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1. Introduction
Increasingly, there is need to monitor the environment 
for the presence of pollutants. Many important chemical 
compounds are derived from benzene by replacing one 
or more of its hydrogen atoms with another functional 
group. For example, benzene compound with just a 
hydroxyl group substituent is phenol and which with a 
methyl group substituent is toluene. When there is more 
than one substituent present on the ring, their spatial 
relationship becomes important, for which the arene 
substitution patterns ortho, meta and para were devised. 
For example, three isomers exist for dimethylbenzene 
because the two methyl groups can be placed next to 
each other (ortho), one position removed from each 
other (meta), or two positions removed from each other 
(para). 

Benzene and substituted benzene are important 
pathways of water and soil contamination. In the US 

alone, there are approximately 100,000 different sites 
that have benzene soil or groundwater contamination [1]. 
Benzene and substituted benzene exposure to humans 
are widely studied in terms of biochemical markers and 
molecular toxicology [2-6]. However, little is known about 
the acute toxicity of benzene and benzene derivatives 
to aquatic biota. Recently, bioassays are commonly 
used in environmental monitoring and depend upon 
well-established biological endpoints that correlate with 
pollutant exposure. The use of Chironomidae (midge) 
larvae as target organisms in toxicity tests has many 
advantages, including the ease of handling, their short 
lifespans and high sensitivity to toxicants as well as the 
easy laboratory maintenance of cultures [7]. Previous 
studies have reported the acute toxicity of contaminants 
to Chironomidae. These pollutants mainly focused on 
pesticides, heavy metals and herbicides [8,9]. In order 
to investigate the toxicity of basic substituted benzenes 
to midges, we tested the acute and joint toxicity of 
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Abstract:  This study investigated the toxic effects of 12 substituted benzenes exposed to Propsilocerus akamusi larvae singly and as 
mixtures. Their toxicities were quantified in terms of median effective concentration (EC50) killing 50% of the larvae. For individual 
substituted benzenes to 4th-instar P. akamusi larvae, the toxicity was in decreasing order of p-chlorophenol > nitrobenzene > 
phenol > 1,2-dimethylbenzene > 1,3-dimethylbenzene > chlorobenzene > p-phenylenediamine > 1,4-dimethylbenzene > 
m-phenylenediamine > methylbenzene > benzene > aniline. The order of toxicity among three isomers of dimethylbenzene was 
1,2-dimethylbenzene > 1,3-dimethylbenzene > 1,4-dimethylbenzene while p-phenylenediamine > m-phenylenediamine. The 
binary substituted benzene compounds’ toxicities were evaluated by toxic unit (TU), additive index (AI), mixture toxicity index (MTI) 
and similarity parameter index (λ). The evaluation results of TU and MTI for 9 substituted benzene compounds were completely 
consistent while the results of AI were the same as the results of λ based on 24 h EC50 of binary substituted benzenes. The evaluation 
results of 10 substituted benzene compounds were consistent using TU, MTI, AI and λ evaluation methods. 52.63% and 47.37% 
of binary substituted benzene tests on P. akamusi larvae showed synergism and partial addition/antagonism, respectively, under 
mixtures of equal proportions. These results suggest that substituted benzenes indicate acute and binary joint toxicity to P. akamusi.
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twelve common substituted benzene compounds on 
Chironomidae larvae, Propsilocerus akamusi. Our study 
provides pertinent information on the biological response 
of P. akamusi larvae to substituted benzenes in aquatic 
environments. Our results are expected to provide 
researchers with new insights into the assessment of 
substituted benzenes’ effects on aquatic invertebrates.

2. Experimental Procedures
2.1 Organisms
The aquatic midges, Propsilocerus akamusi Tokunaga, 
were obtained from Harbin Dafa Market (Harbin, 
Heilongjiang, China), and were cultured in accordance 
with standard protocols with slight modification [10]. 
Briefly, instead of collecting and separating eggs 
masses, the midges were reared in mixed-age cultures. 
Instar determination was achieved using length 
estimates. Fourth-instar midges were harvested directly 
from the mixed-age culture and used in the bioassays.

