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Abstract 

The growing use of pharmaceutical and personal care products increases their concentrations in the wastewater 
entering treatment plants and their levels into biological reactors. The most extended biological wastewater treatment 
is the activated sludge process. The toxicity of ibuprofen and triclosan, individually and combined, was studied by 
tracking the biological activity of the activated sludge measuring oxygen uptake rate and the inhibition of the esterase 
activity. Short-term exposure produced significant inhibition in oxygen uptake, with lower damage to enzymatic 
activity. Median effect values for oxygen uptake inhibition were 64 ± 13 mg L−1 and 0.32 ± 0.07 mg L−1 for ibuprofen 
and triclosan respectively using 125 mg L−1 activated sludge. For the inhibition of enzymatic activity values were 633 
± 63 mg L−1 for ibuprofen and 1.94 ± 0.32 mg L−1 for triclosan. Results indicated that oxygen uptake, related to 
primary activity of microorganisms, was more strongly affected than the enzymatic activity associated to energy 
consumption. Toxicity interactions were determined using the Combination Index-isobologram method. Results 
showed antagonism at lower values of affected population, after which the mixtures tended to additivity and 
synergism. For the case of enzymatic activity, the antagonism was less marked and the additivity range was higher. 
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1. Introduction 

Emerging contaminants present significant research 
interest due to their systematic detection in 
wastewater [1, 2]. The contamination originated from 
wastewater discharges impacts surface water quality 
due to the incomplete removal of many polar 
contaminants by conventional wastewater 
treatments [3]. Their toxicity to aquatic organisms has 
been frequently reported but there is still considerable 
lack of information on the effects of mixtures of these 
compounds on environments [4]. The occurrence of 
emerging pollutants in complex mixtures is another 
knowledge gap often recognized as a problem affecting 
ecosystems and drinking water supplies [5, 6]. Among 
these compounds pharmaceutical and personal care 
products (PPCP) constitute a large and diverse set of 
chemicals, which include drugs and daily personal care 
products, widely used in large amounts throughout the 
world [7, 8]. Additionally, many emerging compounds 
from these groups display pseudo-persistent exposure 
characteristics because their environmental dissipation 
rates are lower than discharge rates from effluent 
loadings, but higher than hydrologic retention times [9]. 

Among PPCP, ibuprofen (IBU) and triclosan (TCS) are 
particularly relevant compounds. The non-steroidal 
anti-inflammatory drug IBU is one of the most used 
active pharmaceutical ingredients worldwide [10, 11]. 
TCS is a broad-spectrum antimicrobial agent widely 
used as antiseptic, disinfectant and preservative in many 

consumer products including cosmetics, household 
cleaning products and materials such as medical 
devices, textiles and plastic ware [12]. The occurrence 
of IBU and TCS is well-documented in influents and 
effluents of wastewater treatment plants (WWTP). The 
analgesic ibuprofen was detected at near 2 μg L−1 in 
hospital wastewaters [13]. Kumar et al. [14] indicated a 
remarkably high concentration of TCS in the influent of 
a WWTP of 86.2 μg L−1 in Savannah, Pal et 
al. [15] reported a maximum value of 7.1 μg L−1 for 
IBU in WWTP effluents in Europe, with lower values 
in America and Asia. Martínez-Bueno et 
al. [16] reported maximum values for IBU and TCS in 
effluents of WWTP of 2.4 μg L−1 and 3.7 μg L−1 

respectively. Rosal et al. (2010) [17] found maximum 
values of 4.1 μg L−1 for IBU and 2.4 μg L−1 for TCS in 
the influent of a WWTP. Both compounds have also 
been detected in freshwater compartments reaching the 
microgram per liter level [12, 18]. The range at which 
IBU and TCS were detected in wastewater is typically 
in the tens of micrograms per liter and order of 
magnitude lower respectively, although both 
compounds have also been detected in freshwater 
compartments reaching the microgram per liter level. 

Toxicant concentrations usually found in aquatic 
environments are at levels of μg/L or lower but 
considering the industrial environment of a wastewater 
treatment plant, the scenario is different. In the 
biological process of wastewater treatment, many 
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dissolved contaminants are transferred to the solid 
phase, biomass or sludge, which is also an active 
microbial population responsible of pollutant removal. 
It was recognized that organic micro-pollutant 
concentrate in this phase up to 3 or 4 orders of 
magnitude with respect to aqueous media [19]. The risk 
for environmental compartments can be properly 
estimated by environmental risk assessment (ERA), 
which evaluates the probability of a compound to cause 
undesired environmental effects. In this sense, Ortiz de 
Garcia et al. [4] predicted the risk of 26 PPCPs in 
wastewater treatment plants and in the aquatic 
environment using the US EPA ecological structure–
activity relationship (ECOSAR). Based on ecotoxicity 
data that included respirometry, the authors classified 
IBU as harmful and TCS as toxic to aquatic organisms. 

