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ABSTRACT

When a water body receives excess organic pollutants from external sources such as sec-
ondary effluent discharge, self-purification will occur and the water quality will be recov-
ered to its background level. As the decomposition of organics will be accompanied by heat
loss in the water body, it will result in an entropy increase (ΔSC) according to the Second
law of thermodynamics. In order to develop a method for the quantitative calculation of
ΔSC, the molar chemical exergy loss (Δbx) was used as the surrogates of heat loss (ΔQ)
under an assumption that the excess organic pollutants were decomposed by chemical oxi-
dation. By using 201 organic substances of known molecular structures, a good proportional
relation was found between Δbx and the theoretical organic carbon contents (ThOC) with
the proportional coefficients as kE = 52.576 kJ g−1 (R2 = 0.9724). Thus ΔSC could be calculated
according to the volume and the total organic carbon (TOC) concentration of the wastewa-
ter, and the background TOC concentration of the water body. The proposed method can
provide a useful tool for assessing the environmental impact of organic pollutant discharge
from the thermodynamic viewpoint.
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1. Introduction

Good-quality water is the basic requirement for the
survival of human beings. Due to arid conditions,
population growth, and increasing anthropogenic
activities with rapid urbanization, the impact of
wastewater effluent discharge on the aquatic ecologi-
cal systems becomes an issue of wide concern [1]. Of
various pollutants residual in the discharged effluent,
the excess organic loading imposed on a receiving

water body is one important aspect of surface water
quality deterioration [2].

There are different ways to evaluate the water
environment impact resulting from organic pollutant
discharge. The most common way is to compare the
water quality of the receiving water body with water
quality criteria [3,4] or to analyze the variation of
water quality resulting from organic discharge in the
direction of flow which often requires a description of
the relationship between the organic concentration
(chemical oxygen demand (COD) or biological oxygen
demand (BOD)) and dissolved oxygen [5]. The
Streeter–Phelps equation has provided the theoretical
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foundation for the analysis [6]. The impacts of organic
discharge on the downstream water quality can also
be assessed by other elaborated models [7–9]. As
water environment capacity (WEC) can measure the
ability of an aquatic system to assimilate pollutant
intrusion, WEC assessment has recently become a new
approach [10], and is used for determining the degra-
dation coefficient of organics in flowing water [11].
The WEC can also be quantified by Monte Carlo simu-
lation combined with a water quality model [12].

The above-mentioned methods can be used either
for studying the behavior of organic pollutants after
entering a water body or for evaluating the water
quality that is related to its suitability for water use.
However, it is still difficult to obtain a parameter
which can quantitatively evaluate the impact of
organic discharge on the receiving water body. In a
thermodynamic sense, water pollution can be viewed
as water initially containing a low value of entropy
being eventually turned to a high entropy value. As
entropy can be used to determine the energy not
available for work in a thermodynamic process, it
may provide a measure of quality degradation in the
referred system irrespective of any prescribed condi-
tions such as the environmental standards. Therefore,
the entropy increase can directly and quantitatively
evaluate the impact of pollutant discharge [13].
Although, the thermodynamic entropy approach has
already been applied in evaluation of water resources
[14] and assessment of environmental sustainability
[15], few studies have so far been conducted on
assessing the impact of organic discharge on receiving
water bodies following the Second Law of
Thermodynamics.

According to the thermodynamic definition, the
entropy increase (ΔS) in a reversible process is the
amount of heat change (ΔQ) divided by the absolute
temperature (T) at which the process takes place [16]. In
a water body, if ΔQ is measurable then ΔS can be easily
calculated. However, direct measurement or calculation
of the heat change in water bodies is often difficult and
alternative ways have to be discovered. For a chemical
reaction under constant pressure, ΔS calculation can be
conducted by using a surrogating parameter, namely
exergy loss (ΔEx) where exergy (Ex) is defined as the
maximum amount of useful work produced when the
system or the flow of matter comes to equilibrium with
the reference environment [17], while ΔEx refers to the
exergy reduction caused by the irreversibility of actual
process when the condition of the system or the matter
was changed [18]. The exergy approach has been used
in a number of studies for the analysis of energy con-
sumption in wastewater treatment plants [19], estab-
lishment of an aquatic ecosystem model [20],

assessment of environmental costs of water resources
[18,21], water quality evaluation [22,23], minimization
of energy consumption [24], and optimization of pro-
cess systems [25]. In addition, thermodynamic opti-
mization has been successfully developed for metabolic
systems. The heuristic idea of introducing thermody-
namic analysis into metabolic engineering presents a
new way to rationalize metabolic pathway analysis,
hence providing a better control mechanism for indus-
trial bioprocesses [26,27]. However, there is a lack of
studies calcuating the ΔEx in aquatic systems due to the
intrusion of organic pollutants.

