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Role of typical pipes in disinfection chemistry within

drinking water distribution system

Kai Ma , Xiazhen Jia, Hongda Han, Lin Zhao, Dongmei Fan, Jiankun Hu,

Rong Li and Xiao Su
ABSTRACT
Deep insight into the forces driving chloramine decay in different pipe materials is the key to taking

sound action to cope with pipe water quality deterioration. By using the newly developed RTCDM

(refined Total Chloramine Decay Model) and pipe section reactor, the role of four typical pipes in

disinfection chemistry was qualitatively and quantitatively compared, and the mechanism of pipe wall

mediated chloramine decay was further described. As for the four typical pipes studied, the

characteristics of deteriorating water quality, especially for accelerating total chloramine decay was in

the order of cast iron pipe> steel pipe> cement lined ductile iron pipe> polypropylene-random pipe.

Cast iron pipes, cement-lined ductile iron pipes, and steel pipes of long service age are characterized by

one or two driving forces leading to TCR decay. Aged cast iron pipes could take up chloramine by Fe(0)

and microbes (especially nitrifiers) spreading over the inner wall. Aged steel pipe is characterized by

aggressive electrochemical corrosion and weak nitrification. Lime and gypsum leaching is the main

cause, and nitrification/denitrification may also occur in aged cement-lined ductile iron pipe.

Polypropylene-random pipes have a minimum effect on disinfection chemistry. This knowledge is of

value in speculating the reasons leading to TCR loss in the full scale distribution system.

Key words | autodecomposition, disinfection chemistry, electrochemical corrosion, nitrification,

total chloramine decay model
HIGHLIGHTS

• The developed RTCDM has good performance for predicting TCR decay in the bulk phase.

• The ability to accelerate TCR decay was in the order cast iron (CI) > steel > cement lined DI >

polypropylene random copolymer (PPR).

• Chemical corrosion and nitrification are the main causes of TCR consumption for aged CI pipe.

• Aggressive corrosion and weak nitrification are the main causes of TCR lost for aged steel pipe.
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INTRODUCTION
Distribution systems are the necessary infrastructure to deli-

ver treated water to the terminal user. Except for frictional
head loss leading to hydraulic pressure decrease, pipes

especially aged iron pipes, would also lead to water quality

deterioration during long distance delivery, as complicated

biochemical reactions occur within the pipe system. As

water age increases within the ‘biochemical reactor’, the

shift in water quality would be more significant compared

with the treated water. Hence, stagnant water points or
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end points of a distribution system are usually characterized

by deteriorated water, e.g. red water, bacteria breeding, high

turbidity, etc., which have always been the hotspot focused

on by water utility and other authorities.

Many researchers have conducted a series of studies on

disinfection chemistry to shed light on the cause and

response strategy of negative effects of pipe walls. It was

found that the biofilm attached to the pipe wall could accel-

erate chlorine-containing disinfectant decay (Lechevallier

et al. ), if the water temperature is 15 �C or warmer,

microbe activity would be further stimulated (Neden et al.

), which leads to serious microbial problems. Flow pat-

tern is another factor that may result in greater biofilm

formation under steady-state flow (Fish et al. ). Rittmann

et al. () found that nitrifiers developed in biofilms

attached to pipe surfaces from the real distribution system.

Moreover, Krishna et al. () found that nitrifiers could

release soluble microbial products (SMPs) to significantly

accelerate chloramine decay. Recently, Herath & Sathasi-

van () further confirmed that chloramine could force

nitrifiers to produce, release, and accumulate chloramine

decaying proteins (CDPs) to defend against disinfectant. As

free ammonia produced from chloramine oxidation could

stimulate nitrifier growth and metabolism (Janice ), a

vicious circle would present eventually in the pipe system.

It is widely accepted that once present in biofilms, nitrifiers

can hardly be eliminated by merely increasing the chlora-

mine concentration of treated water (Woolschlager et al.

; Ma et al. ). Consequently, periodic free chlorine

disinfection and reducing free ammonia levels are rec-

ommended and taken as the nitrification control strategy.

Another driving force that may accelerate disinfectant

decay is electrochemical corrosion that occurs in unlined

cast iron, galvanized iron, and steel pipes. Chlorine/

chloramine are all strong oxidants with standard electrode

potentials significantly higher than Fe(0), which makes

chlorine/chloramine-mediated corrosion commonly occur

in the distribution system. In addition to disinfectant, the

exact corrosion process is dependent on flow characteristics

and water quality, e.g., Cl�, DO, SO2�
4 , pH, alkalinity.

