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Abstract Nitrogenous disinfection by-products have
increasingly become a public health concern in the drink-
ing water industry because they have been found to be
more geno- and cytotoxic than most of the currently reg-
ulated disinfection by-products. Dichloroacetamide, a
nitrogenous disinfection by-product which is formed dur-
ing chlorination in water treatment, has increasingly
received attention due to its elevated genotoxicity and
cytotoxicity relative to the currently regulated disinfection
by-products. In this study, a power function model with
parameters of dissolved organic nitrogen, dissolved organic
carbon, bromide, soluble microbial products, and aromatic
proteins was developed to successfully predict dichloro-
acetamide formation potential. The inclusion of soluble
microbial product and aromatic protein into the model
significantly improved the prediction, suggesting that sol-
uble microbial product and aromatic protein play a sig-
nificant role in the formation of dichloroacetamide.
Additionally, the performance of the predictive model
appeared to be somewhat affected by the characteristics of
raw water used to develop the model.
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Introduction

Nitrogenous disinfection by-products (N-DBPs) which are
formed during chlorination in drinking water treatment are
receiving increasing attention because they have been
demonstrated to be more genotoxic and cytotoxic than the
currently regulated DBPs (Richardson et al. 2007). Among
the N-DBPs, five haloacetamides (HAcAms) were identi-
fied in tap water in a US nationwide DBP occurrence study
(Krasner et al. 2006). HAcAms have much higher geno-
and cytotoxicity than most of the other N-DBPs (Plewa
et al. 2008). Of these HAcAms, dichloroacetamide
(DCAcAm) has been most commonly detected in water
samples in several countries including the United States
and China (Richardson et al. 2007; Chu et al. 2011). To
fully understand the occurrence of DBPs (Imo et al. 2007)
and develop DBP minimization strategies (Mesdaghinia
et al. 2005), it is essential to comprehend the formation of
DBPs in water.

Over the past 30 years, at least 118 predictive models
have been developed to predict the formation of various
DBPs, presented in 48 scientific publications (Chowdhury
et al. 2009). Using a power function has been one of the
modeling methods to estimate the relative contributions of
relevant parameters to the formation of carbonaceous
DBPs (C-DBPs) (Harrington et al. 1992; Sohn et al. 2001;
Semerjian et al. 2009). These models have improved the
understanding of C-DBP formation, provided a foundation
to perform toxicological and epidemiological risk assess-
ment, and offered valuable information regarding the
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minimization of C-DBPs. Most of these reported models
have employed dissolved organic carbon (DOC), disin-
fectant dose, pH, temperature, and reaction time as the key
parameters. Chen and Westerhoff (2010) recently intro-
duced dissolved organic nitrogen (DON) as an input vari-
able into a prediction model to successfully compute the
formation potential (FP) of haloacetonitriles (HANS),
suggesting that N-containing organic matter is an important
HAN precursor. Furthermore, recent studies (Chu et al.
2010a, b) have reported that the characteristics of N-con-
taining organic matter, rather than the DON level, deter-
mined the formation of HAcAms.

Specifically, the findings revealed that soluble microbial
products (SMP) and aromatic protein (AP) compounds,
characterized by fluorescence excitation-emission matrix
(EEM) spectra, play a significant role in DCAcAm for-
mation. These efforts motivated us to develop a DCAcAm
FP prediction model, in which EEM spectra parameters of
SPM-like and AP-like compounds were incorporated. To
the best of our knowledge, this study is the first effort to
build a predictive model for HAcAm FP. This study was
carried out in the State Key Laboratory of Pollution Con-
trol and Resources Reuse of Tongji University, China in
2008-2011.

Materials and methods
Materials and samples

DCAcAm (98.5 %) and TCAcAm (99 %) standards were
obtained from Alfa Aesar (Karlsruhe, Germany). Extract-
ant ethyl acetate was obtained from Fisher Scientific
(Waltham, USA). All the other chemicals and reagents
were purchased from Sinopharm (Shanghai, China). Most
water samples were collected on the 15th day of every
month from the Huangpu River, which is the water source
for several major surface water treatment plants (WTPs) in
Shanghai, China. All the other samples were collected from
Lake Taihu (containing high DON and low bromide) and
Qingcaosha Reservoir (containing low DON and high
bromide). Lake Taihu is the third largest freshwater lake
and the potable water source of many cities and towns in
eastern China. Qingcaosha Reservoir is located in the
estuary of the Yangtze River and supplies 7.19 x 107 m*/day
water to meet the drinking water demand of approximately
10 million people in Shanghai. Once collected, each sam-
ple was immediately filtered through a pre-rinsed 0.7-pm
glass filter membrane (GF/F, 0.7 pm, Whatman, UK) and
then stored in the dark at 4 °C until use. The quality of this
raw water is shown in Table 1. Analysis of the collected
raw water samples showed that the background DCAcAm
level was undetectable.
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Analytical methods

