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Itis well known that different substances can react with chlorine in a water disinfection process to produce
disinfection by-products (DBPs). Some of these substances have proven to be carcinogenic in humans and
animals. Because it is not possible to detect all DBPs produced in chlorinated wastewater, toxicity tests
have been proposed as a useful tool for screening toxic chemicals in treated wastewater. In this study,
the Microtox® bioassay with Vibrio fischeri was used to evaluate the formation of toxic by-products in
wastewater, after a chlorination-dechlorination disinfection treatment. All the variables were found to be

I];ei: ivr‘:g:gtsi‘;m normally distributed, so analysis of variance could be directly applied without transformation of variables.
Wastewater Significant correlations were obtained between toxicity values and total carbon, total inorganic carbon,
Vibrio fischeri total nitrogen, chlorine, and pH. In contrast, total organic carbon, chemical oxygen demand, electrical
Toxicity conductivity and turbidity had no effect on toxicity formation. Toxicity increased with the Cl,:NH4* ratio
Microtox® at a higher chlorine concentration released from combined chlorine. Regression models provided a good

Regression model fit for effective concentration (EC50) as a function of total carbon and total nitrogen, after 5, 10, and 15 min
of exposure. These models had greater multiple determination coefficients than previously reported for
similar studies, without autocorrelation in the residuals as indicated by the Durbin-Watson statistic test.

The measured and predicted ecotoxicity values were strongly correlated.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Wastewater treatment plants are complex systems, with dif-
ferent physicochemical and biological phenomena taking place
simultaneously. Wastewater collected from municipalities and
communities must ultimately be returned to receiving waters or
to the land; due to limited water resources, great attention is being
paid to the reclamation and reuse of wastewater from municipal-
ities, mainly for irrigation [1]. In all cases, water quality standards
are becoming more stringent.

Prior to the industrial development, most municipal wastewater
was generated from domestic sources. Nowadays, an increas-
ing amount of industrial wastewater is being discharged to
municipal collection systems. In the Region of Murcia, sit-
uated in the Southeast of Spain, industrial wastewater now
represents 50% of the wastewater discharged into municipal
collectors [2].

The use of physicochemical parameters to monitor pollution is
a limited procedure, because these parameters may indicate the
nature of the pollutants but do not yield any information about the
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biological effects. In this sense, ecotoxicological tests can be used
as a global evaluation of effects that cannot be done by specific
chemical analysis [3]. Ecotoxicological screening is included in the
new European regulatory framework [4].

These bioassays are interesting, in particular for industrial or
mixed wastewaters, where a complex mixture of various organic
and inorganic substances may be discharged. In addition to this
fact, a great amount of unknown products can be formed dur-
ing water chlorination, commonly called disinfection by-products
(DBPs). Although trihalomethanes (THMs) and haloacetic acids
(HAAs) constitute two major classes of DBPs identified in water, in
the last 30 years more than 600 different DBPs have been reported
in the literature, i.e., halonitromethanes (chloropicrin), halofura-
nones, haloamides, tribromopyrrole among others [5]. However,
only a small number have been assessed either in quantitative or
health-effect studies.

