropa-

et al. ; Arora et al. ; Williams et al. ; Pecher

none and trichloroacetaldehyde hydrate) were signiﬁcantly

et al. ; Hozalski et al. ; Amold et al. ). However,

reduced in the presence of magnetite and goethite in solution.

investigations into the effect of Fe(II) ions alone, and along

On the other hand, free chlorine is the most widely and

with phosphate-based corrosion inhibitor on HAAs for-

effectively used secondary disinfectant for drinking water

mation for different pH values, are limited in the existing

distribution systems since 1913 in North America to deacti-

literature. In the present study, the effect of Fe(II) ions and

vate pathogens and/or to residual concentrations in the

other factors (pH, phosphate dosage and reaction time) on

distribution system in order to minimize the risk (Madigan

HAAs formation and distribution were investigated using

et al. ). Generally, increased concentration of disinfec-

NaHCO3 buffered synthetic water under controlled labora-

tant (oxidants) would be expected to increase corrosion

tory conditions. A 24 full factorial design with center point

(Eisnor & Gagnon ). Therefore, it has been hypoth-

approach was followed to prepare the synthetic water

esized that the corrosion products and Fe(II) ions react

samples with the different characteristics. The goal of this
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study was to investigate and rank the most signiﬁcant factors

USA) was used as internal standard solution in each

and their interaction inﬂuencing HAAs formation in drink-

extracted HAAs solution.
All dish-washed glassware, especially amber color bottles

ing water treatment and distribution systems.

(reactor), used for this study were soaked using a concentrated sodium hypochlorite solution (∼300 mg/L as Cl2) for

MATERIALS AND METHODS

at least 24 h. Thereafter, the bottles were rinsed thoroughly

Reagents, solutions and glassware

water, and were heated at 110 C overnight (APHA ).

FeSO4.7H2O (assay: 100%, Fisher Scientiﬁc, USA) was used as

Batch experiments

three times with deionized water and ﬁnally with Milli-Q
W

a source of initial Fe(II) ions in solution. Ammonium chloride
(assay: 99.6%), sodium sulﬁte (assay: 100%) and sodium bi-car-

Bench scale experiments were conducted for HAAs for-

bonate (assay: 100%), sodium sulfate (assay: 99.4%), sodium

mation analysis using synthetic water samples consisting

hydroxide (assay: 100%), sulfuric acid (assay: 98%), hydro-

of differing characteristics. HA was used as a source of natu-

chloric acid (assay: 36.5–38%) were obtained from Fisher

ral organic matter (Vikesland et al. ; Chang et al. ;

Scientiﬁc, USA. Blended phosphate (Virchem 937, Carus

Yang & Shang ; Li & Zhao ). A required amount

Chemical Corporation, USA) composed of 25% zinc phosphate

of puriﬁed HA stock solution was employed as the surrogate

and 75% polyphosphate was used as a source of phosphate.

for NOM (2.85 mg/L as DOC) in NaHCO3 buffered water

Humic acid (HA) (technical grade, Sigma Aldrich, USA)

systems (5 mg-C/L as dissolved inorganic carbon). HA was

was used as a source of natural organic matter (NOM). A

chosen because it contains 48.95% carbon (by weight),

stock solution for the HA was prepared by dissolving an ali-

while natural freshwater contains 48–54% carbon. Prior to

quot of HA in 1 L Milli-Q water at pH >10. The solution

the HAAs formation study, NOM in water (2.85 mg/L as

was stirred for 24 h at room temperature (21 ± 1 C). The

DOC) was characterized on the basis of molecular weight

solution was then ﬁltered through 0.45 μm ﬁlter paper

(MW) distribution using high performance size exclusion

(Micron-PSE, Polysulfone), which produced a HA solution

chromatography (HPSEC) (Perklin Elmer, Series 200) with

of 280–300 mg/L dissolved organic carbon (DOC). The

a UV/VIS detector. This study revealed that the MW frac-

W

W

stock solution was stored at 4 C for subsequent uses (Vikes-

tion of 1,500–2,500 Da was predominant in the studied

land et al. ; Chang et al. ; Yang & Shang ; Li &

NOM in water (Table 1). The required pH values of the buf-

Zhao ). A chlorine stock solution of 5 mg-Cl2/L was

fered water samples were adjusted using 0.5N HCl and 0.5N

prepared using a 5% aqueous sodium hypochlorite (NaCl)