Among them, increase in Cl�, DO, SO2�
4 could lead to

higher corrosion rates (Pisigan and Singley ). By con-

ducting a two year pilot study, Imran et al. () found

that alkalinity, Cl�, SO2�
4 , sodium, and DO of the source
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water or blend of source waters had a significant effect on

release of corrosion by-products in the form of red water,

temperature and hydraulic retention time were the signifi-

cant physical and operational parameters. Recently, Li

et al. () proved that α-FeOOH was the main corrosion

product for both chlorine- and chloramine-disinfection sys-

tems, whereas much denser crystallized particles were

formed in drinking water distribution systems (DWDSs)

with chloramine. This characteristic may prevent further

corrosion within the downstream iron pipes for the chlora-

mine-disinfection system. However, it is necessary to keep

in mind that, accompanied by electrochemical corrosion, a

series of shifts in water quality (increase in pH, alkalinity,

Fe residual) happens as well, which may lead to water qual-

ity deterioration. Analysis and summary of these data could

help us to make an adverse inference on the reason for the

disinfectant fast decay and water quality degeneration.

Many mechanism studies have been conducted at the

laboratory scale under delicately controlled conditions. In a

full-scale distribution system, a delivery path consists of

many sections of pipes with different diameters and materials.

As a result, the disinfectant decay is caused by a variety of fac-

tors, including microorganism-mediated consumption and

electrochemical corrosion. Researchers have been focusing

on the effects of certain pipe materials on disinfectant

decay speed by constructing suitable physical models.

Digiano & Zhang () developed the pipe section reactor

(PSR) to quantify ‘wall demand’ chlorine decay rate, and

found that higher velocity, lower pH, and lower DO could

promote chlorine decay for old cast iron pipes. By using

the same reactor, Westbrook & Digiano () found the

chloramine decay rate was much slower for cement-lined

ductile iron pipe than it was for tuberculated cast iron

pipes. Another field study reported that unlined cast iron

pipes had the largest chlorine decay rate relative to unlined

ductile iron pipes and PVC pipes (Huang & McBean ).

Lately, Zhang et al. () developed a model full-scale

water distribution system to examine the effects of pipe

materials on chlorine decay, and found that stainless steel

pipes had the largest decay rate, followed by cement-lined

ductile iron pipes, and polyethylene (PE) pipes. Even the

relationship between water quality indices and disinfectant

decay rate were deeply explored, but this failed to establish

the relationship between the exact driving forces (e.g., biofilm
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consumption, corrosion) and the decay process, which

makes the diagnosis on fast disinfectant decay ineffective.

So it was suggested to explore the exact biochemical/phy-

sico-chemical forces embedded in different pipes by

analyzing water quality variations simultaneously.

Other than experimental study, model calculation is

another effective method, and has always been a way for

improvement since the 1950s. Data-based empirical models

and mechanistic models are the two major types of models

capable of giving total chlorine residuals at key locations in

the distribution system with certain travel time. The empiri-

cal model is developed based on historical data, and could

reflect the differences in disinfectant decay coefficient

under certain conditions, e.g. the difference caused by the

pipe material (Westbrook & Digiano ). However,

when environmental conditions change even in an invisible

manner, the prediction accuracy may be not high enough

to be used in the distribution system. The mechanistic/

semi-empirical model includes the previous research findings

on reaction processes of interest, which could gradually

‘squeeze out’ prediction uncertainties in the course of

improvement of the mechanistic model. Hence if the key

reaction processes could be described in the mechanistic/

semi-empirical model, the model calculation could assist

administrators to select proper disinfection strategies by pre-

senting quantifiable modelling results.

Characterizing the disinfection chemistry for different

pipes is essential to obtain a deep insight into the full-scale dis-

tribution system. To achieve this, we developed new type PSR

(Figure S2, supplementary material), which was used to study

the influence of five pipes on drinking water quality. Secondly,

to quantify pipe wall consumption, the wall decay rate was cal-

culated by using the refined Total Chloramine Decay Model

(TCDM). Finally, the characteristic driving forces were

inferred for the four typical pipes by analyzing the variations

in water quality indices. Based on which, the diagnostic

method was put forward to find the reasons for pipeline

water quality deterioration.
MODEL CONSTRUCTION

Chloramine, as an active reagent, could participate in many

biochemical reactions in distribution systems. Based on
://iwa.silverchair.com/ws/article-pdf/21/3/1263/1104520/ws021031263.pdf
extensive study of disinfection chemistry, chloramine decay

could be basically ascribed to the autodecomposition and oxi-

dizing reductive compounds in bulk phase, and to the

consumption induced by the pipe wall. Specifically, the auto-

decomposition model could be described by 19 reactions,

whose kinetic and thermodynamic coefficients have been

calibrated and validated for different pH and temperature

conditions (Vikesland et al. ; Huang & McBean ;