In natural waters, the most common route of
organic decomposition is the oxidative conversion of
the organic matter into carbon dioxide, water and
other simple inorganic forms. For an organic sub-
stance of known molecular structure, its ΔEx can be
calculated according to its oxidation reaction. How-
ever, it is difficult to calculate ΔEx of organic sub-
stances without known molecular structure. In fact,
organic substances in a water media such as the sec-
ondary effluent are heterogeneous organic mixtures
that have not known each molecular structure, their
gross amount can only be characterized by compre-
hensive indices such as COD, BOD, and total organic
carbon (TOC). Thus, the aim of this study is to find a
way for calculating ΔEx based on the gross amount of
organic substances, and then to establish a method for
quantitatively evaluating the entropy increase in water
bodies due to receiving organic pollutant discharge.

2. Material and methods

2.1. Calculation of molar exergy loss for organic substances

The exergy (Ex) of a chemical compound is the
amount of energy released during the chemical reac-
tion for its formation at equilibrium with the reference
environment. It consists of two parts, namely the
physical exergy and the chemical exergy [28]. The
physical exergy (Eph) is the obtainable energy due to
the differences in temperature and pressure between
the reaction system and the surrounding environment,
while the chemical exergy (Ech) is the obtainable
energy due to the disequilibrium of the chemical com-
position of the reaction system with the surrounding
environment at constant temperature and pressure.
For the oxidative decomposition of organic substances
in the water environment, the variation of temperature
and pressure in the decomposition process is trivial so
that the physical exergy can be neglected and only the
chemical exergy needs to be calculated [19,21].

The chemical exergy of a substance also consists of
two parts, i.e. the reactional exergy resulting from the
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chemical reactions necessary to produce species that
can exist as stable components in the environment,
and the concentrational exergy resulting from the nec-
essary processes to match the chemical concentration
of the produced species to their chemical concentra-
tions in the environment [29]. Setting appropriate ref-
erence environment (RE) is a prerequisite for exergy
calculation. By definition, the exergy of the RE should
be zero, so that each component in the RE has to be in
a dynamic equilibrium and chemical reaction cannot
occur between the component substances. In this
study, if the natural water environment is considered
as the RE, the reference temperature and pressure are
set as 298.15 K and 101.3 kPa, respectively, and the
reference substances include CO2, H2O (l), N2, and
SO2 [30].

Regarding an organic substance i in the reaction
system, its standard molar chemical exergy (bx) can be
calculated as [31]:

bx ¼ bx1 þ bx2 ¼ DfG
0 þ

X
e

nebch;ne

 !
þ RT0 � ln Ci

Ci;0

(1)

where bx1 is the molar reactional exergy (kJ mol−1),
bx1 ¼ DfG

0 þP
e
nebch;ne ; ΔfG

0 is the standard Gibbs free
energy of formation (kJ mol−1); ne is the molar number
of element e forming the substance i; bch;ne is the corre-
sponding specific chemical exergy (kJ mol−1); bx2 is the
molar concentrational exergy of substance i (kJ mol−1),
bx2 ¼ RT0 ln Ci

Ci;0
; Ci is the concentration of substance i

in the system (g m−3); Ci,0 is the background concen-
tration of substance i in the RE (g m−3); R is the gas
constant (8.314 × 10−3 kJ K−1 mol−1); and T0 is the stan-
dard temperature of the environment (298.15 K).

The molar reactional exergy bx1 for an organic
substance of known molecular structure is calculated
from its ΔfG

0, the corresponding specific chemical
exergy of each component element bch;ne and its
molar number ne. Taking vinyl sulfoxide (C4H6OS)
as an example, its standard Gibbs free energy is
known as ΔfG

0(C4H6OS) = −59.23 kJ mol−1 [16], and
the specific chemical exergy of each component
element can be obtained as bch,C = 410.53 kJ mol−1,
bch,H = 117.61 kJ mol−1, bch,O = 1.966 kJ mol−1 and
bch,S = 602.79 kJ mol−1 [32]. Based on the first term
on the right side of the Eq. (1), its bx1 can be calcu-
lated as:

bx1ðC4H6OSÞ ¼ �59:23þ 4� 410:53þ 6� 117:61
þ 1:966þ 602:7

¼ 2893:31 ðkJ mol�1Þ (2)

Regarding the molar concentrational exergy bx2, it can
be calculated from the organic concentration Ci and its
corresponding background concentration Ci,0 (the sec-
ond term on the right side of Eq. (1)).