Several studies highlighted the potential of IBU and 
TCS to promote adverse effects on aquatic 
organisms [20-24]. Despite the abundance of 
toxicological studies of PPCP using environmental 
organisms, surprisingly little attention has been paid to 
the microorganisms forming the activated sludge (AS) 
community [25]. Pasquini et al. [26] found that TCS at 
concentration as low as 0.1 μg L−1 induced the 
overexpression of extracellular polymeric substances on 
AS, which is considered as stress response. The toxicity 
of pollutants to AS can be assessed by a number of 
methods apart from the simple monitoring of biomass 
growth or the counting of colony forming units. 
Oxygen uptake using respirometry, nitrification 
inhibition or adenosine triphosphate luminescence 
methods have been used for that purpose [27, 28]. The 
inhibition of the activity of several enzymes such as 
dehydrogenases, phosphatases, glucosidases and 
esterases are also routinely used to measure specific 
alterations due to toxicants [29]. According to 
references [4, 30-32], respirometry is the most realistic 
ecotoxicity test to evaluate the risk in a wastewater 
treatment plant and to detect the malfunction of 
biological reactors because they are direct indicators of 
the performance of the active biomass. The results are 
dependent on the particular characteristics of biomass, 
in turn affected by operational parameters, but they are 
essential to clarify the role of toxicants on sludge 
bioactivity. Additionally, esterase activity refers to a 
specific cellular function that requires intact membrane 
integrity [33] This biological reaction depends on the 
hydrolysis of FDA to fluorescein, by non-specific 
esterases present in different microbes [34], being a 
simple method to evaluate mixed populations such as 
those of activated sludge. The esterase activity is 
usually considered a measurement of cell viability, due 
to their direct relation with membrane integrity. 

The co-occurrence of wastewater pollutants causes 
concern due to the potential interactive effects, such as 
synergistic or antagonistic toxicity, that may occur in 
the complex mixtures discharged with WWTP 
influents [5, 35]. The interaction of several wastewater 
pollutants beyond the additivity described by the 

concentration addition (CA) method has been often 
neglected at low dose levels [36, 37]. CA assumption 
has a clear practical value but there are clear evidences 
of non-additive behavior in many cases [38]. It has been 
recognized that non-additive behavior is concentration- 
and effect-level dependent, so experimental designs 
addressing this point are required [39]. For it, we used 
the combination index (CI)-isobologram equation 
method established by Chou and Talalay [40], a method 
that quantitatively assesses mixture effects over a wide 
range of effect levels. Using this method, our previous 
works showed that non-additive interactions occur in 
different mixtures with a general tendency to 
antagonism at low effect levels [41-44]. 

The aim of this study was to investigate the toxic 
effects of IBU and TCS on the AS from a WWTP by 
tracking oxygen uptake and the enzymatic esterase 
activity. TCS and IBU were selected in view of their 
widespread occurrence and the well-known negative 
effects exerted on aquatic organisms. The focus has 
been paid to the toxicological interactions between IBU 
and TCS using the combination index (CI)-isobologram 
method. To the best of our knowledge, it is the first 
work studying the combined action of organic 
micropollutants on AS bioactivity. 

2. Materials and methods 

2.1. Chemicals 

Triclosan (TCS, C12H7O2Cl3, CAS No. 3380-34-5) and 
ibuprofen sodium salt (IBU, C13H17NaO2, CAS No. 
31121-93-4) both with 98% of purity were purchased 
from Sigma-Aldrich. The rest of chemical were also 
analytical grade and acquired from Sigma-Aldrich. 
Ultrapure water was generated from a Direct-Q™ 5 
Ultrapure Water Systems from Millipore (Bedford, 
MA, USA) with a specific resistance of 18.2 MΩ cm. 
Stock and working solutions of TCS, IBU and their 
mixtures were prepared in phosphate buffer and stored 
at 4 °C until use.  