Bromide, DOC, DON, three-dimensional fluorescence
EEM spectra, and DCAcAm FP were analyzed using
methods explained in detail previously (Huang et al. 2008;
Chu et al. 2010a, b). DCAcAm was analyzed using liquid—
liquid extraction and gas chromatograph/mass spectrome-
try (Shimadzu-QP2010, Japan) (Chu and Gao 2009).

Model development and statistical analysis

The chlorine dose is almost proportional to the DOC value
of water samples in DCAcAm FP test (Chu et al. 2010b). All
other disinfection conditions, i.e., reaction time (24 h), pH
(7.5), and temperature (24 °C), were kept constant in all
trials. The DOC, DON, Br~, SMP and AP were the other
power function model parameters. The power function
prediction model of DCAcAm FP is shown in Eq. (1) below:

DCAcAm FP = a x [DON]’x [DOC|* x [Br™]*
x [SMP|*x [AP} (1)

where a is a lumped parameter representing the disinfection
conditions including disinfectant dose, reaction time, pH,
and temperature, unitless; DON is the mass concentration of
dissolved organic nitrogen, mg/L; DOC is the mass con-
centration of dissolved organic carbon, mg/L; Br~ is the
mass concentration of bromide, pg/L; SMP is the maximum
peak intensity of SMP-like peak in the EEM spectra, mV;
AP is the maximum peak intensity of AP-like peak in the
EEM spectra, mV; and, b, c, d, e, and f are the powers of
DON, DOC, Br~, SMP, and AP, respectively. The content
of SMP-like and AP-like substances can be indirectly esti-
mated by their fluorescence EEM spectra. Chen et al. (2003)
developed a fluorescence regional integration method, in
which the EEM spectra were summarized into five regions,
including SMP-like (Aex > 250 nm, A, < 380 nm) and
AP-like (Ao < 250 nm, Ao, < 380 nm) regions.

Models were calibrated using MatLab 7.1 (MathWorks
Inc., USA) with the Isqcurvefit function via the trial-
and-error method to obtain the best statistical results. Statistical
analyses of measured and modeled DCAcAm FP data were
conducted using MatLab functions, including analytical vari-
ance (AV), AV sum of square (AVS) and standard error (SE).

Results and discussion

Two models, with and without the inclusion of EEM data
for the SMP-like and AP-like substances (Table 1), were
developed to predict the DCAcAm FP in the Huangpu
River source water samples collected from June, 2008 to
February, 2010, as shown in Egs. (2) and (3), respectively.
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Table 1 Raw water quality parameters, and measured and modeled DCAcAm FPs

Year/month DON DOC Br— SMP AP DCAcAm FP (ng/L)
(mg/L) (mg/L) (ne/L) (mV) (m¥) Measured Predicted Predicted
with EEM without EEM
Samples from June 2008 to February 2010
08/06 0.237 3.36 106 359.7 477.1 1.94 1.81 2.40
08/07 0.337 4.73 79.0 613.5 223.6 2.61 2.59 3.11
08/08 0.296 4.29 64.0 669.7 527.5 3.71 3.51 2.88
08/09 0.318 3.78 107 705.2 532.6 3.95 3.46 2.90
08/11 0.137 4.37 115 483.7 479.4 1.58 1.84 1.72
08/12 0.093 4.83 96.0 541.8 503.3 1.75 1.77 1.37
09/02 0.143 4.14 183 529.4 290.3 1.96 1.56 1.71
09/03 0.122 3.33 152 440.3 376.9 1.53 1.34 1.55
09/04 0.159 291 79.0 497.2 437.5 1.63 1.76 1.88
09/05 0.207 3.95 93.0 527.5 153.7 1.72 1.52 2.24
09/07 0.359 4.75 82.0 681.7 264.3 2.79 3.03 3.23
09/11 0.183 4.19 225 503.4 463.3 1.7 1.99 1.97
10/01 0.083 3.72 144 449.1 343.7 1.36 1.14 1.23
10/02 0.119 4.27 128 482.3 326.2 1.57 1.47 1.56
Samples after February 2010
10/03 0.251 3.25 131 375.5 387.5 1.82 1.71 2.45
10/03 0.229 3.47 117 369.5 379.2 1.77 1.66 2.34
10/04 0.237 3.36 95.7 372.2 267.9 1.79 1.50 2.41
10/06 0.224 3.15 94.0 523.5 353.7 2.13 1.98 2.32
10/07 0.292 3.65 72.0 549.7 525.2 2.97 2.88 2.81
Samples from other raw water after February 2010
Yangtze River 0.413 3.93 334 351.4 213.8 1.83 1.80 2.68
0.322 3.62 296 321.5 175.3 1.38 1.48 2.52
0.357 3.27 423 243.4 209.5 1.46 1.32 2.62
Taihu Lake 0.873 5.75 ND 749.5 421.3 8.57 8.97 7.44
0.895 5.33 ND 755.7 321.5 8.24 8.04 7.52
0.835 4.57 ND 765.1 424.1 8.76 8.28 7.13
0.526 243 ND 263.5 106.3 1.55 1.63 5.13
0.733 4.35 ND 597.3 363.5 6.15 6.17 6.55
0.675 2.99 ND 533.7 279.2 4.23 443 6.07