2.2 Chemicals
Twelve substituted benzenes were used in this study. 
These test chemicals along with their trade name, 
chemical name, formula, chemical structure, CAS 
number, octanol-water-partitioning coefficient (Kow) 
and relative purity are listed in Table 1. All the chemicals 
were purchased from Sigma (St. Louis, MO). The twelve 
substituted benzenes were prepared in dechlorinated 
water (water temperature 25±1oC and pH 7.58) as a
100 000 mg L-1 stock solution in dimethylsulfoxide prior 
to serial dilution for use in bioassays.

2.3 Single toxicity experiments
The effects of substituted benzenes on P. akamusi were 
evaluated by exposing 4th-instar midges to a range of 
concentrations of these compounds. The acute toxicity 
of each compound was assayed individually using 
6, 12, 24 and 48-hour static toxicity tests. Tests were 
conducted in 100-mL plastic cups containing 50 mL 
of test solution comprised of dechlorinated water as 
described earlier and prepared stock solution of the 
test compound. A stock solution of the test compound 
was diluted to seven concentrations. Thirty 4th-instar 
larvae were randomly assigned in each of the control 
and seven test treatments. Test plastic cups were not 
aerated and test solutions were not renewed during 
the tests. The test plastic cups were covered with 
clear plastic film to minimize evaporation. Tests were 
conducted at room temperature with photoperiod 
of 16 hours light to 8 hours dark. The numbers of 
immobilized midges were recorded at 6, 12, 24 and 

48 h using a dissecting microsope (10× magnification). 
Immobilization was defined as the cessation of all visible 
signs of movement or activity when viewed under the 
dissecting microscope. Each experiment was repeated 
using a different batch of midge larvae. An experiment 
was considered valid if mortality was lower than 10% in 
the control at the end of the test and dissolved oxygen 
was higher than 20% saturation.

The nominal substituted benzene concentrations 
used for the tests ranged from 30 to 500 mg L-1 for 
chlorobenzene, nitrobenzene, 1,4-dimethylbenzene, 
1,2-dimethylbenzene, 1,3-dimethylbenzene, 
phenol, p-chlorophenol, p-phenylenediamine and 
m-phenylenediamine, between 150 and 1200 mg/L for 
methylbenzene and benzene and between 600 and 
1800 mg L-1 for aniline. These test concentrations were 
chosen based on earlier range finding tests.

2.4 Binary mixture toxicity experiments
The joint toxicity of the substituted benzenes to midges 
was assessed by exposing midge larvae to a mixture 
of the two substituted benzenes according to the Pape-
Lindstrom and Lydy method with modification [11]. 
Briefly, the binary mixtures were combined at 1:1 of the 
toxic unit (TU) ratio and the 24 h effective concentrations 
(EC50) of binary mixtures were obtained in a similar 
manner as the single toxicity tests. Concurrent testing 
of the individual substituted benzene and the mixture 
was undertaken to allow direct comparison of the 
toxicity of the individual compounds to the mixture. The 
test protocol was as described earlier, with the three 
replicate tests analyzed separately.

2.5 Statistical analyses

2.5.1 Toxic Unit (TU)
We chose the modified toxic unit approach to model 
joint toxicity [12], primarily for its ease of use and 
understanding. In the toxic unit (TU) model, a value of 1 
TU is assigned to the 50% effective concentration (EC50) 
value of contaminant. A sum of the TU contributed by 
each component describes the toxicity of a mixture as 
follows:
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where Cn is the concentration of a chemical in 
a mixture and EC50n is the EC50 for the respective 
component chemicals of the mixture from 1 to n [13]. 
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The empirically measured toxicity can then be compared 
to the expected toxicity predicted by M. When 50% 
mortality occurs at TU values lower than 1, the mixture 
is exhibiting greater than additive toxicity (synergism). 
Otherwise, when 50% mortality occurs at TU values 
greater than 1, the mixture is less than additive toxicity 
(antagonism).

