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Abstract
The chemical footprint (ChF) can identify the harmful effects of discharged chemical pollu-
tants, helping producers to select environmentally friendly chemicals to reduce their negative 
environmental impact. This paper quantified and evaluated the ChF of the wet processing of 
cotton fabric with data collected from a dyeing enterprise. The results showed that the di-
scharged sodium hydroxide caused the most severe impact in terms of both human toxicity and 
ecotoxicity due to the extensive usage and its high toxicity. The discharged sodium carbonate 
and dimethyl silicone oil also had a greater environmental impact. Comprehensive evalu-
ation of human toxicity and ecotoxicity with a multi-objective grey target decision-making 
model indicated that the pretreatment process had the most significant impact, followed by 
the finishing process and dyeing process. More attention should be paid to the pretreatment 
process, such as the selection of environmentally friendly textile chemicals, in order to reduce 
the native impacts of the wet processing of cotton fabric.

Key words: chemical footprint, USEtox, human toxicity, ecotoxicity, grey target decision
-making model.
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The chemical footprint (ChF) method 
has been carried out to quantify and eval-
uate the environmental impacts caused 
by chemical consumption and chemi-
cal pollutant discharge. ChF was first 
put forward by Panko and Hitchcock in 
2011. It provided an insight into the as-
sessment of potential risks to human life 
and the environment caused by chemical 
consumption and chemical pollutant dis-
charge [7].

ChF was first applied in the textile in-
dustry by Roos in 2015 [8]. In the past 
five years, more and more attention has 
been paid to the application of ChF for 
the evaluation of toxicity impacts caused 
by chemical consumption and chemical 
pollutant discharge in the production 
of textile products [8-12]. The USEtox 
model was widely used in these research-
es. The results showed two kinds of tox-
icity impacts: human toxicity and ecotox-
icity, according to the USEtox model. It 
was difficult to conclude which kind of 
textile product or production process has 
less impact because the units of the two 
kinds of toxicity impacts were different. 
This will affect the efficiency of the ChF 
assessment of textile products. In order to 
fill this gap, this paper carried out a com-
prehensive evaluation of the human tox-
icity and ecotoxicity impacts of three 
major wet processes (e.g., pretreatment, 
dyeing and finishing) in cotton fabric 
production. The multi-objective grey tar-
get decision-making model was applied 
to eliminate the dimensional differences 
in human toxicity and ecotoxicity. Then 
it was possible for a comparison of the 

	 Introduction
Cotton is important in the fashion indus-
try because of its excellent flexibility, 
comfort, fine breathability and washabil-
ity and various other properties [1]. With 
the aim of improving the serviceability 
of cotton fiber and fabrics, there are three 
major processes involved in the pro-
duction chain: pretreatment, dyeing and 
finishing as well as other sub-processes. 
Specifically, cotton wet treatment, desiz-
ing, scouring, bleaching and dyeing are 
not considered as clean and sustainable 
processes as they are energy, freshwater, 
chemical and pollutant intensive [2, 3]. 
Chemical consumption and chemical 
pollutant discharge have drawn more 

toxicity impacts caused by the different 
processes. It is significant for producers 
to alleviate the toxicity impacts accurate-
ly and effectively.

	 Methods and data
Chemical footprint method
The USEtox model describes the migra-
tion and transformation of chemical sub-
stances in environmental compartments. 
It is used to calculate the human toxic-
ity and freshwater ecotoxicity impact 
of chemicals with the help of the corre-
sponding characterisation factor (CF) 
for chemical substances. CF is derived 
from the matrix product of fate factors 
(FF), human exposure factors (XF) and 
human toxicological effect factors (EF) 
[13]. The calculation of CF in the USE-
tox model is described as follows,

CF = FF × XF × EF    (1)

FF represents the residence time (in 
days) of a chemical substance in a specif-
ic environmental compartment. It quan-
tifies the decomposition of the pollutant 
in the environment directly relating to 
the degradation capacity of a chemical 
substance in different compartments. EF 
is explained in terms of the change in 
pollutant concentration, the proportion of 
species affected (in PAF·m3/kg) in terms 
of ecotoxicity, and of the effects of toxic 
substances on human health for human 
toxicity (in cases/kg). XF is the exposure 
factor, which represents the bioavaila-
bility of a certain chemical substance 
in terms of ecotoxicity, and the rate at 
which pollutants are transferred from the 
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environment to the human body through 
a series of exposure pathways for human 
toxicity.