2.2. Activated sludge acclimatization and 
maintenance conditions 

The bubble column reactor consisted of a transparent 
Plexiglass tube (12 cm inner diameter, 115 cm height 
and 4.5 L working volume) with a settler for sludge 
recirculation. The inoculum for the reactor start-up 
consisted of 500 mL collected from a municipal WWTP 
(Seville, Spain). Prior to exposure assays, the reactor 
operated continuously for 120 days under pseudo-
steady state in order to achieve a homogeneous and 
stable composition of biomass. The activated reactor 
operated with Synthetic Sewage Feed, based on OCDE 
209 standard medium: peptone, 160 mg L−1; meat 
extract, 110 mg L−1; urea, 30 mg L−1; NaCl, 7 mg L−1; 
CaCl2·H2O, 4 mg L−1; MgSO4·7H2O, 2 mg L−1 and 
K2HPO4, 28 mg L−1. The synthetic influent was fed to 
the reactor continuously by a fixed speed peristaltic 
pump (hydraulic retention time 24 h). The air was 
supply thought a fine bubble diffuser and the dissolved 
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oxygen (DO) concentration in the reactor was 
maintained at 3 mg L−1 (measured using OD sensor, 
OXI 45+ CRISON). The reactor performance was 
monitored using the concentration of total suspended 
solids (TSS), chemical oxygen demand (COD) and 
ammonium nitrogen (NH4-N). All the analyses were 
determined according to Standard Methods. 
Temperature was maintained at about 20 °C and pH 
was maintained at 8.0 ±0.1, close to the pKa of TCS 
reported as 8.1 [45]. Acclimatization was considered to 
be reached when no significant changes in chemical 
parameters were observed. 

2.3. Toxicity tests 

After acclimatization, the required amount of AS was 
collected from the sedimentation tank of the bubble 
column reactor and used to perform inhibition tests 
according to a modified form of the Standard Guideline 
OECD Test Guide 209 [46]. Exposure experiments 
were conducted in 100 mL Erlenmeyer flasks 
containing a predefined concentration of AS, phosphate 
buffer and standard medium. The experiments for IBU 
and TCS were performed using five different 

concentrations in the range 75–1200 mg L−1and 0.5–
6.5 mg L−1, respectively. These concentrations were 
selected as multiples and dividers of the median 
effective concentration, EC50. The mixture of 
IBU + TCS was assayed using concentration selected 
on the basis of the EC50 value of the individual 
components as indicated in Table 1. Five different 
concentrations of AS (measured as TSS) were used for 
each IBU + TCS mixture as indicated in Table 1. The 
experimental design was based on ECx ratios [47]. Each 
set of experiments was replicated three times, including 
blank assays (without toxicant) and positive controls 
using the reference toxicant copper (II) sulphate 
pentahydrate as stated by OECD Test Guide 209 (mean 
EC50 65.2 ± 3.2 mg L−1, which is inside the 53–
155 mg L−1 range indicated by the guideline for total 
respiration using activated sludge). Positive response to 
inhibitor was tested on the day before exposure assays. 
The samples were incubated in an orbital shaker (Busen 
AO-400) at 200 rpm and 20 °C for 1 hour. Immediately 
after incubation, both respiration rate and enzymatic 
activity were recorded simultaneously for each 
exposure condition. 

Table 1. Experimental design for determining toxicological interactions of IBU and TCS and their binary 
combinations for respirometry and enzymatic activity tests. 

Single toxicants 
Dilutions ¼ EC50 ½ EC50 EC50 2 EC50 4 EC50 

IBU (mg L-1) 75 150 300 600 1200 
TCS (mg L-1) 0.5 1.0 2.0 4.0 6.5 

Binary 
combinations 

125 mg L-1 
AS 

Dilutions ¼ EC20 ½ EC20 EC20 2 EC20 4 EC20 
IBU (mg L-1) 16 32 64 128 256 
TCS (mg L-1) 0.24 0.47 0.94 1.88 3.76 

250 mg L-1 
AS 

Dilutions ¼ EC20 ½ EC20 EC20 2 EC20 2.5 EC20 
IBU (mg L-1) 23.8 47.7 95.3 190.6 238.3 
TCS (mg L-1) 0.50 1.04 2.10 4.20 5.25 

500 mg L-1 
AS 

Dilutions ¼ EC20 ½ EC20 EC20 2 EC20 2.5 EC20 
IBU (mg L-1) 54.3 108.6 217.3 434.6 537.2 
TCS (mg L-1) 0.60 1.20 2.45 4.90 6.12 

1000 mg L-1 
AS 

Dilutions ¼ EC20 ½ EC20 EC20 2 EC20 2.5 EC20 
IBU (mg L-1) 118.6 237.3 474.5 949.0 1186 
TCS (mg L-1) 0.65 1.25 2.50 5.00 6.25 

2000 mg L-1 
AS 

Dilutions ¼ EC20 ½ EC20 EC20 * * 
IBU (mg L-1) 159.4 318.9 637.8 * * 
TCS (mg L-1) 2.90 5.90 12.0 * * 

* Limited by the solubility of TCS in phosphate buffer. 