NaOH solution. A required amount of a phosphate-based

solution (Fisher Scientiﬁc, USA) following Standard

corrosion inhibitor, zinc ortho-polyphosphate was added

Method 5710B (APHA ). All solutions were prepared

to obtain 1.5 mg-PO4/L in solution. After that, all samples

in ultrapure water from a Milli-Q water puriﬁed system

were chlorinated and FeSO4 was added to obtain the

(Millipore: Milli-Ro 5 plus and Milli Q plus 185). HAA9 stan-

required amount of Fe(II) ions in the solutions. The sol-

dard stock solution was prepared in a 5 mL volumetric ﬂask

utions were mixed properly and transferred immediately

containing MtBE (assay 99.8%, Sigma-Aldrich, Germany) by

into 250 mL chlorine demand free serum bottles (reactor)

addition of 50 μL HAA9 mix solution (EPA 552.2 Acids Cali-

with PTFE (polytetraﬂuoroethylene) faced. The serum bot-

bration Mix, Supelco, PA, USA). The stock solution was

tles were ﬁlled with the samples headspace-free. Finally

used to prepare different concentrations (10–100 μg/L) of

the serum bottles (reactors) were wrapped with aluminum

HAAs standard solutions to calibrate GC. The diluted

foil to prevent photochemical reaction and kept in the

stock solution will be good up to 24 h. Diazomethane sol-

dark for the designated reaction times.

ution was prepared freshly in the Water Chemistry

After each designated reaction period (i.e. 3.5, 24, 48, 84

Laboratory, Dalhousie University each day for HAAs extrac-

and 130 h) at different water characteristics, the water

tion. 1–2 di-bromopropane (Assay 99%, Acros Organics, NJ,

samples were collected into headspace-free 25 mL glass
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Fraction features of NOM molecular weight (MW) before HAAs formation study

Fraction

Range of MW (Da)

1

MW

MN

174.2 ± 0.1

50–200

P

347.3 ± 0.6

% of the total

2.1 ± 0.01

0.50

2

> 200–500

274.5 ± 5.6

273.2 ± 4.9

1.00

2.5 ± 0.7

3

> 500–1,000

553.9 ± 9.9

5,19.1 ± 12.7

1.07

14.1 ± 0.2

4

> 1,000–1,500

1,101.9 ± 1.6

2,186.9 ± 4.3

0.50

27.8 ± 0.9

5

> 1,500–2,500

2,604.9 ± 8.8

2,264 ± 6.4

1.15

50.6 ± 0.2

6

> 2,500

56,854.9 ± 547.3

1.03

2.9 ± 0.2

58,328.5 ± 1,127.6

vials with polypropylene screw caps and teﬂon-lined septa.

Nine HAAs, i.e. monochloroacetic acid (MCAA), mono-

Chlorinated samples for HAAs analysis were quenched by

bromoacetic acid (MBAA), dichloroacetic acid (DCAA),

ammonium chloride to prevent further formation of HAAs

bromochloroacetic

after the designated reaction time. All samples were refriger-

(DBAA), bromodichloroacetic acid (DCAA), dibromochlor-

W

acid

(BCAA),

dibromoacetic

acid

ated at 4 C not more than 2 weeks prior to extraction. Total

oacetic acid (DBCAA), trichloroacetic acid (TCAA) and

experiments were conducted at room temperature (21 ±

tribromoacetic acid (TBAA), were extracted by liquid–

W

1 C). All of the tests were conducted in duplicate to test

liquid extraction with MtBE, methalization with diazo-

the reproducibility of the results. For each batch test, control

methane following Standard Method 6251B (APHA ).

samples were used following the procedure as in the test

HAAs analyses were quantiﬁed by gas chromatography

sample but without the designed variables (i.e. ferrous

(Varian, CP 3800 Gas Chromatography) with electron cap-

ions, phosphate).

ture detection (GC–ECD) according to USEPA Method
552.2 (USEPA ). Further details on the operating conditions of GC–ECD for HAAs analysis is provided in the

Analytical procedure

supplementary material (SM-I).
DOC measurements were performed with a total organic
carbon analyzer (TOC-VCPH) equipped with an auto-sampler

Experimental design and data analysis

ASI-V (Shimadzu Corp., Kyoto, Japan) according to Standard
Method 5310B (APHA ). Free chlorine concentration

A 24 full factorial design was studied to evaluate the

was determined using the colorimetric version of the N,N-

importance and interaction of the ferrous, Fe(II) ions

diethyl-p-phenylenediamine (DPD) HACH method 8021

concentrations, pH, phosphate-based corrosion inhibitor

(HACH ) at a wavelength of 530 nm using a DR/5000

dosages and different reaction times on HAAs formation.

