
Study on the Joint Toxicity of Multi-component Mixtures of Quaternary 
Ammonium Compounds

Y. Jin*, L.Y. Mo*(**)(***)†, L.T. Qin*(**)(***) and J.F. Dai*(**)(***)
*College of Environmental Science and Engineering, Guilin University of Technology, Guilin 541004, China
**Technical Innovation Center of Mine Geological Environmental Restoration Engineering in Southern Karst Area, 
MNR, Nanning 530023, China
***Guangxi Collaborative Innovation Center for Water Pollution Control and Water Safety in Karst Area, Guilin  
University of Technology, Guilin 541004, China
† Corresponding author: Ling-Yun Mo; molingyun123@126.com

ABSTRACT

Pollutants generally exist as mixtures in the environment. Their cumulative toxicity and toxicity 
interactions are potential risks. Therefore, this study aimed to examine the variation of joint toxicity 
of a multi-component mixture system, which consisted of six common quaternary ammonium salt 
surfactants in the environment, on Vibrio qinghaiensis sp.-Q67 (Q67). Vibrio qinghaiensis sp. -Q67 
(Vqin-Q67) is a freshwater luminescent bacterium that continuously emits blue-green light (485 nm). 
The bacterium has been widely used for detecting toxic contaminants.  In the mixture system, the 
luminescent toxicity of each component of the mixture to Q67 was determined by the microplate toxicity 
analysis method, and the toxicity interaction of the mixture was determined by the toxicity unit method 
(TU). The combined toxicity of the mixture system was investigated from four aspects, including the 
number of components, key components, concentration (toxicity) ratio, and exposure time. The results 
showed that the combined toxic effect of the same mixture system tends to be an additive effect with the 
increase of the number of components. The combined toxicity of the mixture system was close to that 
of the key components. Antagonism was presented in the equal toxicity mixture, while synergism was 
presented in the non-equal toxicity mixture. The combined toxic effect of the multi-component mixture 
system was not only related to the concentration of the pollutant but also related to the exposure time 
of the pollutant.         

INTRODUCTION

Quaternary ammonium compounds (QACs) are widely used as 
surfactants and disinfectants (Luo et al. 2020). It has a global 
output of more than 500000 tons.year-1 and has been listed in 
the list of high-yield chemicals by the Organization for Eco-
nomic Cooperation and Development (OECD 2004). They are 
widely used mainly as disinfectants, detergents, preservatives, 
and fabric softeners (Ruan et al. 2014, Oh et al. 2014, Zhang 
et al. 2015). Although surfactants have been widely used, most 
of the products have not been properly treated and discharged 
into the water body, resulting in serious water environmental 
pollution (Brycki et al. 2014, Jardak et al. 2016, Ostman et al. 
2017). Surfactants are often detected in surface water at the 
concentration of ug.L-1 (Ferrer & Furlong 2001, Olkowska et 
al. 2013). Surfactants may threaten the aquatic ecosystems 
when they reach a certain concentration in the water body 

(Rosety et al. 2001, Kobuke 2002).

Contaminants are often present in the form of mixtures 
(Cipullo et al. 2019, Perez & and Hoang 2017). QACs 

generally exist as mixtures in the environment (Kwon 
et al. 2019, Ruan et al. 2014, Zhang et al. 2015). Warne 
& Hawker (1995) studied a new hypothesis, the funnel 
hypothesis, which was derived to explain the variation in 
toxicity of equitoxic multicomponent mixtures of nonspecific 
toxicants (narcotics). Results showed that as the number of 
components in a mixture increases, the range of deviation 
from toxic additivity decreases. In addition to the number of 
components and the nature of the compound, the toxicity of 
the single component also has a large change in the combined 
toxicity effect (Li et al. 2017). Mixture systems of different 
components can be considered as one space, and mixtures of 
different mixture ratios are points dispersed in space (Liu et 
al. 2016a, Liu et al. 2016b). Therefore, the closer mixtures 
in this space have similar toxicity because their mixing ratios 
are similar to the concentration levels (Qu et al. 2019), and 
most studies have shown that component concentration 
ratio changes also have an effect on the combined toxicity 
of the mixture (Feng et al. 2017, Xu et al. 2018, Baek et al. 
2019). In addition, considerable attention has been given to 
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the impact of the exposure period on pollutant toxicities. 
In the standard toxicity test of algae, bacteria, and large 
cockroaches, prolonging the exposure time will increase 
the toxicity of poisons (Vannini et al. 2018, Mo et al. 2020a, 
Mo et al. 2020b, Hatano & Shoji 2010). Therefore, it can 
be found that the number of components in a mixture, the 
component properties (key components), the concentration 
(toxicity ratio), and the exposure time are the four main 
factors affecting the combined toxicity effect of the mixture.

However, most of the current research concentrated on 
the compound system of equal toxicity ratio (Li et al. 2017, 
Feng et al. 2017, Xu et al. 2018). There is still a lack of a 
systematic and comprehensive study on the variation law 
of the combined toxicity effect of the pollutant with com-
plex toxic mechanism and non-toxic ratio mixture system. 
Therefore, in this study, the quaternary ammonium salt 
surfactant was used as the research object to determine the 
combined toxicity effect of a series of mixtures, including 
binary, ternary, quaternary, five-component mixture, etc.) 
components. The main factors affecting the toxic effects 
of the mixture were further revealed. The variation of the 
toxic effects of the multi-component mixtures was inves-
tigated from four aspects: the number of components, the 
key components, the toxicity (concentration) ratio, and the  
exposure time.