Ricca et al. ). The oxidizing reactions in the bulk phase

are commonly related to natural organic matter (NOM),

which is often found in source water. The oxidation of

NOM by chloramine and chlorine was described as a bipha-

sic second-order kinetic model relating TOC with four

specific reaction parameters (Duirk et al. ). The above

two components have been packaged in one prediction

model to simulate drinking water chloramine formation

and decay in a batch reactor (Wahman ), the chloramine

decay model and corresponding reaction rates for the above

two components are described in Ricca et al. () and

Wahman (). While, nitrite could also be oxidized by

chloramine in bulk phase (Margerum et al. ), and the

pipe wall-induced chloramine decay accounts for much of

the overall loss (Rossman et al. ; Huang & McBean

). Hence we incorporated a nitrite oxidation component

and pipe wall consumption component into the prediction

model to generate the TCDM in our previous study. The

chloramine decay model and corresponding reaction rates

relating nitrite and pipe wall are given in Tables 1 and 2,

respectively. The TCDM has shown its ability to give a

reasonable explanation for the fast decay of the total chlorine

residual (TCR) in a real distribution system (Ma et al. ).

Recently, we found the inability of TCDM in predicting

the TCR for bulk phase decay experiments under different con-

ditions, which could be seen in Figure S1 (supplementary

material). The stark contrast of prediction results (dotted line

in Figure S1) to the experimental data (solid block in

Figure S1) manifested the insensitivity of TCDM to physico-

chemical factors. As for aqueous solution, chloramine concen-

tration is in chemical equilibrium with that of chlorine.

Chlorine also experiences autodecomposition to produce

ClO�
3 or O2, which was proved to be temperature, pH, and

NH4
þ-N dependent (Adam et al. ; Adam & Gordon

). Hence, we added the hydrolysis reaction of monochlora-

mine to hypochlorous acid (see No. 1 in Tables 1 and 2), and



Table 2 | Reactions and rates for chlorine autodecomposition model and chloramine

decay model related to nitrite oxidation and pipe wall consumption

No. Reaction Rate

1 NH2ClþH2O→HOClþ
NH3

a1¼ k1 × [NH2Cl]

2 2HClOþClO�→ClO�
3 þ

2Hþþ 2Cl�
a2¼ k2 × [ClO�] × [ClO�] × [HClO]

3 2ClO�→O2þ 2Cl� a3¼ k3 × [ClO�] × [ClO�]

4 OCl�þNO�
2 þ

Hþ→NO�
3 þCl�þHþ

a4¼ k4 × [NO�
2 ] × [OCl�] × [Hþ]

5 NH2Clþ Pipe wall→
Production

awall¼ kwall × [NH2Cl]

Table 1 | Chlorine autodecomposition model and chloramine decay model related to nitrite oxidation and pipe wall consumption

No. Reaction stoichiometry Rate coefficient/equilibrium constant Reference

1 NH2ClþH2O→HOClþNH3 k1¼ 3.792 × exp(�1,510/T ) ×
100.000118×T×T �0.0786×Tþ15.5 M�1 h�1

Adjusted from Corbett et al. () and
Morris & Isaac ()

2 2HClOþClO�→ClO�
3 þ 2Hþþ 2Cl� k2¼ 2.1179 × 1013 × exp(�48,345/8.314/T ) M�1 h�1 Adam et al. ()

3 2ClO�→O2þ 2Cl� k3¼ exp(�9.24/8.314þ log(T )þ 24.76) ×
exp(�129400/8.314/T ) M�1 h�1

Church ()

4 OCl�þNO�
2 þHþ→NO�

3 þCl�þHþ k4¼ 5.04 × 1015 Margerum et al. ()

5 NH2Clþ Pipe wall→ Productions kwall Westbrook & Digiano ()
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further incorporated an chlorine autodecomposition model

into the original TCDM model (see Nos. 2 and 3 in Tables 1

and 2), to better describe the chlorine-containing disinfectant

decay process. The refined TCDM (RTCDM), consisting of 23

differential equations for kinetic reactions and four algebraic

equations for equilibrium reactions, was edited in C program-

ming language on MATLAB software (version R2018b), and

solved using differential algebraic equations (DAE) solver

ode15s. Finally, The RTCDM showed an excellent ability in

predicting the experimental data as shown in Figure S1.

The calculation studies, based on the Nonlinear Least

Square Approximation Method, were carried out on five

sets of water quality data from pipe section experiments

using RTCDM, and that from bulk phase decay experiment

using a first-order kinetic model. The curve fitting calcu-

lation would stop only until the size of the gradient was

less than the value of the optimality tolerance. Conse-

quently, kwall or kb was obtained as the output parameter.