UV Visible Spectrophotometer (HACH Co., Loveland, Col-

The range and levels of the studied variables for this

orado). Concentration of Fe(II) ions was measured

study is presented in Table 2. These values were chosen

colorimetrically

HACH

because they are typical values for many water distribution

method 8146 (HACH ) at a wavelength of 510 nm

systems. Data that were obtained from each HAAs formation

using a DR/5000 UV Visible Spectrophotometer. Phosphate

experiment were entered into a computer system and the

concentration was measured by an ion chromatograph (761

statistical analysis of the factorial design was performed

Compact IC, Metrohm). All pH measurements were made

by using Windows version programs (1) Minitab® 16

using an Accumet electrode and Accumet Excel, XL50

(MINITAB Inc., State College, Pennsylvania, USA) and (2)

(Dual channel pH/ion/conductivity) meter (Fisher Scienti-

Microsoft Excel® 2010 (Redmond, WA, USA). The analysis

ﬁc,

Singapore)

with

the

calibrated

1,10-phenanthroline

of

provided relevant statistical parameters including the F-test

Standards (NBS) buffers. The pH meter was standardized

with

National

associated with probability p(F). The statistical signiﬁcance

daily using a three-point calibration with pH 4, 7, and 10 stan-

of the regression coefﬁcient was determined by the student’s

dard solutions (Thermo Fisher Scientiﬁc, USA).

t-test associated with probability p(t). Unless otherwise
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in a pipe loop reactor constructed using a 70 year old galvanized iron pipe (Sarin et al. a). Therefore, different

Level

dosages of Fe(II) ions concentration ranging from 0.35 to

Low

Center

High

(þ)

(þ)

Code

Variable

Unit

(–)

A

Fe(II) ions

mg-Fe(II)/L

0

B

pH

Unit

6.5

7.5

8.5

C

Corrosion
inhibitor

mg-PO4/L

0

0.75

1.5

D

Reaction time

Hour (h)

3.5

3 mg/L were chosen for this study.
This study revealed that in the presence of 0.35 mg/L

1.5

13.5

3

24

Fe(II) ions, HAAs formation was signiﬁcantly reduced
(41.5–51.9%) compared with the control water system (in
the absence of Fe(II) ions and a phosphate-based corrosion
inhibitor) in the studied reaction periods ranging from 3.5
to 130 h (Figure 1). This study also revealed that HAAs formation reduced gradually from 41.5 to 71.02% with an

mentioned, all statistical analysis was conducted at a 95%

increase of total Fe(II) ions concentration from 0.35 to

conﬁdence level.

3 mg/L for the reaction period of 3.5 h. This ﬁnding is in
agreement with the previous observations which have
reported that iron oxides surface (i.e. magnetite, goethite)

RESULTS AND DISCUSSION

accelerated the reduction rates of various organic compounds and halogenated byproducts (Amonette et al. ;

To determine the effects of Fe(II) ions and other factors on

Pecher et al. ; Elsner et al. ; Chun et al. ; Lee

HAAs formation and speciation in iron water systems, a meth-

et al. ). Lee et al. () reported that the degradation

odical investigation was conducted. Bromine was not present

rate for TCNM (trichloronitromethane), a non-regulated

in the studied water samples (method detection limit (MDL)

DBP (disinfection by-product), depends on water-soluble

for Br was 0.105 mg/L); and, as a consequence, the formation

iron in water systems. Fe(II) is a strong reductant (Amold

of major brominated species was found to be below the detec-

et al. ) and when the concentration of Fe(II) ions

tion limit in most cases throughout the study (MDL for each

increase, it increases the reactive surface area, via oxidation

HAA species is provided in supplementary material, SM-II).