The objective of this manuscript was to assess the ecotoxi-
city of biologically treated water from a municipal wastewater
treatment plant (WWTP) after a chlorination-dechlorination disin-
fection process. Water was monitored by means of physicochemical
and ecotoxicological parameters, with the use of the biological
response of the bioluminiscent marine bacterium Vibrio fischeri [6].
From this evaluation and analysis, quadratic polynomial models
were developed to predict toxicity.
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Table 1
Quality parameters of raw water at WWTP of Cartagena and that of reclaimed water after chlorination-dechlorination.
TOC (mg/L) TC (mg/L) NH4* (mg/L) TN (mg/L) pH Turbidity (NTU) COD (mg03/L)
Raw water
Minimum 8.61 72.74 5.62 36.99 7.57 1.92 23.00
Maximum 11.89 103.20 41.24 51.56 7.86 3.92 84.00
Mean 9.74 87.38 15.96 42.72 7.71 2.83 48.17
SD 1.23 10.94 13.15 4.72 0.09 0.72 22.83
5mg/L
Minimum 10.21 27.79 9.02 34.03 7.09 3.60 58.00
Maximum 12.02 62.31 3244 44.67 7.47 11.61 144.00
Mean 11.31 50.33 20.54 39.80 7.31 6.25 87.80
SD 0.88 13.44 10.22 4.05 0.15 3.28 38.77
10 mg/L
Minimum 10.35 43.99 5.29 32.75 7.13 2.77 57.00
Maximum 11.78 63.75 78.00 41.32 7.52 10.30 102.00
Mean 11.00 53.46 28.38 37.11 7.34 5.43 75.15
SD 0.69 8.96 2.89 3.55 0.16 3.34 35.68
25mg/L
Minimum 9.94 21.06 4.26 29.15 7.12 235 48.00
Maximum 15.96 65.86 93.39 43.46 7.46 13.25 110.00
Mean 12.12 54.98 29.93 37.40 7.36 6.73 65.17
SD 2.09 15.74 3.03 4.87 0.12 3.44 22.83
50 mg/L
Minimum 9.65 25.99 10.37 28.59 7.16 3.15 22.00
Maximum 14.15 73.22 39.28 37.49 7.53 16.20 116.00
Mean 11.42 57.22 20.25 31.96 7.37 8.32 54.17
SD 1.53 15.49 10.94 3.14 0.13 4.86 34.64
n=30.

2. Materials and methods
2.1. Sample collection and chlorination-dechlorination procedure

Atotal of 30 wastewater samples were processed through differ-
ent chlorination-dechlorination experiments. They were collected
during 2008 from the effluent of the WWTP of Cartagena (Spain).
This is a conventional system with a primary treatment and two
activated sludge reactors, serving about 140,000 inhabitants and
fed by about 35,000 m> per day. The samples were collected after
biological digestion and clarification, but prior to disinfection. The
wastewater samples, kept at 4 °C, were delivered to the laboratory
and filtered using a 1.2 wm glass fibre filter (Millipore, Bedford,
MA, USA) to eliminate suspended solids. The samples prior to
chlorination-dechlorination process will be referred to as “raw
water”.

Chlorine disinfection was carried out with 100 mL of filtered
water. Four different concentrations of available chlorine, i.e., 5, 10,
25,and 50 mg/L, were added to each sample from a 5% (w/v) sodium
hypochlorite solution (Panreac, Barcelona, Spain). The experiments
were performed in sealed glass bottles. They were incubated for
30min into a dark isotherm chamber at 20°C, with slow agita-

Table 2
Pearson’s correlation coefficients of physicochemical and toxicity parameters in
wastewater samples.

EC50-5 min EC50-10 min EC50-15 min
TIC 0.771° 0.750° 0.735°
TC 0.763° 0.743° 0.727"
TN 0.629° 0.679° 0.670°
Chlorine ~0.546" —0.486° —0.514°
pH 0.725° 0.713" 0.694°
NH4* 0.220 0.365 0.363
TOC ~0.273 ~0.107 ~0.163
coD 0.151 0.248 0.084
EC —0.118 -0.093 —0.121
Turbidity ~0.253 —0.274 —0311

" p<0.01.

tion (20 rpm) provided by a magnetic stirrer. After residual chlorine
was measured according to the Standard Methods for the Examina-
tion of Water and Wastewater [7], the dechlorination experiments
were performed with 0.5% (w/v) sodium sulfite (Panreac, Barcelona,
Spain) prepared with ultra-pure water from an Elix 3 Milli-Q system
(Millipore, Bedford, MA, USA). Based on the residual chlorine con-
centration of each experiment, a one-to-one ratio of Na;SO3; was
used. All chemicals were analytical grade.