MATERIALS AND METHODS

Main Reagent

The physicochemical properties of the six quaternary am-
monium surfactants are shown in Table 1. The stock solution 
was prepared using Milli-Q ultrapure water and stored in a 
refrigerator at 4 °C.

Toxicity test and Mixture Design

The freeze-dried Vibrio qinghaiensis sp.-Q67 (Q67) was 
purchased from Beijing Hamamatsu Corp., Ltd. (Beijing, 
China). The formulations of liquid medium, concentrated 

medium, and solid medium were described in the literature 
(Yu et al. 2014). Toxicity was determined by microplate 
toxicity analysis (Yuan et al. 2011). 

To investigate the effects of the number of components 
on the combined toxicity effect, we designed a series of 
mixture systems with equivalent effect concentration ratios 
at multiple equal toxicity concentration ratios according to 
the toxicity data of single QACs compounds. The toxicities of 
the mixtures were determined by using Q67 as the indicator 
organism, and the combined toxicities of the mixtures were 
calculated by using the TU method.

As early as 1965, Sprague & Ramsay (1965) proposed 
the concept of toxicity unit (TU) to study the effects of Cu-
Zn interaction on the growth and development of Atlantic 
salmon larvae. In 1975, Anderson and Webbe (1975) revised, 
improved, and developed this concept.
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a Abbreviation for a single compound name; b: Analytical purity. 
c Truth and Reconciliation Commission of Canada; d: Negative logarithm of 50% effect concentration. 
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calculated using TUsum. The results are shown in Table 2 
and Fig. 1.

The binary equivalent concentration ratio (EC50) of BLB-
TLB was used as the initial mixture, and different QACs were 
added into the binary mixture according to the equivalent 
concentration ratio (EC50), in turn, to form a series of mul-
ti-component equivalent concentration ratio mixtures (Table 
2). Since it was difficult to determine the single toxicity of 
22 compounds and the combined toxicity of their mixtures 
simultaneously, the 22 multi-component mixtures used in this 
study were all 22-component mixtures. As indicated in Table 
1 and Fig. 1a, the combined toxic effect of the multivariate 
isotopic concentration ratio changed from antagonistic to 
additive effect with the consecutive addition of the QACs 
chemical for that binary isotopic system of BLB-TLB as the 

initial system. Fig. 1b was a histogram of the mixture, the 
original quaternary mixing system was a multi-hybrid system 
in which toxic effects were antagonistic. The combined toxic 
effects of a mixing system tend to have an additive effect as 
the number of components in the combination increases.

The above results showed that the mixture system had 
a similar trend when the mixture was mixed with an equal 
effect concentration ratio for the same system of pollutants. 
The antagonistic effect increased first and then decreased 
gradually to concentration addition with the increase of 
component. For example, as shown in Fig. 1a, the apparent 
joint toxicity of the six-membered mixture was antagonism 
(TUsum=2.53±0.05) and the joint toxicity of the 22-membered 
mixture was additive (TUsum=0.81±0.05), which indicated 
that the number of components mixture system had an effect 

Table 2: Composition of compound pollutants and determination results.

Number of components 1 2 3 4 5 6 TUsum 95%CI e

2 BLB TLB 2 1.95 ~2.05

3 BLB TLB BLC 3 2.97 ~3.03

4 BLB TLB BLC CTE 3.71 3.62 ~3.80

5 BLB TLB BLC CTE DTC 3.02 2.98 ~3.06

6 BLB TLB BLC CTE DTC TAC 2.53 2.48 ~2.58

10a BLB TLB BLC CTE DTC TAC 1.69 1.64 ~1.72

14b BLB TLB BLC CTE DTC TAC 1.11 1.08~1.21

18c BLB TLB BLC CTE DTC TAC 0.93 0.87 ~0.98

22d BLB TLB BLC CTE DTC TAC 0.81 0.76 ~0.86

a Includes single EC50 BLB+TLB and four 2-fold EC50 BLC+CTE+DTC+TAC (2+4×2=10);
b Includes single EC50 BLB+TLB and four 3-fold EC50 BLC+CTE+DTC+TAC (2+4×3=14);
c Includes single EC50 BLB+TLB and four 4-fold EC50 BLC+CTE+DTC+TAC (2+4×4=18);
d Includes single EC50 BLB+TLB and four 5-fold EC50 BLC+CTE+DTC+TAC (2+4×5=22).
e 95% Confidence interval. (the same below)
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Fig. 1: Effect of Component Number on the Toxicity Effect of Multi-Equivalent Mixture System with Equivalent Effect 
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on the joint toxicity of the mixture system. Therefore, these 
components can be considered as the key components to de-
termine the joint toxic effects of multi-component mixtures.

Variation of Toxicity Interaction of QACs with Key 
Components

Fig. 2 showed the effects of key components of the isotope 
ratio mixture on the TU values. In Fig. 2a, the combined 
toxic effects of adding 2-fold TAC and 2-fold DTC became 
stronger. The experimental results of Fig. 2(b-d) further vali-
dated the joint toxic effects of binary, ternary, and quaternary 
mixtures with increasing composition.