2.3.1. Inhibition of aerobic microbial activity 

Respirometry assays were carried out using Oxygraph 
System (Hansatech System, Germany) connected to a 
computer. The reaction chamber included a Clark-type 
oxygen electrode in an enclosed cell equipped with 
magnetic stirring and thermostated at 30 °C. The cell 
was filled with 2 mL of sample taken from the 100 mL 
exposition flask. The evolution of the concentration of 
dissolved oxygen (DO) was registered and that, total 
oxygen uptake rate (OUR) was determined as a 
measure of whole aerobic biomass activity. The 
inhibition in respiration activity was calculated as the 

difference between the measured OUR in blank 
samples and OUR in presence of target compounds. 

2.3.2. Inhibition of microbial enzymatic activity 

In order to investigate the effect of toxicants on 
microbial enzymatic activity, we used fluorescein 
diacetate (FDA) staining. FDA is a non-fluorescent 
molecule that diffuse into cells and are hydrolyzed by 
intracellular non-specific esterases o many 
microorganisms and is a well-known indicator for the 
total esterase activity of AS. A stock solution was 
prepared in dimethyl sulfoxide with a concentration of 
2 mg FDA mL−1 and stored at −20 °C until use. For 
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exposure assays, 5 μL of the stock solution were added 
to 195 μL of each sample in 96-well black microplates. 
Each plate was then incubated at 29.9 °C for 5 min into 
a Fluoroskan Ascent FL Fluorimeter/Luminometer. 
Fluorescence readings were taken during 30 min, at 
intervals of 5 min with excitation at 485 nm and 
emission at 528 nm. According to OECD Test Guide 
209, synthetic sewage must be used for sludge feeding. 
We checked that the components of culture medium do 
not interfere with fluorescence measurements; 
consequently, the medium can be used [48]. The effect 
of the medium used on the measured signal of 
fluorescence was also checked, including three 
replicates of synthetic feed medium as a control without 
microorganisms for each series of Table 1. Background 
fluorescence was subtracted from the fluorescence 
recorded in each assay with AS and the inhibition 
percentage was calculated from the difference with the 
fluorescence value of blank runs.  

2.3.3. Stability of exposure concentration 

The stability and biodegradability of pollutants under 
the test conditions were tested according to OECD 
guideline for testing chemicals [49]. Briefly, toxicant 
concentrations were added to 2 g L−1 AS and incubated 
during 1 hour in the same conditions used in batch 
toxicity tests. Blank and control runs were performed in 
the absence of microorganisms and using sterilized 
sludge (previously autoclaved) in order to evaluate the 
sorption of target pollutants. Each assay condition was 
replicated three times. Sorption and other 
physicochemical phenomena were estimated by 
measuring the concentration of each contaminant in the 
liquid fraction at the beginning and at the end of the 
exposure time (1 h). From blank runs it was evaluated 
the effect of light and hydrolysis of compounds into 
aqueous reaction media. The biodegradation was 
assessed comparing the concentrations measured in the 
presence of sterile and nonsterile sludge samples. The 
sorption capacity of the sludge was calculated from the 
difference between the concentrations measured in 
assays with sterile sludge and blank runs performed in 
the absence of any kind of sludge. For the adsorption 
data, aqueous phase concentration (Cw) and sorbed 
concentration (Cs) were fitted to Freundlich equation, 
Cs = Kf Cw

n, in order to estimate Kf and n. TCS and IBU 
were analysed by high-performance liquid 
chromatography HPLC-UV using a 1200 Series Agilent 
Technologies equipment with Promosil C18 
(4.6 × 150 mm, 60 mm) column. The elution was 
performed using 1 ml min−1 of 70:30 acetonitrile/water 
at pH 2 adjusted with phosphoric acid. 