The contribution of pipe wall-induced decay could be

observed by comparing the kwall from the pipe section
om http://iwa.silverchair.com/ws/article-pdf/21/3/1263/1104520/ws021031263.pdf
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experiments and the kb from the bulk phase decay exper-

iment under the same ambient conditions.
MATERIALS AND METHODS

Bulk decay experiment

To confirm the necessity of including a chlorine autodecom-

position model in the TCDM, firstly we filled two 4 L brown

glass bottles with feed water, and put them in water bath at

8 �C and 16 �C, respectively. The samples were collected at

the operation time of 0, 1, 2, 4, 8, 24, 48, 72 h. TCR, pH, turbid-

ity, water temperature, NH4
þ-N, and NO�

2 -N were determined

for each sample. Furthermore, to isolate the pipe wall con-

sumption from TCR overall decay, another bulk decay

experiment was conducted in a water bath at 25 �C identical

to the pipe section experiments. Samples at 0, 1, 2, 4, 8, 24,

48, 72 h were collected to perform TCR measurements only.
Pipe section experiments

To differentiate the contribution of the pipe wall from the dis-

infectant overall decay, we constructed the continuous flow

PSR, which is capable of quantifying decay coefficients

induced by different kinds of pipes. The reactor mainly con-

sisted of a PLC controller, infinitely variable speed fluid

propeller, intelligent flowmeter, water-bath heating system,

and pipe fixator (as shown in Figure 1). The flow rate of

feedwater could be controlledwithin the range 0–1.5 m3·h�1,

the water temperature could be maintained with an error of

±0.5 �C. What is more, pipe sections to be tested, with



Figure 1 | Schematic of pipe section reactor.
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diameter ϕ ranging from 1 to 10 cm, could be flexibly

replaced and fixed on the reactor using a pipe fixator.

For the newly fabricated reactor, pure water was

pumped to flush the pipe system for 7 days with a poly-

methyl methacrylate pipe fixed on the reactor. Afterwards

the water containing 10 mg·L�1 Cl (NaClO solution) was

pumped to disinfect the system for 2 days. At the end,

pure water was pumped to rinse the system for 2 hours. As

polymethyl methacrylate is inert to Cl-containing disinfec-

tants, the corresponding pipe section was selected as the

basic tube. The other four pipe sections with different

materials, diameters, and ages, were replaced to determine

their contributions to the total chlorine residual decay separ-

ately. The characteristics of the five pipe sections used in the

study are shown in Table 3.

For every formal experiment, tap water with TCR of 0.8–

1.2 mg·L�1 was pumped into the system, In the meantime,

the water-bath heating system and fluid propeller were

started to maintain the fluid temperature of 25± 0.5 �C and
Table 3 | Characters of pipes used in the study

Material Abbreviation

Polymethyl methacrylate pipe PMMA pipe

Polypropylene-random pipe PPR pipe

Cement lined ductile iron pipe CL-DI pipe

Steel pipe Steel pipe

Cast iron pipe CI pipe

://iwa.silverchair.com/ws/article-pdf/21/3/1263/1104520/ws021031263.pdf
flow velocity of 0.22 m·s�1 (except for CL-DI pipe and steel

pipe). The time was set as the start point when the air

bubble was completely excluded from the vent. The samples

were collected at the operation times of 0, 1, 4, 8, 24, 48, and

72 h. TCR, pH, turbidity, water temperature, three forms of

inorganic nitrogen, and iron residual were measured. As CI

pipe and steel pipe were reported to have microbes- or cor-

rosion tuberculation-mediated contributions to the TCR

decay (Digiano & Zhang ; Hua et al. ; Li et al. ),

the pipe sections occupied here were installed and tested in

the order PMMA pipe, PPR pipe, CL-DI pipe, steel pipe, CI

pipe. In addition, the system was flushed with pure water for

24 h between the two neighboring formal experiments, to

minimize the effects induced by the former pipe.

Feed water preparation and analytical methods

The institutional tap water with water age of 10 h was col-

lected as the feed water. The collecting tap was a regularly
Diameter/mm Length/mm Age of pipe

30 500 Newly purchased

30 500 Newly purchased

100 500 ∼20 yrs

100 500 ∼20 yrs

19 500 ∼20 yrs



1268 K. Ma et al. | Mechanism of pipe wall-induced chlorine decay Water Supply | 21.3 | 2021

Downloaded fr
by guest
on 23 April 202
used one, without influence from any water filtration, soften-

ing or heating device. After initial draw out for 18 minutes,

and then flushing the container for 2 minutes, about 20 L

tap water was collected for each of the five formal exper-

iments. The physico-chemical properties of feed water

varied within the experimental period. The properties of

the feed water could be seen in Table 4. TCR was measured

by the N,N-diethyl-p-phenylenediamine (DPD) method with

a portable colorimeter (DR300, HACH, USA). Turbidity

and pH were tested by turbidity meter (TU5200, HACH,

USA) and pH meter (S210-K, METTLER TOLEDO,

Switzerland) respectively. Total alkalinity was determined

by acid–base indicator titration method according to

Water and Wastewater Monitoring Analysis Method. Using

a UV–Visible spectrophotometer (DR6000, HACH, USA),

NH4
þ-N was determined by salicylate method at the wave-

length of 655 nm with resolution of 0.01 mg·L�1, NO�
2 -N

was determined by the diazotization method at the

wavelength of 507 nm with a resolution of 0.001 mg·L�1,

NO�
3 -N was determined by the Cd reduction method at the

wavelength of 507 nm with a resolution of 0.01 mg·L�1,

iron residual was determined by 1,10-phenanthroline

method at the wavelength of 510 nm with a resolution of

0.01 mg·L�1. TOC was determined by the TC-IC method

using a TOC analyzer (TOC-L, Shimadzu, Japan).