2.2. Physicochemical analyses

Total carbon (TC), total organic carbon (TOC) and total nitro-
gen (TN) were analyzed in a TOC analyzer (Shimadzu TOC-V CSH).
Total inorganic carbon (TIC) was calculated based on the differ-
ence between TC and TOC. Ammonium (NH4*) was measured by
HPLC (Metrohm 861 AG, Herisau, Switzerland), using a Metrosep
C-250 7 pm (i.d. 250 mm x 4 mm) column. The eluent was a 4 mM
tartaric acid (2,3-dihydroxybutanedioic acid) and 0.75mM dipi-
colinic acid (pyridine-2,6-dicarboxylic acid) solution, with a flow
rate of 1 mL/min. Sample solutions (20 wL) were injected into the

8
E 80— &
E 1
% 60— X
y=Er In
by | Mssr— il N . : 0 5 min
2 40 i 0 5 10 25 S 10min
[=" 3 15 min
E
2 2
5
>o(_
= 10 oo o I 11113555 [ Imlm—'

0 5 10 25

Chlorine dosage (mg/L)

Fig. 1. Toxicity impact indices (TII50) for different chlorine dosages and exposure
times (F=4.91, p<0.05; F=5.66, p<0.01; F=2.76, p<0.01, for 5, 10, and 15 min,
respectively).
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Table 3

Second-order polynomial equations and statistic evaluation of EC50-5 min, EC50-10 min, and EC50-15 min models.

Variable Coefficient Coefficient value Standard error t-Value p-Value

EC50-5 min [F=47.292 > Fy 5 (4.26) = 2.743; R=0.963; R? =0.927; Rﬁdj = 0.907; Durbin-Watson statistic=1.901]
Constant Bo 4.823 - 1.429 0.636
TC B —-18.601 4.123 —4.512 0.000
TN B 30.415 7.783 3.908 0.001
TC x TC Bu 0.150 0.029 5.147 0.000
TN x TN Bxn —-0.381 0.108 -3.536 0.003
TC x TN B2 0.184 - 1.231 0.178

EC50-10 min [F=50.328 > Fy 05 (4.26) = 2.743; R=0.967; R? = 0.935; Rﬁdj = 0.916; Durbin-Watson statistic=1.887]
Constant Bo 9.219 - 2.458 0.651
TC B —25.000 4.680 —5.342 0.000
™ B 40.285 8.877 4.538 0.000
TC x TC B 0.204 0.034 5.957 0.000
TN x TN B —-0.512 0.126 —4.059 0.001
TC x TN Bz 0.182 - 1.493 0.428

EC50-15 min [F=49.222 > Fy o5 (426) = 2.743; R=0.964; R? =0.929; Ridj = 0.910; Durbin-Watson statistic = 2.239]
Constant Bo 9.399 - 2.336 0.675
TC B —26.504 4.643 —5.709 0.000
N B 43.442 8.812 4.930 0.000
TC x TC B 0.214 0.034 6.301 0.000
TN x TN B —0.558 0.125 —4.459 0.000
TC x TN Bz 0.164 - 1.256 0471

HPLC system in duplicate, and all experiments were carried out
at room temperature. Turbidity was determined with the Hach
2100N laboratory turbidimeter (Hach Company, Loveland, USA),
and pH with a Crison GLP 22 pH meter (Barcelona, Spain). All were
calibrated by means of standard solutions. The chemical oxygen
demand (COD) was determined using the Spectroquant NOVA 30
from Merck (Darmstadt, Germany).

2.3. Acute toxicity measurement

Acute toxicity was assessed by determining the luminescence
inhibition of the marine Gram-negative bacterium V. fischeri (strain
NRRL B-11177), formerly referred to as Photobacterium phos-
phoreum, after 5-, 10-, and 15-min exposure to dechlorinated
wastewater. This bacterium was purchased in freeze-dried form
from Strategic Diagnostics Inc. (SDI, Newark, DE, USA) and activated
by rehydration with a reconstitution solution. The light emission
of this bacterium in contact with different samples and exposure
times was measured using the Microtox® 500 analyzer. Light pro-
duction is directly proportional to the metabolic activity of the
bacterial population. The data were processed using the Microtox
Omni Software, according to the Basic Test Protocol. The concentra-
tion of the sample (mg/L) which produces a 50% decrease in light
after exposure for “T” minutes is designated as the effective concen-
tration (EC50). Results are presented in EC50-5 min, EC50-10 min,
and EC50-15 min, respectively.