2.5.2 Additive Index (AI)
The AI was extracted as described by Marking [12]:
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where M is the sum of the concentrations that 
was expressed as equal fractions of the EC50 of each 

Trade name Chemical name Formula Chemical structure CAS No. Log 
Kow

Purity 
(%)

Benzene 1,3,5-cyclohexatriene C6H6 108-95-2 2.15 99.5%

Aniline Aminobenzene C6H5NH2 62-53-3 0.94 99.5%

Phenol Hydroxybenzene C6H6O 108-95-2 1.46 99.98%

Nitrobenzol Nitrobenzene C6H5NO2 98-95-3 1.86 99.0%

Toluene Methylbenzene C7H8 108-88-3 2.73 99.5%

benzene chloride Chlorobenzene C6H5Cl 108-90-7 2.84 99.99%

p-chlorophenol 4-hydroxychlorobenzene C6H5ClO 106-48-9 2.39 99.0%

p-xylene 1,4-dimethylbenzene CH3C6H4CH3 106-42-3 3.15 98.5%

o-xylene 1,2-dimethylbenzene CH3C6H4CH3 95-47-6 3.12 99.99%

m-xylene 1,3-dimethylbenzene CH3C6H4CH3 108-38-3 3.20 95%

p-phenylenediamine 1,4-benzenediamine C6H8N2 106-50-3 -0.30 98.5%

m-phenylenediamine 1,3-phenylenediamine C6H8N2 108-45-2 -0.42 99.5%

Table 1. Physical and chemical characteristics of 12 substituted benzene compounds used in toxicity tests.

 CAS=Chemical Abstracts Service.
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MTI Classification for toxicity of mixtures

MTI < 0 Antagonism

MTI = 0 No addition (independent action)

0 < MTI < 1 Partial addition

MTI = 1 Concentration addition (sample similar action)

MTI > 1 Synergism (potentiation of the toxic actions of 
one or more of the compounds in the mixture)

Table 2. Toxicity classification of mixtures according to MTI value.

component (M = ∑TUi). Simple addition is characterized 
by AI = 0, AI < 0 represents antagonism, and AI > 0 
indicates synergism.

2.5.3 Mixture Toxicity Index (MTI)
The MTI is determined using methodology originally 
described by Könemann [14], according to the equation:

 

n

n
n

i
i EC

C
EC

C
EC

CTUM
,502,50

2

1,50

1

1




  

 max
0

iTU
MM   

 













11
11/1

ifMM
ifMM

AI  

 

 0log/log1 MMMTI   

  1
/1

1


n

iTU  

 

 

where M is the sum of the concentrations that was 
expressed as equal fractions of the EC50 of each 
component (M = ∑TUi). M0 = M/max(TUi). The Table 2 
was employed as a measure of the mixture toxicity scale 
[15].

2.5.4 Similarity Parameter
The similarity parameter is determined using 
methodology originally described by Christensen and 
Chen [16], according to the equation:
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where λ is the similarity parameter and TUi is the toxic 
unit of each respective chemical in the mixture.

3. Results
3.1 Individual substituted benzene toxicity
The results from individual toxicity tests of 12 substituted 
benzenes are listed in Table 3. The range of 24 h EC50 
of 12 substituted benzenes to P. akamusi is from 
90 to 1100 mg L-1. Among the 12 substituted benzenes, 
p-chlorophenol was found to be the most highly toxic 
compound with 90.1 mg L-1 of 24 h EC50 while aniline 
was least toxic to P. akamusi with 1069.7 mg L-1 of 24 h 
EC50. For individual substituted benzenes, the EC50 
values gradually decreased with increasing treatment 
time. The 6 h EC50 of nitrobenzene is 4.08-fold of the 

48 h EC50 while the 6 h EC50 of 1,2-dimethylbenzene 
is 1.28-fold of the 48 h EC50. The toxicity effects of 
12 substituted benzenes may come from different 
substituted groups on the benzene ring. For the isomers 
of dimethylbenzenes and nitrobenzenes, the toxicities of 
the isomers of dimethylbenzenes to P. akamusi were in 
order of 1,2-dimethylbenzene > 1,3-dimethylbenzene > 
1,4-dimethylbenzene while the toxicities of the isomers 
of phenylenediamines to P. akamusi were in order of 
p-phenylenediamine > m-phenylenediamine.