2.4. Equations for the evaluation of toxicity 
parameters 

Toxicity parameters were calculated for individual 
pollutants and their binary combination, using the 
median-effect/combination index (CI)-isobologram 
equation, proposed in [40], which is based on the 
median-effect principle: 

=      (1) 

D is a concentration of toxicant that affects a population 
fraction fa. Dm is the median effective concentration. 
The parameter m accounts for the sigmoidicity of the 
dose–effect curve. The combined effect was assessed 
by using combined doses over a wide range of effect 
levels. The combination index (CI) values were 
obtained according to the combination index equation, 
valid for n-chemical combination at x-percentage 
inhibition [50]: 

(𝐶𝐼) = ∑
( )

( )
=

 ∑
( ) [ ] ∑ [ ]⁄

( ) ( ) ( )
⁄                            (2) 

Where CI(𝐶𝐼)  is the combination index for n  
chemicals at a certain x inhibition, [𝐷] ∑ [𝐷]⁄  is the 
ratio of a given (j) chemical inducing a x   inhibition in 

combination and (𝐷 ) (𝑓 ) 1 − (𝑓 )⁄
⁄

 is 
the dose of each compound alone producing the same 
effect. CI indicates additivity (CI = 1), synergism 
(CI < 1) or antagonism (CI > 1). The calculations were 
performed using CompuSyn software [51]. 

3. Results and discussion 

3.1. Experiments for stability control under assays 
conditions 

In this study, nominal concentrations of the chemicals 
were used for dose–effect parameter calculations 
because only small differences were found for both 
chemicals during the experiments performed; changes 
were always lower than 10% of initial concentration. 
The comparison between data using activated and 
sterilized sludge proved that neither TCS nor IBU were 
biodegraded in 1 h. The absence of IBU biodegradation 
was stated elsewhere for short contact [52]. Freundlich 
affinity coefficients, Kf, reflect the adsorption affinity 
and allow comparing activated and non-activated 
sludge samples. The values obtained were 
0.35 ± 0.02 mg(1−n) Ln kg−1 for IBU and 
1.36 ± 0.16 mg(1−n) Ln kg−1 for TCS irrespective of 
using sterile or nonsterile sludge. Freundlich linearity 
index (n) were 1.08 ± 0.13 and 0.63 ± 0.07 for IBU and 
TCS respectively. The amount of IBU adsorbed was 
determined as 17.3 ± 2.7% without significant 
differences between experiments using activated or 
sterilized sludge and runs with IBU alone or in mixture 
with TCS. The same figures for TCS amounted to 
86.1 ± 5.5%. Orvos et al. [47] determined a mean 
percent of the TCS chemical adsorbed to the suspended 
solids of an AS of 53.7%. The difference is probably a 
consequence of the different pH (6.5–7.0 instead of 8.0) 
as the pKa of TCS is 8.1 as noted before. The similar 
results obtained for activated and non-activated sludge 
showed that no significant biodegradation took place 
during the 24 h period used for measuring equilibrium 
concentrations. TCS and IBU partition between the 
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biosolids and the liquid fraction. In any case, the 
concentration used for determining toxicity endpoints 
was the nominal one, which represented the sum of 
both once excluded biodegradation as responsible for 
significant depletion of both pollutants during 
bioassays. 

3.2. Effect of individual pollutants on activated 
sludge 

The inhibition tests were performed using AS after 
acclimatization, as stated at the beginning of 
Section 2.3. Table 2 summarizes the toxicity values 
obtained for IBU and TCS individually and in binary 
combinations for both toxicity assays. In cases in which 
the EC50 concentration was not reached, the calculation 
of Eqs. (1) and (2) was based on EC20 values. The 
inhibition of oxygen uptake due to the effect of 
individual pollutants decreased in the presence of 
relatively low amounts of TCS, in the few mg 
L−1 range. For a concentration of AS of 125 mg L−1, the 
presence of 0.32 ± 0.07 mg L−1 of TCS led to a 50% 

decrease in the oxygen uptake rate, which increased 
with AS concentration up to a EC20 value of 4.93 ± 1.83 
for 2 g L−1 AS. The effect of IBU was much less 
marked, with a concentration causing 50% reduction in 
oxygen consumption of 64 ± 13 mg L−1 for 
125 mg L−1 AS. Over 125 mg L−1 AS, EC50 fell out of 
the 75–1200 mg L−1 experimental range for IBU 
concentrations. Concerning the enzymatic esterase 
activity, the toxicity profile was similar, with higher 
EC20 or EC50 values for increasing AS concentration. 
The sensitivity towards IBU and TCS was lower with 
EC50 values for IBU as high as 633 ± 63 mg L−1 for 
125 mg L−1 AS. The EC50 values for TCS were in the 
1.94-5.34 mg L−1 range for AS concentrations in the 
125–500 mg L−1 range. Considering the obtained 
EC50 values, TCS should be considered toxic and IBU 
non-toxic to the microbial population of AS at TSS 
below 1 g L−1, according to EU directives 93/67/EC and 
67/548/EEC, which classified a compound as toxic 
when 1 mg L−1 > EC50 > 10 mg L−1and non-toxic when 
having an EC50 > 100 mg L−1. 