2.4. Statistical analysis and model development

Statistical treatment of the physicochemical and toxicological
data was carried out using the SPSS (Statistic Package for Social Sci-
ence) 15.0 statistical software. The Kolmogorov-Smirnov test was
used to test the goodness-of-fit to the normal distribution of stud-
ied variables. Pearson’s correlation coefficient (r) and analysis of
variance (ANOVA) were computed between toxicity and physico-
chemical variables.

The toxicity formation as a function of these parameters was
studied by fitting data to different models, and the fitting perfor-
mance of each model was measured by means of residual values
and multiple determination coefficient (R?). Besides, the adjusted
R? (adj-R?) was a useful index for comparing the explanatory power
of models with a different number of predictors [8]. Residual values

were evaluated for independence by means of the Durbin-Watson
test, and predicted versus measured values allowed us to test the
accuracy of each model.

3. Results and discussion
3.1. Water quality characteristics

The main statistical summary for raw and processed wastewater
quality parameters is shown in Table 1. Pearson’s correlation coef-
ficient for water turbidity according to chlorine levels was 0.569
(p<0.01). Similarly, ANOVA analysis showed a significant increase
of this parameter when comparing raw water with chlorinated sam-
ples (F=7.92, p<0.01). These results are in agreement with other
studies which found a greater turbidity after the chlorination pro-
cess [9]. Gual et al. [10] reported a decrease of turbidity only when a
combined treatment of filtration and chlorination was carried out.

3.2. Toxicity values

Different toxicity values were observed in our study after the
chlorination-dechlorination experiment. Toxicity of the wastew-
ater increased with the addition of chlorine (Table 2). Since the
dechlorination process removed residual chlorine from disinfected
wastewater prior to toxicity analyses, the positive correlation sug-
gested the formation of toxic disinfection by-products (DBPs). This
fact has been pointed by different authors, and it is a common
concern in the legislation of industrialized countries, especially for
drinking water [11,12].

The smallest EC50 value (greater toxicity) corresponded to a
50 mg/L chlorinated sample after 15 min exposure (0.75%), and the
greatest value (smaller toxicity) was for a chlorinated sample with
5mg/L after 5 min exposure (89.14%). In order to observe the toxic
impact of each chlorine dosage in an easier way, the Equitox/m3 or
total impact index (TII50) was calculated as 100/EC50 for each incu-
bation time. These indices are depicted in Fig. 1 and, as reported
by Farré et al. [13], TII50 are calculated in the same way as toxi-
city units (TUs), although they represent different concepts. TU is
related to an amount of a known substance, whereas TII50 is related
to an amount of a mixture of unknown composition. Boluda et al.
[14] indicated that samples with toxicity units (15 min) equal to
or greater than 10 (i.e.,, when EC50-15 min < 10%) should be con-
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Fig. 2. Measured versus predicted values for (a) EC50-5 min, (b) EC50-10 min, and
(c) EC50-15 min equations.

sidered as toxic. Following this criterion, only samples disinfected
with 50 mg/L of chlorine reached this value. In the same way, and
according to the EN ISO 11348-3:2007 standard [6], water samples
with more than 20 Equitox/m?> can be considered toxic. In this case,
samples disinfected with 50 mg/L of chlorine after 10- or 15-min
exposures were toxic.

3.3. Relationships between chemical characteristics and toxicity

A statistically significant increase of EC50 values could be
observed with anincrease in TN (Table 2). These values ranged from
28.59 to 51.56 mg/L, corresponding to the treatment with 50 mg/L
of chlorine and a raw water sample, respectively. Pearson’s corre-
lation coefficient for TN according to chlorine levels was —0.581
(p<0.01). As reported by Deborde and Guten [15] during aqueous
chlorination, hypochlorous acid reacts with ammonium to finally
generate N. This hypochlorous acid would also be an alternative
explanation of the small but significant decrease in pH values when
samples were chlorinated (F=10.70, p<0.001).