According to the USEtox model, the 
equation used for ChF calculation of cot-
ton fabric is as follows:

 

 

toxicity impacts: human toxicity and ecotoxicity, according to the USEtox model. It was difficult to 
conclude which kind of textile product or production process has less impact because the units of the 
two kinds of toxicity impacts were different. This will affect the efficiency of the ChF assessment of 
textile products. In order to fill this gap, this paper carried out a comprehensive evaluation of the 
human toxicity and ecotoxicity impacts of three major wet processes (e.g., pretreatment, dyeing and 
finishing) in cotton fabric production. The multi-objective grey target decision-making model was 
applied to eliminate the dimensional differences in human toxicity and ecotoxicity. Then it was 
possible for a comparison of the toxicity impacts caused by the different processes. It is significant 
for producers to alleviate the toxicity impacts accurately and effectively. 
 

2. Methods and data 

2.1 Chemical footprint Method 
The USEtox model describes the migration and transformation of chemical substances in 

environmental compartments. It is used to calculate the human toxicity and freshwater ecotoxicity 
impact of chemicals with the help of the corresponding characterisation factor (CF) for chemical 
substances. CF is derived from the matrix product of fate factors (FF), human exposure factors (XF) 
and human toxicological effect factors (EF) [13]. The calculation of CF in the USEtox model is 
described as follows, 
                                                                                    

FF represents the residence time (in days) of a chemical substance in a specific environmental 
compartment. It quantifies the decomposition of the pollutant in the environment directly relating to 
the degradation capacity of a chemical substance in different compartments. EF is explained in 
terms of the change in pollutant concentration, the proportion of species affected (in PAF·m3/kg) in 
terms of ecotoxicity, and of the effects of toxic substances on human health for human toxicity (in 
cases/kg). XF is the exposure factor,  which represents the bioavailability of a certain chemical 
substance in terms of ecotoxicity, and the rate at which pollutants are transferred from the 
environment to the human body through a series of exposure pathways for human toxicity. 

According to the USEtox model, the equation used for ChF calculation of cotton fabric is as 
follows: 

                 
   

                                                            

ChF is the human or ecological chemical footprint (in Cases or PAF∙m3∙day), f  the correction 
factor between the USEtox model and ChF, with a value of 290, Ei,j  the mass (in kg) of substance i 
discharged into compartment j, and CFi,j represents the characterisation factors of substance i 
discharged into compartment j (in Cases/kg or PAF∙m3∙day/kg). 

 
2.2 Comprehensive assessment of Chemical footprint 

The multi-objective grey target decision-making model was applied to eliminate the 
dimensional difference between human toxicity and ecotoxicity in order to conduct a 
comprehensive assessment of the ChF of wet processing procedures. The optimal weight of two 
toxicity indexes was resolved based on the Euclidean distance minimisation criterion. The method 
is as follows [14 - 16]: 

(1) The ChF is a cost index, which follows the principle that the smaller the index value, the 
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ChF is the human or ecological chemi-
cal footprint (in Cases or PAF∙m3∙day),  
f the correction factor between the USE-
tox model and ChF, with a value of 290, 
Ei,j the mass (in kg) of substance i dis-
charged into compartment j, and CFi,j 
represents the characterisation factors of 
substance i discharged into compartment 
j (in Cases/kg or PAF∙m3∙day/kg).