Table 2. Dose-effect relationship parameters for IBU, TCS and their binary mixtures for oxygen uptake and 
enzymatic activity test. CI for different values of fa have been obtained using CompuSyn software (Chou and Martin, 
2005). 

Oxygen uptake (respirometry)       
 IBU TCS 
AS (mg L-1) EC20 (mg/L) EC50 (mg/L) m r EC20 (mg/L) EC50 (mg/L) m r 

125 - 64 ± 13 0.42 ± 0.09 0.931 - 0.32 ± 0.07 0.45 ± 0.13 0.892 
250 - 373 ± 53 0.46 ± 0.07 0.960 - 2.25 ± 0.40 0.40 ± 0.08 0.933 
500 4.3 ± 1.6 - 0.21 ± 0.06 0.885 - 1.86 ± 0.14 0.60 ± 0.05 0.988 

1000 197 ± 44 - 0.38 ± 0.05 0.975 - 5.49 ± 0.93 0.50 ± 0.08 0.958 
2000 1032 ± 67 - 1.04 ± 0.13 0.977 4.93 ± 1.83 - 0.24 ± 0.03 0.973 

         
 IBU + TCS Combination index (CI) 
AS (mg L-1) EC20 (mg/L) EC50 (mg/L) m r fa = 0.2 fa = 0.4 fa = 0.6 fa = 0.8 

125  33.5 ± 4.0 0.89 ± 0.11 0.975 - 3.1 ± 0.8  1.2 ± 0.2 0.43 ± 0.16 
250  63.1 ± 7.5 0.73 ± 0.11 0.970 - 1.6 ± 0.3 0.71 ± 0.11 0.26 ± 0.09 
500  109 ± 22 0.57 ± 0.12 0.934 - 2.4 ± 0.1 1.01 ± 0.09 0.37 ± 0.28 

1000 361 ± 24  1.13 ± 0.08 0.992 8.4 ± 1.6 2.8 ± 0.4 - - 
2000 131 ± 18  1.51 ± 0.35 0.915 5.2 ± 1.4 - - - 

         
Enzymatic activity (fluorimetry)       

 IBU TCS 
AS (mg L-1) EC20 (mg/L) EC50 (mg/L) m r EC20 (mg/L) EC50 (mg/L) m r 

125 165 ± 16 633 ± 63 0.96 ± 0.10 0.984 - 1.94 ± 0.32 0.87 ± 0.17 0.950 
250 255 ± 32 - 1,47 ± 0.18 0.978 1.61 ± 0.10 4.51 ± 0.28 1.34 ± 0.08 0.993 
500 206 ± 68 - 0.65 ± 0.15 0.929 2.20 ± 0.14 5.34 ± 0.33 1.56 ± 0.20 0.975 

1000 501 ± 167 - 0.62 ± 0.11 0.950 2.52 ± 1.20 - 0.95 ± 0.21 0.930 
2000 764 ± 211 - 0.50 ± 0.07 0.966 - - 0.85 ± 0.11 0.974 

         
 IBU + TCS Combination index (CI) 

AS (mg L-1) EC20 (mg/L) EC50 (mg/L) m r fa = 0.2 fa = 0.4 fa = 0.6 fa = 0.8 
125 26.5 ± 2.2 73.2 ± 6.0 1.36 ± 0.16 0.979 1.26 ± 0.23 0.85 ± 0.09 0.62 ± 0.12 0.42 ± 0.14 
250 83.7 ± 5.9 147 ± 8 2.27 ± 0.19 0.989 1.38 ± 0.08 1.04 ± 0.08 0.83 ± 0.07 0.62 ± 0.08 
500 119 ± 24 508 ± 101 0.94 ± 0.18 0.947 1.66 ± 0.37 1.24 ± 0.12 1.02 ± 0.39 - 