3.2 Binary substituted benzene toxicity
Nineteen combinations of binary mixtures of substituted 
benzenes were found in the present study. The sum 
of TU (M value) contributed by binary substituted 
benzenes ranged from 0.600 to 1.660. The M value of 
methylbenzene combined with 1,4-dimethylbenzene 
(0.600) was lowest, showing synergism. However, the M 
value of nitrobenzene combined with 1,3-methylbenzene 
(1.660) was highest, showing a partially additive effect 
(Table 4). Among 19 binary substituted benzenes, the M 
values of ten pairs (aniline + benzene, methylbenzene  
+ benzene, nitrobenzene + chlorobenzene, 
chlorobenzene + methylbenzene, chlorobenzene  
+ benzene, nitrobenzene + methylbenzene, phenol  
+ nitrobenzene, phenol + benzene, nitrobenzene  
+ benzene, methylbenzene + 1,4-dimethylbenzene) 
were lower than 1, showing synergistic effects. Nine 
pairs (benzene + 1,3-dimethylbenzene, benzene  
+ 1,2-dimethylbenzene, benzene + 1,4-dimethylbenzene, 
nitrobenzene + 1,3-dimethylbenzene, 
phenol + 1,4-dimethylbenzene, nitrobenzene 
+ 1,4-dimethylbenzene, methylbenzene 
+ 1,2-dimethylbenzene, nitrobenzene 
+1,2-dimethylbenzene, methylbenzene + 
1,3-dimethylbenzene) showed partial additive effects 
(Table 5). According to the study of Broderius [17], 
concentration addition is characterized by M = 1 ± 0.2, 
where M < 0.8 represents synergism and M > 1.2 
indicates antagonism. Thus, 31.57% of 19 substituted 
benzenes showed synergistic effects and additive 
effects, while 36.84% of these compounds showed 
antagonistic effects. 

According to additive index evaluation, the AI of 
these 19 substituted benzenes was from -0.660 to 
0.666. The lowest AI value (-0.660) was nitrobenzene + 
1,3-methylbenzene, showing antagonistic effects, while 
the AI of methylbenzene + 1,4-methylbenzene (0.666) was 
highest, indicating synergistic effects (Table 4). 52.63% of 
19 substituted benzenes showed synergistic effects while 
47.37% showed antagonistic effects (Table 5). 

The range of MTI was from 0.269 to 1.736. The 
MTI value of nitrobenzene + 1,3-methylbenzene 
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Substituted benzene Treatment time (h) EC50  (95% Confidence Intervals) (mg L-1) Slope±SE χ2
(19)