DCAcAm FP = 0.0077 x [DON]**x [DOC]’*
« [Br7]70'085 % [SMP]O‘GSQ % [AP]O,38
(2)
DCAcAm FP = 7.236
« [DON]O.63 « [IDOC]O,O64>< [Br7]70.061
(3)

In Eq. (2), SMP is the most weighted parameter with the
highest power (b = 0.65), followed by DON (e = 0.46), AP
(f = 0.37) and then DOC (¢ = 0.32). Interestingly, SMP and
AP were the two most significant variables to compute the
DCAcAm FP in Eq. (2), in agreement with the finding of a
previous experimental study (Chu et al. 2010b) which

observed that DCAcAm had a close relationship with SMP-
like and AP-like species. In contrast, the power of Br~ was
close to zero (d = —0.09), suggesting that the presence of
Br~ does not significantly affect the DCAcAm formation.
Measured DCAcAm FP was compared versus the modeled
data from Egs. (2) and (3) (Table 1) and the corresponding
statistical analysis results for the two models (Table 2)
showed that the model (AVS 0.01; SE 0.02) containing SMP
and AP performed better than the model (AVS 0.59; SE 0.09)
without the EEM parameters, for the samples collected from
June 2008 to February 2010. Furthermore, when the two
models were applied for the Huangpu River samples col-
lected after February 2010, the raw water collected from the
Yangtze River (high bromide), and Lake Taihu (high nitro-
gen), the prediction model with the EEM parameters was still
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Table 2 Statistical analysis results of the models with and without the inclusion of EEM data

Year/month: ~ 08/06  08/07 08/08 08/09 0811 08/12 09/02 09/03 09/04 09/05 09/07 0911 10/01  10/02
DCAcAm FP model with the inclusion of EEM data

AV 0.265 0.004 0.050 0.120 0.170 0.015 0.202 0.120 0.081 0.115 0.091 0.173 0.155 0.063
AVS 0.257

SE 0.273

DCAcAm FP model without the inclusion of EEM data

AV 0.235 0.190 0.223 0.266 0.089 0.215 0.127 0.010 0.155 0.303 0.156 0.161 0.097 0.004
AVS 0.458

SE 0.469

better than the model without EEM parameters. This suggests
that nitrogenous SMP-like and AP-like substances play a
significant role in DCAcAm formation.

Although the model with the EEM parameters was
acceptable to predict the DCAcAm FP in these waters
(AVS < 0.1; SE < 0.1), the performance was better when
it was used for the Huangpu River samples collected after
February 2010 (AVS 0.01; SE 0.02) than when used for the
samples collected from the Yangtze River (AVS 0.08; SE
0.08) or Lake Taihu (AVS 0.02; SE 0.03). This is because
the model coefficients were initially determined using the
data of raw water from Huangpu River. Therefore, the
DCAcAm predictive model presented in this paper exhibits
a degree of specificity to the source water.

Conclusion

A power function model containing EEM data (SMP and AP)
was developed to successfully predict DCAcAm FP of three
source waters in China. The important role of SMP and AP in
the model suggested that the reduction of nitrogenous SMP-
like and AP-like substances prior to chlorination could be an
effective treatment strategy to minimize the formation of
DCAcAm. In particular, the model suggests that SMP may
be a more important precursor parameter to monitor than
DON when considering DCAcAm formation, given that the
former possessed a higher power in the model than the latter.
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