1000 488 ± 30 - 1.02 ± 0.06 0.993 1.96 ± 0.20 1.46 ± 0.26 - - 
2000 - - 1.72 ± 0.38 0.975 1.79 ± 0.42 - - - 
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The different toxicity of IBU and TCS was consistent 
with the data available for other aquatic organisms. The 
EC50 of TCS has been reported in the 2–390 μg L−1 
range for the marine bacterium Vibrio fischeri, the 
crustacean Daphnia magna, the fish Pimephales 
promelas and some microalgae [41, 42, 53-56]. The 
reported toxicity to IBU is much lower, with EC50 in the 
2–342 mg L−1 range for different species of algae and 
bacteria [47, 57-59]. The work of Orvos et al. [53] is 
particularly relevant as the authors measured the 
oxygen consumption of an AS exposed to TCS for 3 h. 
The authors reported a median inhibitory concentration 
of 20 mg L−1 for respiration using sludge concentrations 
of 2340 mg L−1 TSS. Ortiz et al. [4] reported EC50 
values for IBU to the respiration activity of an AS of 
937 mg L−1 for biomass concentration between 2000 to 
4000 mg L−1. The same authors reported for TCS a 
surprising EC50 of 1089 mg L−1 under the same 
conditions. These values are higher than the median 
effect oxygen uptake inhibition reported here for both 
contaminants. The differences can be due to the 
microbial diversity of the biomass used, the lower 
sludge concentration, the shorter exposure time and the 
fact that no carrier solvent was used in our assays. 

The use of enzymatic activity for evaluating toxicity 
has been frequently reported. FDA hydrolysis has been 
used to estimate the total microbial activity, based on 
the ubiquitous presence of enzymes involved in FDA 
hydrolysis. Cytoplasmic esterases have also been used 
to measure cell viability because damaged cells cannot 
retain the fluorescent product from FDA cleavage, so 
viable cells are bright while nonviable cells are dim or 
non-fluorescent [60]. However, in the AS process, 
microbial communities use both intracellular and 
extracellular enzymes to hydrolyze nutrients with 
exoenzymatic activity usually localized in the 
particulate flocs as immobilized enzymes. Moreover, it 
has been noted the presence of enzymes in wastewater 
influents adsorbed on the extracellular matrix [61]. In 
our case, FDA cleavage was not intended to directly 
assess viability, but used as an expression of the 
secondary metabolic activity of biomass [62]. In our 
study, the EC20 and EC50 values obtained for IBU and 
TCS were systematically higher when measuring 
enzymatic activity than those recorded in oxygen 
uptake tests, which indicated a lower degree of damage. 
The reason for respirometric activity to be more 
strongly affected than enzymatic activity is that oxygen 
uptake is an indicator of the primary activity of 
microorganisms, closely linked to cellular respiratory 
processes, whereas esterase activity is representative of 
secondary metabolic processes linked to the 
consumption of energy reserves [63]. However, up to 
our knowledge, no data have been previously reported 
for the inhibition of the enzymatic activity of AS upon 
exposure to IBU or TCS or its comparison with 
respirometric measurements. Both methods yield 
different endpoints and are complementary. The lower 
values of ECx obtained in respirometry bioassays 

suggest that oxygen uptake is primarily impaired upon 
exposure to IBU or TCS. 

3.3. Combined toxicity of ibuprofen and triclosan 
mixtures 

The toxic effect of binary mixtures was obtained using 
the CI-isobologram methodology, which led to CI 
values that indicates synergism (CI < 1) or antagonism 
(CI > 1) when significantly, deviates from the unity. 
The advantage of using this approach is the relative 
simplicity to assess additivity over a wide range of 
concentrations and effect levels. Table 2 shows the 
EC20 (or EC50 when appropriate) for IBU + TRI 
mixtures at different AS concentration. The values (of 
equipotent mixtures) lay between the individual median 
effect values of IBU and TCS. Computed CI values are 
also shown in Table 2 for different values of affected 
population fraction, fa, in the 0.2–0.8 range. For the 
lower effects and irrespective of using oxygen uptake or 
enzymatic activity as endpoints, the CI values were 
systematically higher than the unity, indicating 
antagonism. The concentration of AS did not influence 
the additive or non-additive behavior. Fig. 1, which 
refers to oxygen uptake experiments, shows the whole 
range of CI-fa values for the different concentrations of 
AS used in this work. The lines represent the theoretical 
values computed using the algorithm of Chou and 
Martin [51], while the markers correspond to the actual 
experimental points with their corresponding 95% 
confidence intervals. IBU + TCS binary combinations 
showed a clear antagonism at low values of the 
population affected fraction up to about fa = 0.4, after 
which the mixtures were additive up to about fa = 0.8. 
For higher toxic effects, IBU + TCS mixtures were 
synergistic, with lowest CI clearly below 0.5. 
Considering additive behavior in the 2 < CI < 0.5  

 

Figure 1. Combination index plot (CI-fa) for the binary 
combinations IBU+TCS in oxygen uptake experiments with 
different concentrations of AS: 0.125 mg L-1 (○), 0.250 mg L-

1 (●), 0.500 mg L-1 (□), 1.00 g L-1 (■) and 2.00 g L-1 (△). CI 
values are plotted as a function of the oxygen uptake 
inhibition by computer simulation CompuSyn within the 
experimental range of every assay. The vertical bars indicate 
95 % confidence intervals. 
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interval, only the region close to the median effect 
value of mixtures can be deemed additive. The fact that 
at low effect levels, which corresponded to low 
IBU + TCS dosages, the behavior of mixtures was 
clearly antagonistic, with CI values over 50 is not a 
surprising observation. The tendency of mixtures 
moving from antagonism towards additivity and 
synergism as effect level increased has been reported 
previously in other systems [42, 43, 64]. 