Methylbenzene

6 692.3 (605.9-746.9) 7.6±1.4 18.3

12 610.6 (527.8-661.9) 10.6±2.2 8.9

24 566.0 (481.5-614.7) 8.7±1.8 12.4

48 531.0 (443.0-574.5) 13.0±3.5 12.6

Aniline

6 1593.3 (1436.8-1840.2) 3.5±0.5 12.6

12 1278.4 (1151.2-1359.1) 9.4±1.8 15.9

24 1069.7 (914.6-1180.4) 6.3±1.0 9.4

48 825.8 (637.1-950.7) 5.0±1.1 6.2

Phenol

6 222.5 (178.6-264.4) 3.2±0.6 26.0

12 184.8 (130.9-220.9) 3.9±0.7 43.7

24 134.9 (85.5-164.1) 4.7±0.9 21.3

48 67.7 (26.3-99.2) 2.5±0.5 18.9

Chlorobenzene

6 306.7 (232.6-356.9) 2.4±0.4 3.6

12 228.5 (143.1-282.1) 3.7±0.9 6.8

24 189.0 (104.5-235.8) 4.0±1.1 11.3

48 157.9 (64.8-203.5) 4.6±1.7 5.2

Nitrobenzene

6 347.8 (253.1-374.1) 2.3±0.3 6.4

12 176.1 (139.8-203.4) 3.9±0.6 20.2

24 106.0 (66.2-137.9) 2.8±0.5 14.2

48 85.3 (46.9-113.8) 3.1±0.7 9.9

1,4-dimethylbenzene

6 432.0 (359.1-585.0) 3.0±0.4 42.9

12 403.3 (367.0-449.2) 5.3±1.0 13.6

24 305.2 (278.8-323.8) 11.6±2.0 21.7

48 294.7 (258.5-317.3) 10.8±2.2 20.6

1,2-dimethylbenzene

6 193.7 (166.0-239.5) 2.5±0.3 16.3

12 166.8 (147.5-190.6) 3.6±0.6 8.8

24 156.4 (133.2-175.9) 4. 4±0.9 18.4

48 127.8 (98.2-145.7) 6.3±1.5 3.1

1,3-dimethylbenzene

6 337.2 (287.5-412.8) 2.1±0.3 19.0

12 189.3 (126.0-230.7) 3.1±0.7 16.5

24 183.7 (129.2-215.5) 4.5±1.1 7.4

48 157.7 (80.0-185.0) 5.4±2.2 15.3

Benzene

6 812.9 (700.3-891.8) 5.7±1.2 11.2

12 777.0 (669.2-842.9) 8.6±1.8 10.8

24 670.0 (513.7-755.9) 5.8±1.3 13.6

48 341.5 (169.0-445.2) 3.6±0.9 6.6

p-chlorophenol

6 134.2 (106.7-150.2) 6.4±1.5 5.4

12 125.2 (109.7-135.7) 7.5±1.4 11.9

24 90.1 (71.3-102.6) 5.2±1.0 9.8

48 61.8 (20.4-79.0) 4.4±1.5 8.7

p-phenylenediamine

6 460.3 (386.6-622.6) 2.3±0.4 4.8

12 401.2 (312.9-550.3) 1.9±0.5 8.9

24 226.5 (172.2-261.3) 4.7±0.9 15.7

48 141.9 (104.8-171.7) 6.1±1.5 11.8

m-phenylenediamine

6 673.3 (595.6-764.8) 3.9±0.6 3.7

12 505.9 (422.8-602.9) 2.8±0.4 9.7

24 362.7 (216.4-483.8) 2.3±0.6 2.3

48 205.9 (132.7-253.3) 4.5±1.1 4.3

Table 3. Acute toxicity of 12 substituted benzene compounds to 4th-instar P. akamusi.

 EC50= Median Effective concentration.
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was 0.269, showing partial addition. However, the 
highest MTI value (1.736) of these compounds was 
methylbenzene + 1,4-dimethylbenzene, showing 
synergism (Table 4). Among 19 substituted benzenes, 
52.63% of binary substituted benzenes (aniline  
+ benzene, methylbenzene + benzene, nitrobenzene 
+ chlorobenzene, chlorobenzene + methylbenzene, 
chlorobenzene + benzene, nitrobenzene  
+ methylbenzene, phenol + nitrobenzene, phenol  
+ benzene, nitrobenzene + benzene, methylbenzene  
+ 1,4-dimethylbenzene) showed synergistic effects, 
while 47.37% of these substituted benzenes (benzene  
+ 1,3-dimethylbenzene, benzene + 1,2-dimethylbenzene, 
benzene + 1,4-dimethylbenzene, nitrobenzene  
+ 1,3-dimethylbenzene, phenol + 1,4-dimethylbenzene, 
nitrobenzene + 1,4-dimethylbenzene, methylbenzene 
+ 1,2-dimethylbenzene, nitrobenzene  
+ 1,2-dimethylbenzene, methylbenzene  
+ 1,3-dimethylbenzene) showed partial addition (Table 5). 

Similarity parameter evaluation indicated the range 
of the λ index was 0.095 to 1.815 (Table 4). Ten binary 
substituted benzenes (aniline + benzene, methylbenzene 
+ benzene, nitrobenzene + chlorobenzene, 
chlorobenzene + methylbenzene, chlorobenzene  
+ benzene, nitrobenzene + methylbenzene, phenol 

+ nitrobenzene, phenol + benzene, nitrobenzene  
+ benzene, methylbenzene + 1,4-dimethylbenzene) 
showed synergistic joint action. Nine binary 
mixtures of these substituted benzenes (benzene  
+ 1,3-dimethylbenzene, benzene + 1,2-dimethylbenzene, 
benzene + 1,4-dimethylbenzene, nitrobenzene  
+ 1,3-dimethylbenzene, phenol + 1,4-dimethylbenzene, 
nitrobenzene + 1,4-dimethylbenzene, methylbenzene 
+ 1,2-dimethylbenzene, nitrobenzene  
+ 1,2-dimethylbenzene, methylbenzene  
+ 1,3-dimethylbenzene) showed antagonistic joint 
action (Table 5). 