The experimental results of Fig. 2(b-d) further validated 
the joint toxic effects of binary, ternary, and quaternary mix-
tures with increasing composition. For the binary mixture of 
BLB and TLB (Fig.2b), the antagonistic effect was weakened 
by the addition of BLC, because the combined effect of BLB 
or TLB in the BLC and the original binary system is stronger 
than that of BLB and TLB. For the binary mixture of BLB and 
BLC, the antagonistic effect was weakened by adding TLB, 
because TLB and BLB could produce a strong antagonistic 
effect, which was stronger than the concentration addition 
effect of the original binary mixture of BLB and BLC. As 
shown in Fig. 2c and Fig. 2d, except for the BLB+BLC+CTE, 
isovolumetric mixing in Fig. 2c presented a concentration 
addition effect, and the BLB+BLC+CTE+DTC isovolumet-

ric mixing in Fig. 2d induced a synergistic effect, which was 
similar to the other mixtures in Fig. 2a. 

Fig. 2a showed that the results of this study were not 
consistent with the funnel hypothesis proposed by Warne 
and Hawker (2010). The results showed that not only the 
number of components in the mixture system but also the 
properties of components (especially the key components) 
have an effect on the joint toxicity. In these multi-compo-
nent mixtures, the components that produce the strongest 
synergistic effects in binary mixtures could be considered 
as the key components.

It could be seen from Table 3 and Fig. 2 that the combined 
toxic effects of the mixture system could be enhanced when 
the newly added components and one of the original com-
ponents in the system had strong antagonistic effects. The 
components with strong combined effects could be regarded 
as the key components to determine the joint toxic effects 
of multi-component mixtures. The contribution of these key 
components to the joint toxic effects of multicomponent 
mixtures was greater than that of other components. The 
results were showed that the joint toxic effects of multi-com-
ponent mixtures were close to the joint toxic effects of the 
key components. In other words, the key components that 
determine the combined toxic effect of multi-component 
mixed systems can be determined by comparing the toxic 
effects of a series of mixtures.

Table 3: Composition of compound pollutants and determination results.

Mixture Volume ratio EC50
(mol.L-1)

-lgEC50
(mol.L-1)

95%CI TUsum Toxic interaction

BLB+TLB 1:1 1.22E-01 0.91 0.88~0.95 1.37 ANT

BLB+TLB+BLC 1:1:1 8.61E-02 1.06 1.00 ~1.13 1.27 Slight ANT

2:1:1 7.53E-02 1.12 1.08 ~1.17 1.39 ANT

BLB+TLB+BLC+CTE 1:1:1:1 1.07E-01 0.97 0.89 ~1.06 1.96 ANT

4:1:1:1 6.28E-02 1.20 1.11 ~1.30 1.85 ANT

BLB+TLB+BLC+CTE+DTC 1:1:1:1:1 7.27E-02 1.14 1.08 ~1.19 1.61 ANT

BLB+TLB+BLC+CTE+DTC+TAC 1:1:1:1:1:1 2.22E-02 1.65 1.63 ~1.67 0.57 SYN

BLB+TLB+BLC+CTE+DTC+2TAC 1:1:1:1:1:2 5.62E-02 1.25 1.22 ~1.28 0.52 SYN

BLB+TLB+BLC+CTE+2DTC+2TAC 1:1:1:1:2:2: 5.67E-02 1.25 1.19 ~1.30 0.48 SYN

BLB+BLC 1:1 2.92E-03 2.53 2.50 ~2.57 1.04 ADD

BLB+BLC+CTE 1:1:1 1.51E-03 2.82 2.79 ~2.85 0.80 Slight ADD

BLB+BLC+CTE+DTC 1:1:1:1 6.10E-04 3.21 3.17 ~3.26 0.43 SYN

BLB+TLB+CTE 1:1:1 9.15E-02 1.04 1.00 ~1.08 1.38 ANT

BLB+TLB+CTE+DTC 1:1:1:1 7.77E-02 1.11 1.05 ~1.16 1.46 ANT

BLB+TLB+BLC+DTC 1:1:1:1 8.65E-02 1.06 1.01 ~1.12 1.59 ANT

TLB+BLC+CTE+DTC 1:1:1:1 9.68E-02 1.01 0.97 ~1.06 1.78 ANT

ANT: Antagonism (the same below); ADD: Addition (the same below); SYN: Synergism (the same below)
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Variation of Mixed Toxicity Effect of QACs Mixtures 
with Mixture Concentration

The combined toxicity effects of binary mixture systems 
with the equal effect concentration ratio are shown in Fig. 
3, Fig. 4, and Table 4. 

In Fig. 3a, the toxic effects of BLB+TLB mixture except 
EC5 mixture were additive effect, and the other equivalent 

concentration ratios mixture were antagonistic effects. In 
Fig. 3b, the toxic effects of BLC-CTE mixed with EC5 
were additive, and the other equivalent concentration ratios 
were antagonistic. In Fig. 3c, the equivalent concentration 
of TAC+DTC was antagonistic at the concentration of EC5, 
EC10, EC20, EC30, EC40, and EC50, but all the TUsum of 
the mixtures of EC5 were 1.62, and the TUsum of the other 
mixtures was 1.35 ~ 1.42. In Fig. 3b, BLC+CTE mixture 

 

of Fig. 2(b-d) further validated the joint toxic effects of binary, ternary, and quaternary mixtures with 
increasing composition. 