Data input strategy

As well as comparative analysis, the water quality data were

also used for calculation studies by inputting the data into the
Table 4 | Properties of feed water used in the study

Parameters Value

Temperature (�C) 14–23.9

TCR (mg·L�1) 0.76–1.24

pH 7.81–8.05

Alkalinity (mg·L�1) 95–105

Turbidity (NTU) 0.290–0.328

NH4
þ-N (mg·L�1) 0.22–0.29

NO�
2 -N (mg·L�1) 0.003–0.055

NO�
3 -N (mg·L�1) 0.04–0.40

Fe residual (mg·L�1) <0.05–0.06

TOC (mg·L�1) 1.0–1.5
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RTCDM. The data of the seven parameters (listed in Table 4

except NO�
3 -N, Fe residual, and turbidity) at the time of 0 h

were set as the initial conditions. The time series data of

TCR for each formal experiment were set as the fitting

target value. Upon model calculations, the differences in

the pipes sections could be totally reflected from the perspec-

tive of reshaping the decay dynamics of disinfectant.
RESULTS AND DISCUSSION

Weak effect of PMMA pipe on drinking water quality

Prior to the four pipes commonly used in the distribution

system, PMMA’s effect on chloramine decay was studied by

installing PMMA pipe onto the PSR. Figure 2 shows the vari-

ations in TCR, pH, and turbidity of the pipe water with time.

Both pH and turbidity varied within a small range of 7.92�
8.02, and 0.184� 0.271 NTU, respectively, which means mini-

mum effect of PMMA pipe wall on drinking water. However,

as compared with the bulk decay within the brown glass bottle

(Figure S5), TCR was characterized by a faster decay, descend-

ing from 0.96 to 0.05 mg·L�1. In other words, even in the

‘clean’ pipe system, the treated water would experience fast

TCR decay within 1 day to the level lower than limit

(0.05 mg·L�1 total chlorine) specified by Chinese Standard

for Drinking Water Quality.

The PSR employed here consisted of non-uniformed

pipes, which produces local turbulence within the system.
Figure 2 | Variations in TCR, pH, and turbidity in the PMMA pipe system.
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Water flow, especially for the turbulence would accelerate

the mass transfer of the highly active molecule (mainly

monochloramine) from the bulk phase to the pipe wall

(Rossman et al. ; Westbrook & Digiano ). Further-

more, the small ϕ pipes employed here is characterized by a

small cross-section area–perimeter ratio, the pipe wall

effects would be more magnified relative to the large ϕ

pipes. Even so, the TCR decay was obviously slower than

that in the four typical pipe systems as stated here. Hence,

PMMA pipe was selected as the ideal basic pipe to have a

weak effect on drinking water quality.
Role of typical pipes in disinfection chemistry

Figure 3 presents the TCR decay process of the five pipe sys-

tems. As shown in Figure 3, the pipe section-mediated TCR

decay difference could be visually discriminated by compar-

ing the curvature radius of the trendlines within the time

span of 0�24 h. Among the five pipes, the PMMA pipe

had the minimum effect on TCR decay, followed by the

PPR pipe, CL-DI pipe, steel pipe, and CI pipe could mark-

edly accelerate TCR decay at the fastest speed. The order

of chloramine decay rate in our study was identical to that

for chlorine reported by Zhang et al. (). Another study

on chloramine decay also found that the CI pipe had

higher decay rate than CL-DI pipe (Westbrook & Digiano

). Here, the direct comparison of pipe-mediated chlora-

mine decay was presented for the four commonly used pipes
Figure 3 | Comparison of total chlorine decay within different pipe systems.
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in the distribution system simultaneously, and the quantified

contribution stemmed from the pipe wall is further

described in this paper.

Figure 4 shows the variations in pH with time for the five

pipe systems. The water from PMMA pipe system (dashed line

in Figure 4) had the smallest pH changes during the exper-

imental period. As for the PPR pipe system, after the small

vibration within the first 4 h, the pipe water experienced

slow pH descending to 7.87 at 72 h, which may be caused

by leaching of acidic organic matter to the bulk phase

(Zhang et al. ). The pH changing behaviors for CL-DI,

and CI pipe system were completely different from the

former two, and had the feature of ascending to the peak for

the first 24 h, and then descending continuously. The CL-DI

pipe system had the largest changing range of 8.00� 8.87,

leaching of lime from the cement matrix is responsible for

the initial elevation (Douglas et al. ), which may break

the biochemical equilibrium of the downstream pipe water.