4. Discussion
The substituted benzenes are a family of organic 
pollutants that will be harmful to human health by 
destroying water ecosystem balance. The toxicity of 
benzene, hydroxylbenzene (phenol), chlorobenzene, 
methylbenzene (toluene) and dimethylbenzene (xylene) 
to four chemolithotrophic bacteria (Nitrosomonas, 
Nitrobacter, Thiobacillus and Leptothrix) isolated from 
New Calabar River water were investigated by the static 
method of acute toxicity assessment. The results indicate 

Substituted benzene M AI MTI λ

benzene + 1,3-dimethylbenzene 1.576 -0.576 0.343 0.095

benzene + 1,2-dimethylbenzene 1.491 -0.491 0.424 0.101

benzene + 1,4-dimethylbenzene 1.293 -0.293 0.629 0.152

nitrobenzene + 1,3-dimethylbenzene 1.660 -0.660 0.269 0.269

phenol + 1,4-dimethylbenzene 1.205 -0.205 0.731 0.707

nitrobenzene + 1,4-dimethylbenzene 1.224 -0.224 0.708 0.708

methylbenzene + 1,2-dimethylbenzene 1.252 -0.252 0.676 0.733

nitrobenzene + 1,2-dimethylbenzene 1.061 -0.061 0.914 0.914

methylbenzene + 1,3-dimethylbenzene 1.042 -0.042 0.940 0.990

aniline + benzene 0.922 0.084 1.117 1.117

methylbenzene + benzene 0.886 0.129 1.175 1.175

nitrobenzene + chlorobenzene 0.817 0.224 1.292 1.292

chlorobenzene + methylbenzene 0.805 0.242 1.312 1.312

chlorobenzene + benzene 0.775 0.290 1.368 1.368

nitrobenzene + methylbenzene 0.755 0.324 1.405 1.405

phenol + nitrobenzene 0.752 0.329 1.410 1.410

phenol + benzene 0.714 0.400 1.485 1.485

nitrobenzene + benzene 0.663 0.509 1.593 1.593

methylbenzene + 1,4-dimethylbenzene 0.600 0.666 1.736 1.815

Table 4. Parameters of 4 evaluation methods of substituted benzene compounds.
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that hydroxyl and chlorosubstituted derivatives of benzene 
may pose a greater toxicity problem to microbiota than 
methyl-substituted derivatives of beneze in the New 
Calabar River [18]. However, very little is known about the 
acute toxicity and mixed toxicity of these compounds to 
aquatic midges. The present study evaluated the single 
toxicity and mixed toxicity of substituted benzenes on 
aquatic midges, P. akamusi. Exposed to methylbenzene, 
chlorobenzene, phenol and p-chlorophenol, the P. akamusi 
larvae indicated lower motion showing anesthetization. 
Phenol has corrosive effects on chironomid larvae, 
resulting in increasing epidermis adhesion. The different 
toxic symptoms of chironomid larvae exposed to 
twelve substituted benzenes may come from different 
mechanisms of substituted benzenes. 

Organic pollutants are divided into anesthetic toxicity 
pollutants and reactive toxicity pollutants [19]. Anesthetic 
toxicity is further divided into non-polar anesthetic 
toxicity and polar anesthetic toxicity. Anesthetic toxicity 
is basic toxicity showing low toxicity to organisms. The 
organic compounds with non-polar anesthetic toxicity 
destroy membranes but do not combine with biological 
macromolecules, whereas organic compounds with 
polar anesthetic toxicity are more toxic than organic 
compounds with basic toxicity [19]. Reactive toxic 

organic compounds could interact with organisms and 
produce multiple toxicity such as covalent bonding.