of Fe(II) to Fe(III) by residual disinfectants along with other

Therefore, major brominated species were not included in

oxidants, and consequent precipitation. As numerous studies

the results and discussion part. However, the effects of differ-

have reported that free chlorine is used up preliminarily by

ent factors on HAAs formation study are presented below.
Effect of Fe(II) ions and reaction time
To understand the effect of Fe(II) ions on HAAs formation,
ferrous iron was added into the buffered synthetic water
samples having pH 6.5, DOC 2.85 mg/L. This study was
conducted at room temperature (21 ± 1 C) for a chlorine
W

to carbon mole ratio of 0.79 and for the different reaction
times ranging from 3.5 to 130 h, respectively. As mentioned
previously, cast iron pipes are a constant source of Fe(II)
ions in drinking water distribution systems (Sarin et al.
a), while the levels of Fe(II) ions are site speciﬁc to
the water quality. Fe(II) ions concentration in distribution
systems were reported up to 3 mg/L (Kirmeyer et al. )
and under anoxic condition, aqueous Fe(II) ions concentrations up to 1.11 mg-Fe(II)/L (0.02 mM) were observed
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iron oxides (Rossman et al. ), it was therefore hypoth-

presence of different dosages of total Fe(II) ions in solutions.

esized that less free chlorine might be available to react

Statistical analysis (two-way analysis of variance (ANOVA))

with precursor material to form DBPs. However, the current

for the HAAs formation data revealed that Fe(II) ions signiﬁ-

bench scale experiments showed that the formation of HAAs

cantly (p < 0.001) reduced the formation of HAAs at a 95%

was lower in the presence of Fe(II) ions compared with the

conﬁdence level. It implied that the presence of total ferrous

control water systems, and consequently HAAs formation

ions in solutions changed the reactivity between chlorine

decreased gradually with the increase of Fe(II) ions concen-

and NOM, which led to a net decrease in these HAAs con-

tration in the reaction systems (Figure 1). A possible

centrations. However, ANOVA revealed that the reaction

explanation for this result is that adsorption of higher

time was not statistically signiﬁcant (α ¼ 0.05, p > 0.05) in

NOM MW fractions onto iron oxide surface reduces HAAs

changing HAAs formation at different dosages of Fe(II)

formation, also higher NOM MW fractions were reported

ions in the studied iron water systems (Table 3).

to be the most reactive NOM components in DBP formation
study (Marhaba & Van ; Chang et al. ; Lamsal et al.

Effect of pH

). This hypothesis was supported by Zhou et al. (),
who reported that NOM MW fraction for 1,250–3,750 Da

Typical pH value in drinking water treatment and distri-

predominantly adsorbed onto iron oxide surface following

bution systems has been reported to be 6.5–9 (Chun et al.

the best ﬁt to the Langmuir adsorption isotherm. The results

). Therefore, this study was conducted at pH 6.5 and

for MW distribution of NOM for this study revealed that

8.5 for a reaction period of 24 h, and for a chlorine to

more than 50% MW fraction lay between 1,500 and

carbon mole ratio of 0.79 in four different reaction systems

2,500 Da (Table 1), which might be adsorbed onto iron

at 21 ± 1 C temp. This study revealed that in the control

oxide surface resulting in the reduction of HAAs formation.

water systems, changing the pH values from 6.5 to 8.5 did

W

The change of NOM MW distribution in different reaction

not signiﬁcantly affect in changing HAAs formation

medias was conducted as a part of a separate study to be pub-

(Figure 2). This ﬁnding was consistent with the reported

lished later. However, in addition to chlorine and NOM

results by Ye et al. (), which acknowledged that increas-

reactivity with Fe(II) ions, it is also believed that the HAAs

ing the pH value from 6.0 to 8.5 did not signiﬁcantly change

formed at the initial stage in contact of chlorine with NO,

the concentration of HAAs. However, in the presence of

are adsorbed on the iron oxides surfaces.