More importantly, the obvious elevation in pH would convert

NH4
þ-N to NH3·H2O (see Equation (1)), and further release

NH3 (g), which may accelerate the autodecomposition of

chloramine because of higher Cl2:NH4
þ-N ratio (Huang ):

NHþ
4 ↔ NH3 þHþ pK ¼ 9:269 (25�C) (1)

The CI pipe could also stimulate pH to increase, but

with smaller amplitude, followed by the steel pipe. As for

the two pipes, zero-valent iron pipes are exposed to
Figure 4 | Variations in pH within different pipe systems.



Table 5 | Standard electrode potentials pertinent to the zero-valent iron corrosion in

basic solutionsa

Redox couple Half-reaction
Standard electrode
potential/V

Cl(I)/Cl(-I) ClO�þH2Oþ 2e�¼Cl�þ 2OH� 0.841

O(0)/O(-II) O2þ 2H2Oþ 4e�¼ 4OH� 0.401

N(V)/N(III) NO�
3 þH2Oþ 2e�¼NO�

2 þ 2OH� 0.01

Fe(II)/Fe(0) Fe2þþ 2e�¼ Fe �0.44

aReferenced to Lange’s Handbook of Chemistry, 13th edition (Dean 1985).
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chloraminated water, and could be oxidized by three oxi-

dants popular in drinking water. Given standard electrode

potentials (shown in Table 5), the conditional potentials

(E) are about 0.946� 0.956, 0.755� 0.762, and 0.021�
0.402 V for ClO�, O2, and NO�

3 respectively, according to

the Nernst Equation under our physico-chemical conditions

listed in Table 4. The conditional potential (E) of Fe is lower

than �0.617 V, which is obviously smaller than those of the

oxidants. Hence, corrosive reactions could aggressively

occur at the initial phase, accompanied by which, the pH

would also ascend as OH� forms continuously. Interest-

ingly, the pH of the three pipe systems uniformly

decreased after the 24 h operation. The cause could be ten-

tatively deduced by comprehensive analysis of the changes

in three forms of inorganic nitrogen (see Part Figure).

Figure 5 shows the impact of different pipes on water

turbidity. The Water turbidity was always at the low level con-

tinuously along the experimental period for the PMMA pipe

system (dashed line in Figure 5). As for the PPR pipe system,
Figure 5 | Variations in turbidity within different pipe systems.
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the water turbidity showed elevation and deviated from

the value of the PMMA pipe after an 8 h operation, which

proved the cumulative effect of PPR pipe on water quality

during delivery. In contrast, CL-DI and steel pipe systems

were characterized by higher initial value at 0 h, which was

caused by denudation of corrosion debris that was loosely

attached on the surface of the steel pipe wall, or leaching of

lime from the CL-DI pipe when injecting the feed water into

the system. However, when the flow regime became stable,

the difference of the two pipes could be seen. As the CL-DI

pipe was constantly flushed by fresh water, leached lime and

gypsum would accumulate in the bulk phase (see Figure S3),

water turbidity rose continually to the final value of

5.19 NTU, which was far beyond the limit (1 NTU total chlor-

ine) specified by Chinese Standard for DrinkingWater Quality.

At the flow velocity of 0.10 m·s�1, the water turbidity in

the steel pipe system went down from 10.6 to 1.34 NTU, and

iron residual decreased from 0.26 to 0.10 mg·L�1, which

reminds us to be aware of the sedimentation of corrosion

debris downstream. By contrast with steel pipe, CI pipe

with a long service age has dense crystallized particles on

the surface (Li et al. ), the water turbidity increased

gradually from 0.306 to 2.03 NTU within the experimental

period of 72 h, and may further elevate as water age

increases. As a whole, the four pipes exerted the ability for

deteriorating water quality, especially for accelerating TCR

decay in the order of the CI pipe> steel pipe>CL-DI pipe

> PPR pipe. The parameters of pH and turbidity reflected

a similar changing order except for the CL-DI pipe, as the

leaching effect has surpassed microbe- or corrosion-

mediated effects that occurred on the pipe surface.
Quantification of pipe wall effect

A first order kinetic model was used to fit the bulk decay

data (under 25 �C) with kb to be calibrated. The fitting line

could represent the experimental data with little error (see

Figure S4). The calibrated parameters could be seen in

Table 6. The first order kinetic model gave the kb 0.018±

0.005 h�1 with acceptable goodness of fit. The kb, within

the two recently reported values (Krishna et al. ; Ma

et al. ), is used as the reference value relative to kwall

obtained from RTCDM for pipe section experiments.