Comprehensive assessment  
of chemical footprint
The multi-objective grey target deci-
sion-making model was applied to elimi-
nate the dimensional difference between 
human toxicity and ecotoxicity in order 
to conduct a comprehensive assessment 
of the ChF of wet processing procedures. 
The optimal weight of two toxicity in-
dexes was resolved based on the Eu-
clidean distance minimisation criterion. 
The method is as follows [14-16]:

(1) The ChF is a cost index, which fol-
lows the principle that the smaller the 
index value, the better. In order to elimi-
nate the dimensional differences between 
human toxicity and ecotoxicity indexes, 

we use the grey range transformation for-
mula:
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Where, 0≤ri
(k)≤1, k=1, 2, represents human toxicity and ecotoxicity, respectively, i =1, 2, 3,  the 

three break-down processes, respectively, ri
(k) the toxicity of process i for the toxicity index k after 

eliminating the dimensional differences, ui
(k) the chemical footprint of the process i for the toxicity 

index k, and min{u(k)} & max {u(k)} represent the minimum and maximum chemical footprints for 
the  toxicity index k, respectively. 

(2) Based on the optimal value by grey range transformation, the multi-objective grey target 
centre is determined as follows: 
                                                                          

(3) The distances between human toxicity (or ecotoxicity) and the best optimal point, namely 
the bull’s-eye distance, are calculated as follows: 
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(5) The distance between human toxicity (or ecotoxicity) and the multi-objective grey target is 
calculated as follows: 

  
        

              
 

   
                                      

Where, ωk is the weight of the evaluation index k. Sequencing of the ChF (human toxicity or 
ecotoxicity) of each sub-process can be performed according to the value of dp

*. The smaller the 
value, the lower the environmental impact caused by the chemicals. 
 
2.3 Calculation boundaries and data collection 

The calculation boundaries for the ChF of  wet processing were focused on  from the 
pretreatment to the dyeing and finishing process, including singeing, mercerising, washing, dyeing, 
soaping, dehydration, softness and drying, as shown in Figure 1. The dyestuffs and auxiliaries 
consumed and discharged directly in the processes were considered for ChF calculation. Data were 
collected from a printing and dyeing enterprise in Kunshan city, Jiangsu Province, China. The 
toxicity characterisation factor of chemical substances was mainly obtained from the USEtox 
model. The corresponding physicochemical parameters for  chemical substances  not included 
in the above databases were collected from other databases, such as the Estimation Programs 
Interface Suite and Pesticide Action Network Pesticide database. 1200 tons of dyed cotton fabric 
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Where, 0 ≤ ri
(k) ≤ 1, k = 1, 2, represents 

human toxicity and ecotoxicity, respec-
tively, i =1, 2, 3, the three break-down 
processes, respectively, ri

(k) the toxicity 
of process i for the toxicity index k after 
eliminating the dimensional differences, 
ui

(k) the chemical footprint of the process 
i for the toxicity index k, and min{u(k)} 
& max {u(k)} represent the minimum and 
maximum chemical footprints for the 
toxicity index k, respectively.

(2) Based on the optimal value by grey 
range transformation, the multi-objective 
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Where, ωk is the weight of the evaluation 
index k. Sequencing of the ChF (human 
toxicity or ecotoxicity) of each sub-pro-
cess can be performed according to the 
value of dp

*. The smaller the value, the 
lower the environmental impact caused 
by the chemicals.

Calculation boundaries and data 
collection
The calculation boundaries for the ChF 
of wet processing were focused on from 
the pretreatment to the dyeing and finish-
ing process, including singeing, merce-
rising, washing, dyeing, soaping, dehy-
dration, softness and drying, as shown in 
Figure 1. The dyestuffs and auxiliaries 
consumed and discharged directly in the 
processes were considered for ChF calcu-
lation. Data were collected from a print-
ing and dyeing enterprise in Kunshan 
city, Jiangsu Province, China. The tox-
icity characterisation factor of chemical 
substances was mainly obtained from 
the USEtox model. The corresponding 
physicochemical parameters for chemi-

 

 

was chosen as the functional unit. 