3 mg/L Fe(II) ions in solution, changing the pH values

For all samples, the major portion of HAAs formation

from 6.5 to 8.5 led to a 2.5 fold increment of HAAs for-

was observed at the initial 3.5 h of the reaction period

mation and was observed here following the same reaction

(Figure 1). However, the HAAs formation was monitored

conditions. The inﬂuence of pH on the formation and distri-

up to 130 h (5.5 days) of the reaction periods. It was found

bution of HAAs in iron water systems could be affected due

that the HAAs concentrations in control water systems

to the following reasons: (1) at a higher pH level, the dis-

were gradually and slightly increased with the increase in

solved metal ions could either directly enhance chloride

reaction times. However, HAAs formation was maintained

ions by degrading free chlorine (OCl → O2 þ Cl; Gray

relatively constant after 48 h of the reaction period in the

et al. ()), (2) dissolved metal ions increase the reactivity

Table 3

|

Two-way ANOVA on effect for different concentrations of Fe(II) ions and different reaction times on HAAs formation

Source of variation

SS

Fe(II) conc. (mg/L)

2,022.164

Reaction time (h)
Error
Total

df

4

MS

F

505.5411

164.3499

4

41.08746

224.6792

16

14.04245

2,411.193

SS: sum of squares; df: degrees of freedom; MS: mean square.
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impact of pH on HAAs formation is complicated, because
the rate of HAA formation and hydrolysis varies for each
individual species in different reaction systems.
Effect of PO4 dosage and reaction time
Phosphate-based corrosion inhibitors are typically dosed
into their treated water at a dosage of 0.5–3 mg-Po4/L
(Kirmeyer et al. ; Maddison et al. ). Therefore, a
1.5 mg/L phosphate dosage was selected for this bench
scale study in synthetic buffered water systems. This study
revealed the interactions effect of a phosphate-based corFigure 2

|

Effect of pH on HAAs formation and speciation in different reaction systems for

rosion inhibitor with the different dosages of Fe(II) ions

a chlorine to carbon mole ratio of 0.79, reaction period of 24 h at 21 ± 1 C
(error bars represent standard deviation at 2σ levels).

on HAAs formation at pH value of 6.5. In the presence of

W

a phosphate-based corrosion inhibitor (1.5 mg-PO4/L)
along with the different dosages of Fe(II) ions, HAAs forof DBP precursors (Blatchley III et al. ), and (3) individ-

mation signiﬁcantly (at conﬁdence level of 95%) reduced

ual HAAs formation mechanisms could be affected by pH

compared with the presence of Fe(II) ions only for the reac-

change in solution. Free chlorine represents the combi-

tion periods of 24 h (p ¼ 0.008), 48 h (p ¼ 0.042), 84 h (p ¼

nation of HOCl and OCl (pKa of 7.6), thus hypochlorite

0.036) and 130 h (p ¼ 0.005) respectively (Figures 3(b)–(e)).

ion (OCl) is in greater proportion at pH 8.5 (i.e. greater

However, for the reaction period of 3.5 h, the phosphate-

than 95%). However, these results demonstrated that a

based corrosion inhibitor (1.5 mg-PO4/L) did not show a

lower pH value of 6.5 might contribute lower concentration

statistically signiﬁcant (p ¼ 0.878) effect on the reduction

of HAAs in the presence of Fe(II) ions. Therefore, the results

of HAAs formation (Figure 3(a)). The ﬁnding of this study

of this study might have implications for understanding the

was in agreement with the research by Zhang & Andrews

fact that pH change in drinking water not only affects the

(), who conducted batch tests using different metals

Fe(II) ions oxidation but has also an impact on HAAs pre-

(Fe, Cu and Pb) coupons along with 1 mg/L phosphate-

cursors as well as affecting the reactivity between NOM

based corrosion inhibitor and reported that during a short

and chlorine.

reaction periods (<12 h), the phosphate did not consider-

This study revealed (Figure 2) that DCAA formation was

ably affect HAAs formation. However, the results of this

favored for a high pH value of 8.5 but the adverse trend was

study illustrated that in the presence of a phosphate-based

observed for the formation of TCAA in the control water sys-

corrosion inhibitor (1.5 mg-PO4/L) along with Fe(II) ions

tems. Figure 2 demonstrates that TCAA formation exceeds

in water samples, the statistical variation (α ¼ 0.05, p 

DCAA formation at pH 6.5 in control water. These ﬁndings

0.005) of HAAs formation was higher for the reaction

were in agreement with the reported results in the literature

period of 130 h (Figure 3(e)) compared to the reaction

(Liang & Singer ; Uyak et al. ). Conversely, in the

periods of 84, 48, 24 and 3.5 h, respectively (Table 4). A

presence of Fe(II) ions alone and along with a phosphate-

possible explanation for this fact is that at the initial stage

based corrosion inhibitor, an increment for DCAA, TCAA

when Fe(II) ions come in contact with oxidants (i.e.