The TC concentration in raw water ranged from 72.74 to
103.20 mg/L, while in chlorinated samples it did not exceed
73.22mg/L (Table 1). The majority of this carbon was in inor-
ganic form, experimenting an important and statistically significant
decrease after the chlorination-dechlorination processes (F=8.01,
p<0.001). This fact can be explained by a mineralization, i.e., an
important degradation of the carbon compounds to form water and
carbon dioxide that will be emitted to the atmosphere. This fact
has been previously reported both for water ozonation [16] and in
chlorinated swimming pool water [17].

Raw wastewater samples showed a higher and statistically
significant TC average concentration, 87.38 + 10.94 mg/L, than chlo-
rinated ones, 54.39 4+ 13.54 mg/L (data not shown), as indicated by
one-way ANOVA analysis (F=34.43, p<0.001). When this analysis
was developed for all treatments, the same tendency was shown
(F=8.12,p<0.001). The differences of the decreasing trend of TC for
the first chlorine dosage (5 mg/L) and the increasing tendency for
all other dosages may be due to the complex reactions taken into
account. Initially, chlorine would act with a high oxidation poten-
tial, transforming organic and inorganic carbon into carbon dioxide,
as stated before.

But this oxidation does not usually lead only to a complete min-
eralization, but also to a fragmentation of larger size molecules
into smaller sizes after chlorination [18]. Hence, an increase of
chlorine levels in treated wastewater would promote halogena-
tion reactions of intermediate products and the formation of
DBPs.

Attempts were made to study the evolution of carbon forms
according to toxic effects on V. fischeri. Using the Pearson’s cor-
relation method, a strong and positive correlation was obtained
for TC and TIC for 5, 10, and 15 min EC50, as presented in Table 2.
However, a weak and negative correlation was obtained for TOC
values. In agreement with other reports [19-21], organic carbon
can be a broad indicator of the amount of organic matter in the
wastewater, but it does not contain specific information about the
potential of this organic matter to serve as DBP precursor. According
to Marugan et al. [22], total organic carbon measurements must be
carefully considered, because of differences in the nature of organic
substances present in similar waters.

Total nitrogen average concentrations in wastewater were
shown to decrease from not-chlorinated (42.72 +£4.72 mg/L) to
samples disinfected with 50 mg/L of chlorine (31.96 4+ 3.14 mg/L)
(F=6.15, p<0.01) (Table 1). Moreover, a statistically significant
increase on EC50 values could be observed with an increase in
TN, as shown in Table 2. Both results were clearly correlated, and
can be explained by the same fact: the consumption of chlorine
by ammonia nitrogen forms leads to the formation of chloramines,
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which produce less DBPs, because of smaller reactivity of combined
chlorine than free chlorine. The ammonia reacts rapidly to form
inorganic monochloramine.

Sorlini and Collivignarelli [23] and Pavelic et al. [24] reported
the same results in artificial lakes and rivers, and in groundwa-
ter, respectively. Wang et al. [25] have also reported a decrease
in the toxicity of disinfected wastewater when ammonia nitrogen
increased from 2 to 30 mg/L. However, Abdullah et al. [26] found
no correlation between DBPs and nitrogen in Malaysian drinking
water, mainly due to the absence of ammonium in almost all sam-
ples.

In order to study the effect of chlorine to ammonium ratios on
toxicity formation a one-way ANOVA test was carried out. EC50 for
5, 10, and 15 min exhibited a similar decreasing tendency as Cl, to
NH4* increased. This means that more DBPs are formed at greater
Cl,:NH4" ratios, as also suggested by Zhang et al. [27] and Diehl et al.
[28].In these conditions, chlorine to chloramines previously formed
would hydrolyze to form hypochlorous acid (HOCIl) in equilibrium
with free chlorine released by this hydrolysis, which would increase
DBP formation. Qi et al. [29] found a similar association between
Cl,:NH4" ratio and the formation of haloacetic acids (HAAs), during
monochloramination of wastewater.