Fig. 2 shows the CA-fa plot for enzymatic activity 
measurements. The general trend is similar to that 
depicted from oxygen uptake inhibition except because 
the antagonism is restricted to the region of 
lower fa values. For higher effect levels, IBU + TCS 
mixtures moved to additivity (0.2 < fa < 0.8) with a 
slight tendency to synergy for the higher concentrations 
tested. Again, there were no clear differences 
depending on the AS concentration. Most CI for fa < 0.2 
correspond to clearly antagonistic mixtures (CI > 2), 
but their values were considerably lower than those 
obtained from oxygen uptake runs. 

 

Figure 2. Combination index plot (CI-fa) for the binary 
combinations IBU+TCS in enzymatic activity inhibition 
experiments with different concentrations of AS: 0.125 mg L-

1 (○), 0.250 mg L-1 (●), 0.500 mg L-1 (□), 1.00 g L-1 (■) and 
2.00 g L-1 (△). CI values are plotted as a function of the 
oxygen uptake inhibition by computer simulation CompuSyn 
within the experimental range of every assay. The vertical 
bars indicate 95 % confidence intervals. 

Deviations from additivity are a complex issue but 
highly relevant for regulatory measures. The prediction 
of the effect of anthropogenic chemical mixtures has 
been studied in a high number of works. The results led 
to establishing an additivity paradigm, according to 
which, chemicals with common mode of action are 
described by concentration addition (CA), while 
independent action is commonly used for toxicants with 
different modes of action [37, 65]. Both, CA and IA, 
predict mixture toxicity based on the effect of 
individual components and there it is usually 
considered that deviations from additivity (antagonism 
and synergy) are considered toxicologically irrelevant 

and correspond to unusual situations. A common 
criticism to studies showing non-additive interactions is 
that they are often limited to a phenomenological 
description and do not offer an explanation of the 
underlying causes [39]. Certainly, there must be an 
underlying mechanism, unclear up to date in most cases 
although most probably based on dispositional or 
receptor antagonisms. On the other hand, the additive 
behavior of completely different substances at 
concentrations very different to that used to calculate 
their potency also lacks from a sound explanation and is 
entirely based on phenomenological observations. Our 
results show that even in mixtures approaching 
additivity near their EC50, the deviations from additivity 
can be highly relevant for lower or higher effects. To 
the best of our knowledge, the present study is the first 
one to report the combined toxicity data and 
toxicological interaction of IBU and TCS to activated 
sludge. Consequently, for this microorganism 
community, no comparison with previous studies can 
be made. 

4. Conclusions 

We studied the toxicological interactions of IBU and 
TCS upon contact with AS. We found no significant 
biodegradation during this period and an extent of 
adsorption amounting to 17.3 ± 2.7% for IBU and 
86.1 ± 5.5% for TCS. 

IBU and TCS were respectively non-toxic and toxic 
with median effective concentrations of 64 ± 13 mg L−1 

and 0.32 ± 0.07 mg L−1 for the reduction of 
respirometric activity. 

The inhibition of enzymatic activity was measured from 
esterase FDA cleavage. The effect on enzymatic 
esterase activity was lower, with considerably higher 
ECx values for both compounds. The oxygen uptake 
was more strongly impaired than enzymatic one 
because it was an indicator of the primary activity of 
microorganisms, whereas esterase activity is linked to 
the metabolic consumption of energy reserves. 

The toxic effect of binary mixtures IBU + TCS was 
measured from the CI methodology. The mixtures 
showed a clear antagonism for oxygen uptake inhibition 
at low values of affected fraction, up to about fa = 0.4, 
after which the mixtures behaved additively. Contrary 
to the commonly accepted assumption, strong mixture 
effect existed at low effect values, corresponding to the 
lower range of assayed concentrations. The antagonism 
was higher for oxygen uptake than for enzymatic 
activity and there were no differences depending on the 
AS concentration. 
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