and BCAA formation was observed for changing pH value

oxygen, chlorine), Fe(II) ions are oxidized to Fe(III) ions

from 6.5 to 8.5 (Figure 2). This can be attributed due to the

and the Fe(III) ions react with phosphate to form ferric phos-

fact that changes in pH value can change the iron oxidation

phate. Einsele () reported that during the stagnation time,

rates even though in the presence of phosphate and can alter

especially when increasing the reaction time, Fe(III) species

both the extent of Fe(II) adsorption onto iron oxide surfaces

in ferric phosphate were reduced to Fe(II). As a consequence,

and dissociation of chlorine. However, it is noted that the

it could be assumed that more chlorine might be occupied by
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Effect of phosphate (1.5 mg-PO4/L) on HAAs formation in synthetic water at pH 6.5, for chlorine to carbon mole ratio of 0.789, for the reaction periods of (a) 4 h, (b) 24 h, (c) 48 h,
(d) 84 h, (e) 130 h, and (f) all reaction periods together.

the regenerated Fe(II) ions, and therefore, less chlorine might

the iron water systems. Consequently, in the absence of phos-

be available to react with NOM to form HAAs. In contrast, in

phate more chlorine might be available to react with NOM to

the absence of phosphate, Fe(II) ions were converted to

form more HAAs which agreed reasonably with the reported

Fe(III) ions and these Fe(III) ions were not regenerated to

data that increasing chloride ions increasing DBP formation

Fe(II) ions which could be reacted with residual chlorine in

(Singer et al. ).
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Student paired t-test on effect of phosphate dosage on HAAs formation for different reaction time (h) for a chlorine to carbon mole ratio of 0.789 in synthetic water, pH 6.5, temp
21 ± 1 C
W

Reaction time
Statistical factors

4h

24 h

48 h

84 h

130 h

Pooled variance

48.973

14.92

39.51

36.038

36.92

t Stat

1.538

3.324

2.066

2.689

3.79

t Critical

1.943

1.943

1.943

1.943

1.943

P(T < ¼t)

0.874

0.008

0.042

0.036

0.005

Remark

Insigniﬁcant

Signiﬁcant

Signiﬁcant

Signiﬁcant

Signiﬁcant

HAA speciation and correlation
Several previous studies have provided results that DCAA,
TCAA and MCAA are the main HAA species in the chlorinated drinking water supplies (Rodriguez et al. ;
Zhang & Andrews ). In the current study, MCAA was
not found. However, the results of our study revealed that
DCAA and TCAA were found to be the most common
HAA species with a content of over 90% of total HAAs.
TCAA was the most abundant HAA species (51.9 ±
11.4%), followed by DCAA (45.3 ± 7.5%), and BCAA
(1.14 ± 1.6%) respectively in the water systems. This study
also illustrated that less formation of DCAA, TCAA and

Figure 4

|

Relationship between HAAs formation and speciation with different dosages of
Fe(II) ions at room temperature (21 ± 1 C), for a pH value of 6.5 and a chlorine
W

BCAA occurs when 1.5 mg/L phosphate is added in the
Fe(II) ions water systems compared with the Fe(II) ions

to carbon mole ratio of 0.79 (error bars represent standard deviation at 2σ
levels).

water systems only (Figure 2). Bromine was not present in
the synthetic water systems, therefore, no signiﬁcant major

p < 0.0001). However, a negative and moderate correlation

brominated HAA species were observed in this study. How-

was observed between the phosphate-based corrosion

ever, a small amount of BCAA was found due to the

inhibitor

presence of trace amount of bromide in NaOCl solution.

p < 0.0001), DCAA (r ¼ 0.51, p < 0.0001), and TCAA

Figure 4 shows that in the presence of different dosages of

TCAA (r ¼ 0.46, p < 0.0001) concentration in the same reac-

Fe(II) ions, the formation of HAA species are proportionally

tion systems. The Pearson correlation showed a moderate

decreased compared with the control water systems.