 

Figure 1. System boundary of ChF calculation. 

3.Results and discussion 

3.1 Human toxicity impact 

 
Figure 2. Human toxicity of wet processing of cotton fabric. 

Figure 2 shows the human toxicity impact per functional unit in the wet processing of selected 
cotton fabric. According to the results displayed in Figure 2, the total ChF (i.e., human toxicity) was 
8.95E+03 Cases. The pretreatment process (e.g., oxygen bleaching, mercerising, washing) 
exhibited the greatest impact on human toxicity, accounting for 99.30% of the total ChF, followed 
by the dyeing process and finishing process. There was a great demand for sodium hydroxide in the 
pretreatment process as it plays a significant role in mercetisation. In addition, hydrogen peroxide 
also accounted for a large proportion of the ChF of the pretreatment process. 

Sodium carbonate presented the highest proportion of the ChF of the dyeing process, followed 
by sodium disulfite, epichlorohydrin and acetic acid. Dimethyl silicone oil and sodium lauryl sulfate, 
used as a softener and  oil-removing agent in the finishing process, had the lowest impact, owing to 
the combination of their relatively little quantity used and the small value of human toxicity.  

 

3.2 Ecotoxicity impact 

Figure 1. System boundary of ChF calculation.
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Figure 3. Ecotoxicity toxicity of wet processing of cotton fabric.

cal substances not included in the above 
databases were collected from other da-
tabases, such as the Estimation Programs 
Interface Suite and Pesticide Action 
Network Pesticide database. 1200 tons 
of dyed cotton fabric was chosen as the 
functional unit.

	 Results and discussion
Human toxicity impact
Figure 2 shows the human toxicity im-
pact per functional unit in the wet pro-
cessing of selected cotton fabric. Accord-
ing to the results displayed in Figure 2, 
the total ChF (i.e., human toxicity) was 
8.95E+03 Cases. The pretreatment pro-
cess (e.g., oxygen bleaching, merceris-
ing, washing) exhibited the greatest im-
pact on human toxicity, accounting for 
99.30% of the total ChF, followed by 
the dyeing process and finishing process. 
There was a great demand for sodium hy-
droxide in the pretreatment process as it 
plays a significant role in mercetisation. 
In addition, hydrogen peroxide also ac-
counted for a large proportion of the ChF 
of the pretreatment process.

Sodium carbonate presented the high-
est proportion of the ChF of the dyeing 
process, followed by sodium disulfite, 
epichlorohydrin and acetic acid. Dime-
thyl silicone oil and sodium lauryl sul-
fate, used as a softener and oil-removing 
agent in the finishing process, had the 
lowest impact, owing to the combination 
of their relatively little quantity used and 
the small value of human toxicity. 

Ecotoxicity impact
The ecotoxicity impact per functional 
unit of selected cotton fabric was calcu-
lated and is shown in Figure 3. It can be 
seen that the pretreatment process con-
tributed the most to the ecotoxicity im-
pact, accounting for 87.21% of the total 
ChF. This was caused by the large amount 
of sodium hydroxide and hydrogen per-
oxide used in the pretreatment process 
as well as their large characterisation 
factors. The dyeing process contributed 
the least to the ecotoxicity impact, with 
a ChF value of 2.708E+08 PAF·m3·day, 
despite the largest number of chemicals 
used in this process. Sodium carbonate 
had the largest ecotoxicity impact, ac-
counting for 88.88% in the dyeing pro-
cess. In the finishing process, dimethyl 
silicone oil generated the largest ecotox-
icity impact, due to its relatively larger 
ecotoxicity characterisation factor.

Table 1. Index for comprehensive evaluation of ChF.