Table 6 | Summary of wall decay coefficient obtained from RTCDM calibrations

Material Goodness of fit kb (h�1)a kwall (h�1) kwall/kb

PMMA 0.9884 0.018± 0.005 0.211 11.7

PPR 0.9849 0.308 17.1

CL-DI 0.9853 0.479 26.6

Steel 0.9920 1.297 72.0

CI 0.9784 1.679 93.3

aThe goodness of fit for bulk decay data (under 25 �C) is 0.968.
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To further quantitatively compare the five pipes, the

time series data of TCR were input into RTCDM to conduct

fitting calculations. Fitting lines with corresponding exper-

imental data of the five pipes are shown in Figure S5.

Besides visually good fitting results, the calibrated par-

ameters are tabulated in Table 6. The RTCDM could well

represent the experimental data as goodness of fit was uni-

formly larger than 0.97. The calibrated kwall was all larger

than 0.2 h�1, which is obviously larger than two reported

value (<0.075 h�1) obtained from field studies (Kulkarni

et al. ; Ma et al. ), but is comparable with another
Figure 6 | Variations in water quality within the CI pipe system. Inset shows the changes in N

://iwa.silverchair.com/ws/article-pdf/21/3/1263/1104520/ws021031263.pdf
laboratory experimental result (0.149� 0.177 h�1) (West-

brook & Digiano ). Kulkarni et al. () found that

chloramine decay rate for the downstream pipeline was

larger relative to the upstream pipeline. So, the kwall in the

field study would be the mean value averaged for ‘clean’

pipes and ‘dirty’ pipes. Furthermore, pipes in the real distri-

bution system had a large cross-section area–perimeter ratio,

which makes the pipe wall-induced TCR decay less signifi-

cant than that in the pipe section study. For these reasons,

PSR could greatly magnify the pipe wall-induced effects on

drinking water quality.

The kwall/kb ratio (see the last column in Table 6) reflects

the relative contributions of bulk decay and pipe wall con-

sumption to the overall decay. Even for the PMMA pipe,

the persistent consumption of wall demand was 11.7 times

stronger than the bulk decay. The largest one was 93.3 for

the CI pipe system. This is powerful evidence for a more pro-

minent effect of pipe wall over bulk decay. Finally, the pipe

wall consumption intensity for the five pipes could be com-

pared by reading kwall listed in Table 6. The kwall increased

in the order of PMMA pipe, PPR pipe, CL-DI pipe, steel
O�
2 -N concentration with time.
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pipe, and CI pipe from 0.211 to 1.679 h�1, which further con-

firms the deduction obtained from Figure 3.

Mechanism of pipe wall-mediated chloramine decay

It is broadly reported that pipe wall-mediated disinfectant

decay can be caused by electrochemical corrosion, microbe

nitrification, and leaching, which could be identified by the

changes in regular water quality indices (Woolschlager

et al. ; Zhang et al. ; Pressman et al. ; Li et al.

). Accordingly, the coordinated variations in water qual-

ity indices were tabulated in Table S1 (supplementary

material). It is convenient to diagnose the problem relating

to pipes by referring to Table S1, just like pathogenic diagno-

sis according to blood test results.

Figure 6 presents the variations in TCR, NH4
þ-N, NO�

2 -N,

NO�
3 -N, and pH with time for the CI pipe experiment. As for

the aged CI pipe, ironic tuberculation spread almost all over

the inner surface. The fast decline in NO�
3 -N, and elevation in

pH and NO�
2 -N manifested the corrosion reaction as the

zero-valent iron acts as the reductant (see Table 5). Biofilms
Figure 7 | Variations in water quality within the steel pipe system. Inset shows the changes in
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with physiological heterogeneity may also become attached

to the surface of the pipe wall (Lewandowski & Beyenal

). The continuous decline in NH4
þ-N to 0.02 mg·L�1

and fast decrease in pH are the clear indications that nitrifica-

tion occurred in the pipe section system, which was further

confirmed by the maintenance of >0.04 mg·L�1 NO�
2 -N

within the last 2 days (Zhang et al. ; Liu et al. ).

The gradual decline in NH4
þ-N may be caused by microbe

adaptation to the flow regime changes from standing water

(microbe cultivation before pipe section experiment) to flow

water (formal experiment). Meanwhile, the denitrification

even for 2� 6 mg·L�1 DO (Liu et al. ), and persistent

electrochemical corrosion can dominate the NO�
3 -N at low

levels in the later period. As a whole, the main driving

forces for the chloramine decay are electrochemical cor-

rosion, and microbe nitrification in the aged CI pipe lines.

Figure 7 shows the variations in water quality with time for

the steel pipe experiment. NO�
3 -N stayed at a constant level,

while pH kept increasing within the first 8 h, which was

caused by the redox reaction between HClO/NH2Cl or O2

and Fe. The subsequent decline of NO�
3 -N and elevation of
NO�
2 -N concentration with time.
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pH proved that NO�
3 -N participated in the corrosion reaction.