The range of 24 h EC50 of twelve substituted 
benzenes is from 90 to 1100 mg L-1, showing low toxicity 
to 4th-instar midge larvae. However, the toxicity is higher 
than in fishes and crabs [20]. P. akamusi has high 
tolerance to substituted benzene pollutants, indicating 
high detoxifying abilities. Moreover, P. akamusi has 
high tolerance of drought because its special cuticle 
may prevent water evaporation [21]. According to 24h 
EC50 values and poisoning symptoms, methylbenzene, 
aniline, chlorobenzene, 1,2-dimethylbenzene, 
1,3-dimethylbenzene and 1,4-dimethylbenzene 
were divided into non-polar anesthetic toxicity 
compounds. Some research has demonstrated that 
these compounds could accumulate on lipoprotein 
membranes, resulting in Na+ channels damage on cell 
membranes. Phenol, p-chlorophenol and nitrobenzene 
have polar anesthetic toxicity. The –OH group on phenol 
and the –NO2 on nitrobenzene produce toxicity through 
liposoluble action during transportation and interaction 
with receptors, and can further increase toxicity through 
binding hydrogen bonds. p-phenylenediamine and 
m-phenylenediamine with electrophilic NH2 interact with 
biological macromolecules such as protein and DNA. 

Substituted benzene compounds M AI MTI λ

benzene + 1,3-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

benzene + 1,2-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

benzene + 1,4-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

nitrobenzene + 1,3-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

phenol + 1,4-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

nitrobenzene + 1,4-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

methylbenzene + 1,2-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

nitrobenzene + 1,2-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

methylbenzene + 1,3-dimethylbenzene Partial addition Antagonism Partial addition Antagonism

aniline + benzene Synergism Synergism Synergism Synergism

methylbenzene + benzene Synergism Synergism Synergism Synergism

nitrobenzene + chlorobenzene Synergism Synergism Synergism Synergism

chlorobenzene + methylbenzene Synergism Synergism Synergism Synergism

chlorobenzene + benzene Synergism Synergism Synergism Synergism

nitrobenzene + methylbenzene Synergism Synergism Synergism Synergism

phenol + nitrobenzene Synergism Synergism Synergism Synergism

phenol + benzene Synergism Synergism Synergism Synergism

nitrobenzene + benzene Synergism Synergism Synergism Synergism

methylbenzene + 1,4-dimethylbenzene Synergism Synergism Synergism Synergism

Table 5. Evaluation results of binary substituted benzene compounds.
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Based on the acute toxicity, the toxicity of groups are 
in decreasing order of -NO2 > -OH > -Cl > -CH3 > -NH2.
The toxicities of three dimethylbenzene isomers 
are 1,2-dimethylbenzene > 1,3-dimethylbenzene 
> 1,4-dimethylbenzene while the toxicities of 
phenylenediamine isomers are p-phenylenediamine 
> m-phenylenediamine. These results showed that 
atomic H of benzene substituted by different groups 
and different isomers of a substituted benzene resulted 
in different toxicity, because benzene ring structures 
changed by different groups produced different toxic 
mechanisms. Therefore, it is valuable for monitoring and 
evaluating water pollutants to study toxicity and toxic 
mechanisms of substituted benzenes to aquatic biotas.

Contaminants rarely occur in the environment as 
single compounds but rather as mixtures of different 
substances. Thus, when evaluating the environmental 
effects of substituted benzenes, mixtures also were 
considered in this study. Some researchers have reported 
the joint toxicity of the substituted benzene mixtures 
to luminescent bacteria, algae, water fleas and fish 
[22,23]. In this study, the joint toxicities of 19 substituted 
benzene mixtures were evaluated using TU, AI, MTI 
and λ. The results of TU were consistent with MTI while 
AI results were the same as λ. Nine groups (benzene  
+ 1,3-dimethylbenzene, benzene + 1,2-dimethylbenzene, 
benzene + 1,4-dimethylbenzene, nitrobenzene  
+ 1,3-dimethylbenzene, phenol + 1,4-dimethylbenzene, 
nitrobenzene + 1,4-dimethylbenzene, methylbenzene 
+ 1,2-dimethylbenzene, nitrobenzene  

+ 1,2-dimethylbenzene, methylbenzene  
+ 1,3-dimethylbenzene) showed partial addition effects 
by TU and MTI analysis, but their binary toxicities were 
antagonistic joint action using AI and λ. These evaluation 
differences were from evaluation biases of each method: 
MTI and TU focus on joint toxicity of mixtures, while λ 
places emphasis on the deviation between joint action 
and additive action. Although these evaluation indexes 
could distinguish the joint action types, they could not 
differentiate the action degree. Therefore, further study 
on structure-activity relationships of mixtures is needed 
for evaluating and monitoring contaminant chemicals in 
water bodies.
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