The experimental results of Fig. 2(b-d) further validated the joint toxic effects of binary, ternary, and 
quaternary mixtures with increasing composition. For the binary mixture of BLB and TLB (Fig.2b), the 
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(mol.L-1) 
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(mol.L-
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BLB+BLC 1:1 2.92E-03 2.53 2.50 ~2.57 1.04 ADD 
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of Fig. 2(b-d) further validated the joint toxic effects of binary, ternary, and quaternary mixtures with 
increasing composition. 
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Fig. 2: Effect of key numbers on joint toxicity of mixed systems with multiple equal toxicity ratios.
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Fig. 3: Effects of mixing with different equivalent concentration ratios on joint toxicity of binary mixtures.
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systems exhibited additive or antagonistic effects at equal 
toxicity ratios. It was clear from TAC+DTC in Fig. 3c that 
the antagonistic effect was present at an equal toxicity ratio. 
For these two-two mixed systems, their combined toxicity 
effects did vary with the toxicity ratios.

Fig. 4 showed six component mixtures of five QACs 
compounds (BLB, TLB, BLC, CTE, and DTC) as the volume 
ratio of the compounds changed. Fig. 4a showed a ternary 
mixture system composed of BLB, TLB, BLC, CTE, and 
DTC in the ratio 1:1:1, 2:1:1, and 4:1:1. It could be seen 
from the figure that the combined toxicities of the mixture of 
BLB+BLC+DTC, BLB+CTE+DTC, and BLC+CTE+DTC 
mixtures were synergistic effects, and toxic effects did not 
change with the volume change of a single component. 
The combined toxicity of the BLB+BLC+CTE mixture 
was additive and basically did not change with the volume 
change of a single component. The combined toxicity of 
the BLB+TLB+BLC mixture was concentration additive. 
The mixture toxicities of the BLB+TLB+CTE and TLB+-
BLC+CTE mixtures were antagonism at ratio 1:1:1 and 
became additive at ratio 4:1:1 with the change of volume 
ratio of a single component.

Fig. 4b showed three ternary mixtures of BLB, TLB, 
BLC, CTE, and DTC in 1:1:1, 1:1:2, and 1:1:4. The toxicity 
of the BLB+TLB+CTE mixture was antagonism, and TUsum 
slightly changed with the increase of volume ratio of CTE, but 
it did not cause the change of mixture toxicity. The mixture 
toxicities of BLB+BLC+DTC and BLB+DTC+CTE were 
synergistic, and the synergistic effect of BLB+BLC+DTC 
increased slightly with the increase of DTC volume. Fig. 
4c showed two ternary mixtures composed of BLB, TLB, 
BLC, and CTE of ratios 1:1:1, 1:2:1, and 1:4:1. The mixture 
toxicity of the BLB+TLB+BLC mixture was antagonistic. 
As the volume of TLB increases, the mixture toxicity tends 
to increase from antagonistic effect to additive effect. The 
mixture toxicity of the BLB+BLC+CTE mixture was the 
synergistic effect, and the synergistic effect was the strongest 
when the volume ratio was 1:2:1. Fig. 4d showed two ternary 
mixtures of BLC, CTE, TLB, and DTC in 1:1:1, 1:1:5, and 
1:1:10. The toxicity of the TLB+BLC+CTE mixture tended 
to shift from synergistic to antagonistic as the CTE volume 
increased. With the increase of DTC volume, the TUsum of 
the BLC+CTE+DTC mixture had no change. Therefore, the 
key component may be CTE. 

Table 4: Composition and joint toxicity of binary compounds.

Mixture Equal effect concentration 
ration

EC50 
(mol/L)

-lgEC50
(mol/L)