Compared to CI pipe, NH4
þ-N levels decreased at a slower

speed for steel pipe, meanwhile pH decreased after 24 h of

operation, which is the evidence that nitrification occurred in

the steel pipe system, but was still weaker than that for the CI

pipe. Furthermore, the elevation of NO�
2 -N to 0.068 mg·L�1

at 72 h and the gentle rise of NO�
3 -N after 24 h confirmed the

microbial action of ammonia oxidizing bacteria (AOB) and

nitrite oxidizing bacteria (NOB), respectively. Therefore, aged

steel pipe could stimulate chloramine decay through aggressive

electrochemical corrosion, accompanied by the nitrification

weaker than in the aged CI pipe.

Figure 8 depicts the variations in water quality with time

for the CL-DI pipe experiment. Because of cement dissolution,

pH ascended sharply from 8.05 to 8.74 within the first 4 h and,

as a result, NH4
þ-N decreased to a low level, while NO�

2 -N and

NO�
3 -N did not change obviously. It has been found that

NO�
2 -N and NO�

3 -N could be reduced by denitrifiers at pH

ranging from 6.5 to 9.0 with maximum NO�
3 -N reduction

rate at pH 8.0 (Pan et al. ). Peng et al. () reported

that denitrification could change water pH, and result in pH
Figure 8 | Variations in water quality within the CL-DI pipe system. Inset shows the changes

://iwa.silverchair.com/ws/article-pdf/21/3/1263/1104520/ws021031263.pdf
increase with a peak higher than 8.6 at the early stage, then

make pH decrease after the ‘nitrate/nitrite apex’. The synchro-

nized decline of NH4
þ-N, NO�

2 -N, NO�
3 -N, and pH could be

explained by the simultaneous occurrence of nitrification

and denitrification within the pipe section system. In brief,

lime and gypsum leaching is the main cause that affects the

drinking water disinfection chemistry for the CL-DI pipe,

and nitrification and denitrification may occur within the

CL-DI pipe delivering aged water continuously.

Figure 9 shows the variations in water quality with time

for the PPR pipe experiment. Even the PPR pipe has some

effect on water turbidity there was no significant impact of

the pipe on water chemical indices as reflected by the

small variations in pH of 0.1 unit, NH4
þ-N of 0.06 mg·L�1,

NO�
2 -N of 0.004 mg·L�1, respectively. The reason for the

fluctuation in NO�
3 -N within the first 24 h is still not clear,

and need to be further studied. Therefore, it is reasonable

to use the PPR pipe as drinking water delivery pipes under

suitable ambient conditions as there was minimum impact

on water quality compared with the other three typical

pipes employed in our study.
in NO�
2 -N concentration with time.



Figure 9 | Variations in water quality within the PPR pipe system. Inset shows the changes in NO�
2 -N concentration with time.
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The biofilm containing AOB and NOB could produce

and release some amounts of CDPs (Herath & Sathasivan

), zero-valent iron exposed to bulk water can participate

in electrochemical corrosion reactions to consume HClO/

NH2Cl and other oxidants. Lime and gypsum leaching

caused by flushing can severely reduce NH4
þ-N to the low

level, and further change disinfection chemistry. Here we

found that CI, CL-DI, and steel pipes with long service age

were characterized by one or two factors driving TCR decay

with coordinated variations in water quality. Consequently,

with the help of the delivery path information, it is feasible

to conduct the analysis on variations in three forms of inor-

ganic nitrogen, pH, and iron residual to confirm the reasons

leading to TCR loss, and further take suitable action, e.g.,

pipeline cleaning, pipeline replacement, etc.
CONCLUSIONS

A new type PSR was operated in continuous flow to study

the impact of five pipes on disinfection chemistry. The
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contributions of pipe wall to the TCR loss was precisely

quantified using refined TCDM (RTCDM). The key con-

clusions are:

1. The refined TCDM, including the chlorine autodecompo-

sition model, had better performance on predicting TCR

decay in the bulk phase, compared with the previous pre-

diction models. Therefore, it is promising to apply the

RTCDM to TCR prediction of pipeline water in the

future.

2. The PSR could magnify the impact of pipe wall on TCR

decay under controlled conditions. For the four typical

pipes studied here, the ability of deteriorating water qual-

ity, especially for accelerating TCR decay was in the order

CI pipe> steel pipe>CL-DI pipe> PPR pipe.

3. CI, CL-DI, and steel pipes with long service age were

characterized by one or two driving forces leading to

TCR decay. Electrochemical corrosion and nitrification

are the main causes for aged CI pipes. Aggressive electro-

chemical corrosion and weak nitrification are the main

causes for aged steel pipes. Lime and gypsum leaching

is the main cause, and nitrification/denitrification may
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also occur in aged CL-DI pipes. PPR pipes have a mini-

mum effect on disinfection chemistry.
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