Sub-process (i)
Toxicity index, dimentionless Bull’s eye distance

(dp*)Human toxicity (ri
1) Ecotoxicity (ri

2)
Pretreatment 0.00 0.00 1.01
Dyeing 0.99 1.00 0.01
Finishing 1.00 0.91 0.05

Figure 2. Human toxicity of wet processing of cotton fabric.Figure 2. Human toxicity of wet processing of cotton fabric.
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Comprehensive assessment of impacts
A comprehensive impact evaluation 
system for human toxicity and ecotoxic-
ity was established according to Equa-
tions (3)-(7). The weight of each evalua-
tion indicator was calculated and the tar-
get distance of each index was obtained, 
shown in Table 1.

As shown in Table 1, the order of dis-
tance dp

* of the three sub-processes are 
as follows: pretreatment > finishing > 
dyeing. This means that the comprehen-
sive toxicity impact of the pretreatment 
process was the largest, followed by the 
finishing process and dyeing process.

The traditional pretreatment process in 
the cotton fabric wetting process required 
a large number of chemicals, which cre-
ated a large ChF for human toxicity, 
shown in Figure 2. For example, sodium 
hydroxide and hydrogen peroxide used 
in the pretreatment not only aggravat-
ed sewage treatment processes but also 
caused severe environmental damage. 
To minimise the toxicity impacts caused 
by alkali, a new refining enzyme process 
was introduced. Biotechnology not only 
removed the impurities in cotton fabric 
but also required less sodium hydroxide, 
thus achieving cleaner and more sustain-
able production [17-19]. Furthermore, 
other auxiliary technology, such as ultra-
sonic technology and supercritical car-
bon dioxide fluid have been introduced 
for greater enzyme efficiency [20-22].

From the results of the aforementioned 
comparative assessment, the finishing 
process had the second largest compre-
hensive toxicity impact. As depicted in 
Figure 3, besides sodium hydroxide, the 
toxicity impact caused by soaping and 
softening agents in the finishing process 
should not be underestimated. Currently, 
in order to adhere to the requirements of 
cleaner production, an increasing num-
ber of environmentally friendly textile 
chemicals have been produced, replac-
ing the highly toxic chemicals that have 
been generally used in the production 
processes. For example, environmentally 
friendly softeners containing functional 
groups with special functions have been 
developed with the intention of reducing 
the water consumption and retention time 
of toxic polymers in the environmental 
compartments, thus reducing or eliminat-
ing the toxicity effects [23-25]. As to the 
dyeing process, the application of clean-
er dyestuff with advanced technology 

should be taken into account. Microwave 
irradiation and supercritical carbon diox-
ide have potential application for cleaner 
cotton fabric dyeing, representing a sig-
nificant advancement in the textile dye-
ing process [26-28].

	 Conclusions
Due to the increasing emphasis on cleaner 
production, this paper took the initiative 
and calculated and evaluated the human 
toxicity and ecotoxicity of the wet pro-
cessing of selected cotton fabric based on 
ChF methodology. Moreover, in the light 
of the unit difference between the two 
kinds of toxicity impacts, the novelty of 
this paper is that the multi-objective grey 
target decision-making method was in-
troduced to obtain a comprehensive tox-
icity evaluation.

The results of this study showed that the 
pretreatment process was the greatest 
contributor to both human toxicity and 
ecotoxicity because of the use of sodium 
hydroxide. Sodium carbonate and di-
methyl silicone oil occupied the largest 
proportion of ChF in the dyeing process 
and finishing processes, respectively. 
Furthermore, the comprehensive evalu-
ation of human toxicity and ecotoxicity 
confirmed that pretreatment process had 
the most significant impact, followed by 
the finishing process and dyeing process.

In the light of our calculated results, it is 
of great importance to highlight the scar-
city of calculated results concerning gas-
eous chemical pollutants (e.g., volatile 
organic compounds, nitrogen oxides, and 
sulfides, etc). This is important to fill the 
knowledge gap to compile a more com-
prehensive assessment of chemical foot-
prints. As far as the necessary measures 
for decreasing the human toxicity and 
ecotoxicity caused by the textile indus-
try, utilisation of environment-friendly 
textile dyes and auxiliaries and effective 
wastewater treatment technology should 
be paid considerable attention.
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