95% CI TUsum Toxic interaction

BLB+TLB EC5+EC5 7.50E-02 1.12 1.10 ~1.15 0.81 Slight ADD

EC10+EC10 1.14E-01 0.94 0.86 ~1.02 1.22 Slight ANT 

EC20+EC20 8.98E-02 1.05 1.00 ~1.09 1.39 ANT

EC30+EC30 1.19E-01 0.93 0.85 ~1.00 1.72 ANT

EC40+EC40 1.34E-01 0.87 0.82 ~0.93 1.96 ANT

EC50+EC50 1.33E-01 0.88 0.83 ~0.93 2.00 ANT

BLC+CTE EC5+EC5 2.35E-03 2.63 2.56 ~2.70 0.93 ADD

EC10+EC10 6.36E-03 2.20 2.17 ~2.23 2.44 ANT

EC20+EC20 5.94E-03 2.23 2.18 ~2.27 2.21 ANT

EC30+EC30 6.28E-03 2.20 2.17 ~2.24 2.29 ANT

EC40+EC40 5.77E-03 2.24 2.19 ~2.28 2.08 ANT

EC50+EC50 5.64E-03 2.25 2.16 ~2.34 2.01 ANT

TAC+DTC EC5+EC5 2.16E-03 2.67 2.62 ~2.71 1.62 ANT 

EC10+EC10 1.80E-03 2.75 2.72 ~2.77 1.35 ANT

EC20+EC20 1.87E-03 2.73 2.67 ~2.78 1.42 ANT

EC30+EC30 1.89E-03 2.72 2.68 ~2.76 1.43 ANT 

EC40+EC40 1.89E-03 2.72 2.68 ~2.77 1.44 ANT

EC50+EC50 1.88E-03 2.73 2.65 ~2.80 1.45 ANT 

ANT: Antagonism (the same below); ADD: Addition (the same below); SYN: Synergism (the same below)
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Fig. 4e shows two quaternary mixtures of BLB, TLB, 
BLC, CTE, and DTC in 1:1:1:1, 2:1:1:1:1, and 4:1:1:1. 
The mixture toxicity of the BLB+TLB+BLC+CTE mixture 
was antagonistic, and with the increase of BLB volume, 
the toxicity TUsum had little change. The mixture of BLB+-
BLC+CTE was added into TLB, which made the mixture 
toxicity change from additive to antagonistic. The mixture 
toxicity of BLB+BLC+CTE+DTC was antagonistic. It was 
the synergistic effect, and TUsum slightly increases with the 
increase of BLB volume. It could be seen that adding DTC 
to the BLB+BLC+CTE mixture could increase the toxicity 
of the mixture, while the toxicity of ternary mixture con-
taining DTC did not change with the change of the volume 
of other components. It could be seen that DTC was the key 
component in any ternary mixture and quaternary mixture.

Fig. 4f showed six component mixture of ratios 
1:1:1:1:1:1 and 6:1:1:1:1:1:1, and five-component mixture of 
ratio 1:1:1:1:1:1. It could be seen from the figure that with the 
increase of BLB volume, the toxicity interaction of the mix-
ture basically had no change. Compared with Fig. 4e, it could 
be seen that TLB was added to the BLB+BLC+CTE+DTC 
mixture, and the toxicity interaction of the mixture changed 
significantly, that was, from synergism to antagonism. It 
could be seen that TLB may be the key component in the five 
component mixture. When DTC was added to the BLB+TL-

B+BLC+CTE mixture, the TUsum of the mixture decreased 
slightly, but it was still antagonism. When TAC was added 
to the mixture of BLB+TLB+BLC+CTE+DTC, the TUsum 
of the mixture interaction decreased significantly, that was, 
from antagonism to synergism.

It could be seen from Fig. 4 that with the shift of toxicity 
ratio, i.e. volume ratio, from isotoxicity to non-isotoxicity, 
its combined toxicity effect changes antagonism-concentra-
tion addition-synergy. The results show that the number of 
fraction items and key components mentioned above, and 
the toxicity ratio of the components in the mixture system 
also had an effect on the joint toxicity of the mixed system. 
Taking the mixture of TLB+ BLC+CTE, BLB+BLC+CTE, 
and BLB+TLB+BLC+TCE in The toxic effect of a binary 
mixture containing BLC and CTE is TUsum=0.932.44, 
increasing the BLB component was a ternary mixture, and 
the concentration additive effect of BLB and BLC+CTE 
(TUsum=0.80.86) was greater than the existing combined 
toxicity effect of the binary mixed system and was increased 
based on the ternary mixture (see Fig. 4). The synergistic 
effect of DTC and BLC+CTE+BLB (TUsum=0.49~0.51) 
was greater than the existing combined toxic effect of the 
ternary mixed system. The toxic effect was enhanced after 
increasing DTC. However, for the toxic effect of the binary 
mixtures containing BLB and CTE (TUsum= 0.8 ~ 2.00), 

   
Fig. 3: Effects of Mixing with Different Equivalent Concentration Ratios on Joint Toxicity of Binary Mixtures. 

Fig. 4 showed six component mixtures of five QACs compounds (BLB, TLB, BLC, CTE, and DTC) as 
the volume ratio of the compounds changed. Fig. 4a showed a ternary mixture system composed of BLB, 
TLB, BLC, CTE, and DTC in the ratio 1:1:1, 2:1:1, and 4:1:1. It could be seen from the figure that the 
combined toxicities of the mixture of BLB+BLC+DTC, BLB+CTE+DTC, and BLC+CTE+DTC mixtures 
were synergistic effects, and toxic effects did not change with the volume change of a single component. 
The combined toxicity of the BLB+BLC+CTE mixture was additive and basically did not change with the 
volume change of a single component. The combined toxicity of the BLB+TLB+BLC mixture was 
concentration additive. The mixture toxicities of the BLB+TLB+CTE and TLB+BLC+CTE mixtures were 
antagonism at ratio 1:1:1 and became additive at ratio 4:1:1 with the change of volume ratio of a single 
component. 