and negative relationship between Fe(II) ions and the for-

and

the

formation

of

THAA

(r ¼ 0.48,

The Pearson correlation matrix between all the variables

mation of THAA (r ¼ 0.47, p < 0.0001), DCAA (r ¼ 0.43,

(i.e. Fe(II) ions, pH, phosphate dosage, reaction time, HAAs

p < 0.0001), and TCAA (r ¼ 0.48, p < 0.0001). The corre-

and HAA species) in synthetic water samples (number of

lation coefﬁcients between total HAA and individual

observations 79) was performed using the software, ‘IBM

species were higher ranging from 0.62 to 0.98 (p <

SPSS Statistics 20’ for Windows (IBM, USA) and the results

0.0001), showing that each HAA species was strongly

are presented in Table 5. This study revealed a signiﬁcant

related to the other HAA. A moderate correlation between

positive correlation between the pH values and the for-

Fe(II) ions and pH (p ¼ 0.023) was observed, indicating

mation of both total HAAs (r ¼ 0.45, p < 0.0001) and

that an interaction may exist between the two independent

individual HAA species, i.e. DCAA (r ¼ 0.42, p < 0.0001),

variables. Therefore, the afﬁliation between one of the inde-

TCAA

(r ¼ 0.49,

p < 0.0001)

and
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Pearson correlation coefﬁcients between HAAs, DCAA, TCAA, BCAA, pH, PO4 dosages, concentration of Fe(II) ions and reaction times
HAA9

DCAA

TCAA

HAAs

1

DCAA

0.96(b)

1

TCAA

0.98(b)

0.88(b)

b

BCAA

0.69( )

0.68(b)

1

b

0.74(b)

0.42( )

0.40(b)

PO4 conc. (mg/L)

 0.48( )

 0.51( )

 0.45( )

 0.12

Fe(II) ions (mg/L)

 0.47(b)

 0.43(b)

 0.48(b)

 0.07

Reaction time (h)

b

b

 0.09

pH

PO4

Fe(II)

Time

1

b

0.62( )

b

BCAA

0.45( )

pH values

a

|

b

 0.22

0.01

 0.19

1
–0.04

1

0.26(a)
b

 0.36( )

0.17
 0.04

1
 0.16

1

Correlation is signiﬁcant at the 0.05 level (2-tailed).

b

Correlation is signiﬁcant at the 0.01 level (2-tailed).

variable (HAAs) was dependent upon the value of the other

by paired t-tests at the 95% conﬁdence level. The experimen-

independent variables. The Pearson correlation matrix did

tal data (number of observations 40) were analyzed with a

not show any correlation between reaction time and other

Windows version program Minitab® 16 (MINITAB Inc.,

variables (p > 0.05) with an exception of pH value (p ¼

State College, Pennsylvania, USA) and the results are sum-

0.001). This ﬁnding from the statistical analysis is similar

marized in Table 6, which presents the estimated

to the pH monitoring data (not presented here) that

parameter values, their standard errors (SE), and summar-

acknowledge that an increase of reaction time decreases

izes the hypothesis results for the signiﬁcance of each

the pH values in different reaction systems.

parameter. The statistical signiﬁcance was determined

Signiﬁcant factor/s on HAA formation

The statistical signiﬁcance is represented in terms of Prob >

To investigate the signiﬁcant factor/s on HAA formation, a

cient indicated that a high level setting of the factor

full factorial (24) design approach with center point was fol-

provided lower content of HAAs formation than the low

lowed to conduct the experiments. All the experiments were

level setting and vice versa for the positive value of the coef-

conducted in replicate and the repeatability was evaluated

ﬁcient. The analysis for the HAAs formation results in

based on student’s t-test and the value of probability p.
t in Table 6. In this study, the negative value of the coefﬁ-

Table 6

|

Estimated parameters and their signiﬁcance in HAAs formation study

Term

Effect

Constant
Fe(II) ions (mg/L)
pH unit
Phosphate (mg-PO4/L)
Reaction time (h)
Fe(II)*pH

 35.4
13.97
 19.2

SE Coef.

t-value

p-value

1.725

32.82

0.000

Contribution (%)