The formation of toxic compounds in wastewater samples
increased significantly with decreasing pH (Table 2). At low pH val-
ues, HOCl is the predominant species, responsible for the formation
of DBPs because it has a greater oxidative capacity than the OCI~
anion found at greater pH. An increase in pH also enhances the
degradation of these DBPs [27,30]. Diehl et al. [28] reported similar
results, showing a decrease of DBP formation with an increase in
the pH from 6 to 10. Yang et al. [30] found a marked difference in
DBP formation in Suwannee river water, in the pH range from4to 9;
the maximum amounts of DBPs occurred at pH 5-6.In consequence,
Sadiq and Rodriguez [31] suggested a control of pH among the oper-
ational factors that contribute to a reduction in the formation of
DBPs.

In common with previous reports, no significant correlation was
obtained between turbidity and COD values and toxicity formation
[26].

3.4. Development of regression models

By applying multiple regression analysis on the experimental
data, three second-order polynomial equations were fitted between
EC50-5 min, EC50-10 min, and EC50-15 min, as dependent vari-
ables, and TC and TN values as independent variables, according
to the following equations:

EC50-5 min = —18.601TC + 30.415TN + 0.150TC2 — 0.381TN? (1)

EC50-10 min = —25.000TC + 40.285TN + 0.204TC? — 0.512TN?
(2)

EC50-15 min = —26.504TC + 43.442TN + 0.214TC? — 0.558TN?
3)

All the equations displayed an important and negative influence
of TC values, and an important and positive influence of TN values.
An opposite trend was obtained for the quadratic effects of both
parameters, i.e., TC2 and TNZ2, although with weaker relationships.
However, the inclusion of these quadratic terms in the equations
was necessary, as the models without them resulted in a lower
adj-R?, i.e., 0.579, 0.561, and 0.534, for EC50-5 min, EC50-10 min,
and EC50-15 min, respectively, as compared with 0.907, 0.916, and
0.910, respectively, when they were included. These multiple deter-
mination coefficients were higher than those reported in previous

studies [32]. Golfinopoulos and Arhonditsis [33] also reported the
use of second-order equations, including first- and second-degree
terms in the independent variables and without a constant term,
for the prediction of THM concentrations in drinking water.

The Durbin-Watson statistic test was used to detect the absence
of autocorrelation in the residuals from the regression models.
When the Durbin-Watson value converges to zero, there is a
strong correlation between the regression residuals. On the con-
trary, a Durbin—-Watson value converging to 2.0 indicates a weak
correlation or random distribution between successive points
[34].

As shown in Table 3, the Durbin-Watson statistics for these
three models were found to be 1.901, 1.887, and 2.239, respectively,
demonstrating that the residuals were independent. Uyak et al. [35]
have reported similar results in the development of multiple regres-
sion models for predicting the concentrations of different DBPs in
drinking water.

Fig. 2 depicts a 1:1 line of measured versus predicted ecotoxicity
values. All the equations reported very high Pearson’s correlation
coefficients, i.e., 0.938, 0.956, and 0.961 for EC50-5min, EC50-
10 min, and EC50-15 min, respectively, always with a significance
level of 99.9% (p-value <0.001).

4. Conclusions

The Microtox® test was used for the assessment of
the acute toxicity of treated wastewater samples after a
chlorination-dechlorination process. Toxicity was strongly associ-
ated with chlorine levels, and negatively associated with TIC, TC,
TN, and pH. There was only a weak association between toxicity
and TOC, COD, EC, and turbidity of the disinfected wastewater
samples. When significant factors were included in a regression
analysis, only TC and TN remained in the two-order polynomial
equations for toxicity prediction (EC50), after an exposure of
5, 10, and 15min. As indicated by Sadiq and Rodriguez [31],
laboratory-scale studies are more reliable than field-scale studies
for developing empirical models because of controlled conditions.
Our models explained a large proportion of the response variable,
with multiple determination coefficients 0f 0.927, 0.935, and 0.929,
respectively. Further surveys could allow us to develop fuzzy
rule-based models, in order to improve the predictive capacity.
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