Fig. 4b showed three ternary mixtures of BLB, TLB, BLC, CTE, and DTC in 1:1:1, 1:1:2, and 1:1:4. 
The toxicity of the BLB+TLB+CTE mixture was antagonism, and TUsum slightly changed with the increase 
of volume ratio of CTE, but it did not cause the change of mixture toxicity. The mixture toxicities of 
BLB+BLC+DTC and BLB+DTC+CTE were synergistic, and the synergistic effect of BLB+BLC+DTC 
increased slightly with the increase of DTC volume. Fig. 4c showed two ternary mixtures composed of BLB, 
TLB, BLC, and CTE of ratios 1:1:1, 1:2:1, and 1:4:1. The mixture toxicity of the BLB+TLB+BLC mixture 
was antagonistic. As the volume of TLB increases, the mixture toxicity tends to increase from antagonistic 
effect to additive effect. The mixture toxicity of the BLB+BLC+CTE mixture was the synergistic effect, and 
the synergistic effect was the strongest when the volume ratio was 1:2:1. Fig. 4d showed two ternary mixtures 
of BLC, CTE, TLB, and DTC in 1:1:1, 1:1:5, and 1:1:10. The toxicity of the TLB+BLC+CTE mixture tended 
to shift from synergistic to antagonistic as the CTE volume increased. With the increase of DTC volume, the 
TUsum of the BLC+CTE+DTC mixture had no change. Therefore, the key component may be CTE.  

Fig. 4e shows two quaternary mixtures of BLB, TLB, BLC, CTE, and DTC in 1:1:1:1, 2:1:1:1:1, and 
4:1:1:1. The mixture toxicity of the BLB+TLB+BLC+CTE mixture was antagonistic, and with the increase 
of BLB volume, the toxicity TUsum had little change. The mixture of BLB+BLC+CTE was added into TLB, 
which made the mixture toxicity change from additive to antagonistic. The mixture toxicity of 
BLB+BLC+CTE+DTC was antagonistic. It was the synergistic effect, and TUsum slightly increases with the 
increase of BLB volume. It could be seen that adding DTC to the BLB+BLC+CTE mixture could increase 
the toxicity of the mixture, while the toxicity of ternary mixture containing DTC did not change with the 
change of the volume of other components. It could be seen that DTC was the key component in any ternary 
mixture and quaternary mixture. 

Fig. 4f showed six component mixture of ratios 1:1:1:1:1:1 and 6:1:1:1:1:1:1, and five-component 
mixture of ratio 1:1:1:1:1:1. It could be seen from the figure that with the increase of BLB volume, the 
toxicity interaction of the mixture basically had no change. Compared with Fig. 4e, it could be seen that TLB 
was added to the BLB+BLC+CTE+DTC mixture, and the toxicity interaction of the mixture changed 
significantly, that was, from synergism to antagonism. It could be seen that TLB may be the key component 
in the five component mixture. When DTC was added to the BLB+TLB+BLC+CTE mixture, the TUsum of 
the mixture decreased slightly, but it was still antagonism. When TAC was added to the mixture of 
BLB+TLB+BLC+CTE+DTC, the TUsum of the mixture interaction decreased significantly, that was, from 
antagonism to synergism. 

   

0.8

1.2

1.6

2.0

2.4

2.8

EC
50

EC
40

EC
30

EC
20

EC
10

EC
5

TU
su

m

BLB+TLB

a.
0.8

1.2

1.6

2.0

2.4

2.8

EC
50

EC
40

EC
30

EC
20

EC
10

EC
5

TU
su

m

BLC+CTE

b.
0.8

1.2

1.6

2.0

2.4

2.8

EC
50

EC
40

EC
30

EC
20

EC
10

EC
5

TU
su

m

TAC+DTC

c.

0.0

0.4

0.8

1.2

1.6

2.0

4:1:1
2:1:1

TU
su

m

Volume ratio

1:1:1a. 0.0

0.4

0.8

1.2

1.6

2.0

1:1:4
1:1:2

TU
su

m

Volume ratio

1:1:1b.
0.0

0.4

0.8

1.2

1.6

2.0

1:4:1
1:2:1

TU
su

m

Volume ratio

1:1:1c.

   
BLB+TLB+BLC          BLB+TLB+CTE         TLB+BLC+CTE 
BLB+BLC+CTE          BLB+BLC+DTC         BLB+DTC+CTE 
BLC+CTE+DTC          BLB+BLC+CTE+DTC 
BLB+TLB+BLC+CTE          BLB+TLB+BLC+CTE+DTC+TAC 

Fig. 4: Ternary and Multivariate Mixed Equal Volume Ratio. 

It could be seen from Fig. 4 that with the shift of toxicity ratio, i.e. volume ratio, from isotoxicity to 
non-isotoxicity, its combined toxicity effect changes antagonism-concentration addition-synergy. The results 
show that the number of fraction items and key components mentioned above, and the toxicity ratio of the 
components in the mixture system also had an effect on the joint toxicity of the mixed system. Taking the 
mixture of TLB+ BLC+CTE, BLB+BLC+CTE, and BLB+TLB+BLC+TCE in The toxic effect of a binary 
mixture containing BLC and CTE is TUsum=0.932.44, increasing the BLB component was a ternary mixture, 
and the concentration additive effect of BLB and BLC+CTE (TUsum=0.80.86) was greater than the existing 
combined toxicity effect of the binary mixed system and was increased based on the ternary mixture (see 
Fig. 4). The synergistic effect of DTC and BLC+CTE+BLB (TUsum=0.49~0.51) was greater than the existing 
combined toxic effect of the ternary mixed system. The toxic effect was enhanced after increasing DTC. 
However, for the toxic effect of the binary mixtures containing BLB and CTE (TUsum= 0.8 ~ 2.00), except 
EC5, which is 0.8, it was 1.39 ~ 2.00. The combined toxicity of other mixtures was less than the existing 
effect of ternary mixtures (BLB+CTE+BLC) (TUsum=1.27~1.38), so the increase of BLC enhanced the 
combined toxicity effect of the mixed system.  
Variation of Mixture Toxicity of QACs with Different Exposure Time 