Comments

1.725

 10.26

0.000

50.85

Signiﬁcant

1.725

4.05

0.010

7.92

Signiﬁcant
Signiﬁcant

1.725

 5.56

0.003

14.96

4.44

1.725

1.29

0.254

0.80

18.53

1.725

5.37

0.003

13.94

Signiﬁcant

Fe(II)*Phosphate

 9.48

1.725

 2.75

0.040

3.65

Signiﬁcant

Fe(II)*Time

 3.31

1.725

 0.96

0.382

0.44

pH*Phosphate

 9.9

1.725

 2.87

0.035

3.97

pH*Time

2.6

1.725

0.75

0.486

0.27

Phosphate*Time

4.37

1.725

1.27

0.261

0.77
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Table 6 reveal that the Fe(II) ions concentration (factor A)

factorial design approach is that it gives more insight into

was the most signiﬁcant factor (p < 0.0001, contribution

the interaction between the input parameters (Montgomery

50.85%) on HAAs formation followed by the phosphate-

). The interactions of AB, AC and BC are plotted in

based corrosion inhibitor (p ¼ 0.003, contribution 14.96%)

Figure 5(b). The non-parallel lines in these ﬁgures are indi-

and pH (p ¼ 0.01, contribution 7.92%) respectively at a

cations of interaction between the two factors. The

95% conﬁdence level. Several interaction factors including

interaction plots AB (Fe(II) ions and pH) demonstrated

AB (Fe(II) ions and pH, p ¼ 0.003), AC (Fe(II) ions and

that the Fe(II) ions concentration effect was very large

phosphate dosage, p ¼ 0.04) and BC (pH and phosphate

when the pH value was at a low level (pH 6.5) and small

dosage, p ¼ 0.035) were also shown to be statistically signiﬁ-

when the pH value was at a high level (pH 8.5). However,

cant at a 95% conﬁdence level for HAAs formation study.

AC (Fe(II) ions and PO4) interaction plots showed the oppo-

The percentage of contribution for main and interaction fac-

site trend, indicating that Fe(II) ions had more impact on

tors on HAAs formation is presented in Table 6.

the reduction of HAAs formation at a high level of phos-

The main effects of the signiﬁcant variables in this study

phate (1.5 mg/L) compared to a low level of phosphate

are plotted in Figure 5(a) to visually assess their impact on

dosage (0 mg/L) (Figure 5(b)). On the other hand, the inter-

HAAs formation. The signs of the effect indicate the direc-

action plot BC (pH and phosphate dosage) indicated that

tion of the effect. It was observed in Figure 5(a) that the

pH had a little effect (slope ¼ 4.07) at a high level of phos-

main effects A and C were negative, having slopes of

phate dosage, but a large effect for a low level of

35.4 and 19.2, respectively, indicating that when Fe(II)

phosphate dosage. Therefore, this study illustrated that the

ions concentration and phosphate dose changed from a

lowest content of HAAs formation would appear to be

lower to a higher level, it reduced HAAs formation. How-

obtained when the pH value was at a low level (6.5) and

ever, the reverse trend was observed for the main factor of

the phosphate dosage was at a high level (1.65 mg/L) in

B (pH value) (Figure 5(a)). One of the major beneﬁts of

iron water systems.

Figure 5

|

Signiﬁcant (a) main effects and (b) interaction effects on HAAs formation.
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inhibitor

(1.65 mg-PO4/L) at a pH value of 6.5 compared to a pH
The goal of this study was to evaluate the effect of Fe(II) ions

value of 8.5 in the iron water systems. The results of this

concentration, along with a phosphate-based corrosion

study will be an important element for utilities to understand

inhibitor for the different pH values and reaction times on

the effects of Fe(II) ions and its interaction with phosphate-

HAAs formation. This study revealed that the formation of

based corrosion inhibitor on HAAs formation in water treat-

HAAs in the presence of Fe(II) ions was lower compared

ment and distribution systems.

with the control water systems for the different reaction
periods. However, in the iron water systems, phosphate signiﬁcantly (at 95% conﬁdence level) reduced HAAs
formation for the different reaction periods studied here.
The effect of pH on HAAs formation in the iron water systems was complicated compared to the control water
systems, because the rate of HAAs formation and hydrolysis
varies for each individual species in the presence of dissolved metal ions. This study revealed that DCAA was
favored at a pH value of 8.5 compared to a pH value of
6.5 in the control water systems (in the absence of Fe(II)
ions and a phosphate-based corrosion inhibitor), but the
adverse trend was observed for TCAA formation in the
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