Fig. 5 showed the change of combined toxic effect of five components (BLB+TLB+BLC+CTE+DTC) 
mixture system with exposure time. It was shown that the mixture system with equal effect concentration 
ratio EC50 and EC10 was antagonistic effects. With the increase of exposure time (0.5h, 2h, 4h, 6h, 8h, 10h, 
and 12h), the toxic effect of EC50 mixture systems was gradually weakened. When the mixture was mixed 
according to EC10, its toxic effect gradually weakened with the increase of exposure time, and it was the 
weakest when the exposure time was 4h. 

   
Fig. 5: Effects of a mixture of quintile equivalent concentration ratios on joint toxicity of Q67 in different exposure time. 

As could be seen from Fig. 5, in the mixture system, it was found that the joint toxic effect of the 
multiple mixture system was not only related to the dose or concentration of pollutants but also related to 
the exposure time of pollutants. 
 
Tendency Analysis of Mixed Toxic Effects of QACs 

 
To further analyze the trend of joint toxic effects of multi-component mixtures, we converted the multi-

component mixtures into corresponding fraction numbers based on the toxicity ratios of the multicomponent 
mixtures. For example, a ternary mixture with a toxicity ratio of 4: 1: 1 could be considered as a mixture of 
six components. Then, the relationship between the combined effect of the mixture and the purpose of the 
fraction could be obtained. As the purpose of the fraction increases, the possibility of antagonistic or 
synergistic effects increases gradually. However, it should be noted that it was very difficult to obtain a 
uniform critical number of components for different reaction-type mixtures. This was because the joint 

0.0

0.4

0.8

1.2

1.6

2.0

1:1:10
1:1:5

TU
su

m

Volume ratio

1:1:1d.
0.0

0.4

0.8

1.2

1.6

2.0

4:1:1:1

2:1:1:1

TU
su

m

Volume ratio

1:1:1:1e.
0.4

0.8

1.2

1.6

2.0

6:1:1:1:1:1

TU
su

m

Volume ratio
1:1:1:1:1:1

BLB-TLB-BLC-CTE-DTC

f.

0.5 2 4 6 8 10 12
0

1

2

3

4

5

TU
su

m

Time/(h)

EC50

0.5 2 4 6 8 10 12
0

1

2

3

4

5

TU
su

m

Time/(h)

EC10

Fig. 4: Ternary and multivariate mixed equal volume ratio.



1650 Y. Jin et al.

Vol. 20, No. 4, 2021 • Nature Environment and Pollution Technology  

   
BLB+TLB+BLC          BLB+TLB+CTE         TLB+BLC+CTE 
BLB+BLC+CTE          BLB+BLC+DTC         BLB+DTC+CTE 
BLC+CTE+DTC          BLB+BLC+CTE+DTC 
BLB+TLB+BLC+CTE          BLB+TLB+BLC+CTE+DTC+TAC 

Fig. 4: Ternary and Multivariate Mixed Equal Volume Ratio. 

It could be seen from Fig. 4 that with the shift of toxicity ratio, i.e. volume ratio, from isotoxicity to 
non-isotoxicity, its combined toxicity effect changes antagonism-concentration addition-synergy. The results 
show that the number of fraction items and key components mentioned above, and the toxicity ratio of the 
components in the mixture system also had an effect on the joint toxicity of the mixed system. Taking the 
mixture of TLB+ BLC+CTE, BLB+BLC+CTE, and BLB+TLB+BLC+TCE in The toxic effect of a binary 
mixture containing BLC and CTE is TUsum=0.932.44, increasing the BLB component was a ternary mixture, 
and the concentration additive effect of BLB and BLC+CTE (TUsum=0.80.86) was greater than the existing 
combined toxicity effect of the binary mixed system and was increased based on the ternary mixture (see 
Fig. 4). The synergistic effect of DTC and BLC+CTE+BLB (TUsum=0.49~0.51) was greater than the existing 
combined toxic effect of the ternary mixed system. The toxic effect was enhanced after increasing DTC. 
However, for the toxic effect of the binary mixtures containing BLB and CTE (TUsum= 0.8 ~ 2.00), except 
EC5, which is 0.8, it was 1.39 ~ 2.00. The combined toxicity of other mixtures was less than the existing 
effect of ternary mixtures (BLB+CTE+BLC) (TUsum=1.27~1.38), so the increase of BLC enhanced the 
combined toxicity effect of the mixed system.  
Variation of Mixture Toxicity of QACs with Different Exposure Time 

Fig. 5 showed the change of combined toxic effect of five components (BLB+TLB+BLC+CTE+DTC) 
mixture system with exposure time. It was shown that the mixture system with equal effect concentration 
ratio EC50 and EC10 was antagonistic effects. With the increase of exposure time (0.5h, 2h, 4h, 6h, 8h, 10h, 
and 12h), the toxic effect of EC50 mixture systems was gradually weakened. When the mixture was mixed 
according to EC10, its toxic effect gradually weakened with the increase of exposure time, and it was the 
weakest when the exposure time was 4h. 

   
Fig. 5: Effects of a mixture of quintile equivalent concentration ratios on joint toxicity of Q67 in different exposure time. 

As could be seen from Fig. 5, in the mixture system, it was found that the joint toxic effect of the 
multiple mixture system was not only related to the dose or concentration of pollutants but also related to 
the exposure time of pollutants. 
 
Tendency Analysis of Mixed Toxic Effects of QACs 

 
To further analyze the trend of joint toxic effects of multi-component mixtures, we converted the multi-

component mixtures into corresponding fraction numbers based on the toxicity ratios of the multicomponent 
mixtures. For example, a ternary mixture with a toxicity ratio of 4: 1: 1 could be considered as a mixture of 
six components. Then, the relationship between the combined effect of the mixture and the purpose of the 
fraction could be obtained. As the purpose of the fraction increases, the possibility of antagonistic or 
synergistic effects increases gradually. However, it should be noted that it was very difficult to obtain a 
uniform critical number of components for different reaction-type mixtures. This was because the joint 

0.0

0.4

0.8

1.2

1.6

2.0

1:1:10
1:1:5

TU
su

m

Volume ratio

1:1:1d.
0.0

0.4

0.8

1.2

1.6

2.0

4:1:1:1

2:1:1:1

TU
su

m

Volume ratio

1:1:1:1e.
0.4

0.8

1.2

1.6

2.0

6:1:1:1:1:1

TU
su

m

Volume ratio
1:1:1:1:1:1

BLB-TLB-BLC-CTE-DTC

f.

0.5 2 4 6 8 10 12
0

1

2

3

4

5

TU
su

m

Time/(h)

EC50

0.5 2 4 6 8 10 12
0

1

2

3

4

5

TU
su

m

Time/(h)

EC10

Fig. 5: Effects of a mixture of quintile equivalent concentration ratios on joint toxicity of Q67 in different exposure time.

except EC5, which is 0.8, it was 1.39 ~ 2.00. The combined 
toxicity of other mixtures was less than the existing effect of 
ternary mixtures (BLB+CTE+BLC) (TUsum=1.27~1.38), so 
the increase of BLC enhanced the combined toxicity effect 
of the mixed system. 

Variation of Mixture Toxicity of QACs with Different 
Exposure Time

Fig. 5 showed the change of combined toxic effect of five 
components (BLB+TLB+BLC+CTE+DTC) mixture system 
with exposure time. It was shown that the mixture system 
with equal effect concentration ratio EC50 and EC10 was 
antagonistic effects. With the increase of exposure time 
(0.5h, 2h, 4h, 6h, 8h, 10h, and 12h), the toxic effect of EC50 
mixture systems was gradually weakened. When the mix-
ture was mixed according to EC10, its toxic effect gradually 
weakened with the increase of exposure time, and it was the 
weakest when the exposure time was 4h.

As could be seen from Fig. 5, in the mixture system, it 
was found that the joint toxic effect of the multiple mixture 
system was not only related to the dose or concentration of 
pollutants but also related to the exposure time of pollutants.

Tendency Analysis of Mixed Toxic Effects of QACs

To further analyze the trend of joint toxic effects of mul-
ti-component mixtures, we converted the multi-component 
mixtures into corresponding fraction numbers based on the 
toxicity ratios of the multicomponent mixtures. For exam-
ple, a ternary mixture with a toxicity ratio of 4: 1: 1 could 
be considered as a mixture of six components. Then, the 
relationship between the combined effect of the mixture and 
the purpose of the fraction could be obtained. As the purpose 
of the fraction increases, the possibility of antagonistic or 
synergistic effects increases gradually. However, it should 
be noted that it was very difficult to obtain a uniform critical 
number of components for different reaction-type mixtures. 
This was because the joint toxicity of the mixture was not 

only related to the number of components, but also to the key 
components, toxicity ratio, and exposure time.

To summarize, those components which can produce 
strong combined effects were the key components to de-
termine the combined toxic effects of the mixture system. 
Therefore, we used TUmin-binary to describe quantitatively 
the contribution of the key components in 3, 4- and 5-com-
ponent mixtures to the mixture system. In the regions with 
large values of TUmin-binary and non-isotoxicity ratios, the 
joint toxic effects of multi-component mixtures tended to an-
tagonistic effects. The joint toxic effects of multicomponent 
mixtures tend to have synergistic effects in the region where 
the values of TUmin-binary and non-isotopic ratios were small 
because the joint toxic effects of multicomponent mixtures 
in this region were not determined by a single factor, but by 
a combination of multiple factors.

CONCLUSION

The results showed that the changes of joint toxic effects were 
mainly affected by four factors: the number of components, 
the properties of key components, concentration of compo-
nents, and the exposure time. In general, the antagonism of 
the combined effect increased with the increase of the fraction 
when the newly added components had a strong combined 
effect with the existing components. On the contrary, if the 
added components can have a strong combined effect with 
the existing components, and this effect was much stronger 
than the toxic effect between the existing components, then 
the toxic effect of the mixture system would be enhanced 
with the increase of the new components. 
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