The molar chemical exergy loss (Δbx) is the differ-
ence between the chemical exergy before and that
after the reaction, it can be calculated as:

Dbx ¼ Dbx1 þ Dbx2

¼
X

vreactbx1ðreactÞ � vprod � bx1ðprodÞ
� �
þ RT ln

Ci

Ci;0
(3)

where Δbx1 is the loss of molar reactional exergy after
the reaction (kJ mol−1); Δbx2 is the loss of molar con-
centrational exergy after the reaction (kJ mol−1); vreact
and vprod are the stoichiometric coefficient of the pro-
duct and that of the reactant, respectively; bx1(react)
and bx1(prod) are the specific chemical exergy of the
product and that of the reactant, respectively
(kJ mol−1). The final term on the right side of Eq. (3) is
the molar concentrational exergy before the reaction
because it is supposed that after the reaction the
organic concentration Ci is reduced to the background
concentration Ci,0 so that the molar concentrational
exergy after the reaction becomes zero.

2.2. Entropy calculation based on exergy loss

The introduction of entropy in classical thermody-
namics is related to equilibrium state and reversible
transformation. An isolated system is considered to be
reversible if ΔS = 0, or irreversible if ΔS > 0. When an
irreversible system is considered, mathematical
inequalities appear, so, entropy generation was intro-
duced just to avoid them. Consequently, the second
law defines the entropy variation, ΔS, for an
irreversible system, as [17]:

DS ¼
Z

dQ
T

� �
rev

¼ DSe þ Sg (4)

where ΔSe is the reversible entropy variation (J K−1)
and Sg is the entropy generation (J K−1), i.e. the
entropy variation due to irreversibility.

An aquatic system and its surrounding create an
isolated composite system where the reversible
entropy variation is zero, thus ΔS is equal to Sg. As
discussed above, exergy is a measure of the potential
of the system to cause changes, as a consequence of
not being completely in stable equilibrium relative to
the reference environment. Moreover, the
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GouyStodola theorem allows us to evaluate the
irreversibility and the dissipations in the interaction
between systems and their environment, by consider-
ing entropy generation, which is related to the exergy
lost by the systems during the interactions themselves.
Therefore, according to the Gouy–Stodola’s law [33],
the exergy loss of the reaction equals the product of
the entropy increase (ΔS) and the environmental
temperature:

DEx ¼ T0ðS0 � SÞ ¼ T0DS (5)

where ΔEx is exergy loss of the reaction (kJ), T0 is the
absolute temperature under the standard condition
(298.15 K), S0 is the entropy of the environment, and S
is the entropy of the system at thermodynamic
equilibrium.

Eq. (5) can be rewritten as:

DS ¼ DEx

T0

(6)

2.3. Organics and their degradation by chemical oxidation

Organic substances commonly existing in natural
water and the secondary effluent may include pure
hydrocarbons (saturated alkane, unsaturated alkane,
aromatic hydrocarbons, etc.) and organic compounds
containing additional elements such as oxygen, nitro-
gen, sulfur, etc. In order to investigate the thermody-
namic properties of different organic substances, 201
organic chemicals of known molecular structure and
with available thermodynamic information related to
their oxidation reactions were selected for this study.
They can be classified into 9 categories according to
their molecular structure as shown in Table 1.

Considering a condition that each of the organic
substances listed in Table 1 is completely decomposed
into the simplest forms of inorganic substances by

chemical oxidation, a series of chemical reaction equa-
tions could be proposed for their decomposition. The
reference substances of CO2, H2O (l), N2, and SO2,
which are required for the exergy analysis, were sup-
posed to be the final products of oxidation reactions.
If a general molecular formula CxHyOzNtSm was used
to represent all the organic substances listed in Table 1,
then the oxidation reactions could be written in a gen-
eral equation as:

CxHyOzNtSm þ ðxþ y=4þm� z=2ÞO2

! xCO2 þ y=2H2Oþ t=2N2 þmSO2 (7)

From Eq. (7), the content of the theoretical organic car-
bon (ThOC), which is usually an important parameter
for measuring the quantity of the organic substances,
could be obtained as:

ThOC ¼ 12x (8)

where the value of 12 is the molecular mass of carbon
element (g mol−1), and x is the number of carbon ele-
ments contained by the organic compound, so that the
unit of ThOC is also g mol−1.

3. Results

3.1. Relation between Δbx1 and ThOC for known organic
substances

As discussed in Section 2.1, the chemical exergy
loss (Δbx) of an organic substance consists of Δbx1, the
molar reactional energy loss, and Δbx2, the molar con-
centrational exergy loss. Of them, the calculation of
Δbx1 should use the thermodynamic database for the
molar reactional exergy of the related organic sub-
stances and the reference substances, and the stoi-
chiometic coefficients for the reactants and products in
the oxidation reaction shown in Eq. (7). Taking vinyl

Table 1
Organic substances used for Δbx1 and ThOC calculation

Category Formula Number of constituting elements Number of substances

Acyclic alkane CxHy x = 1–20, y = 2x + 2 20
Cycloalkane and alkene CxHy x = 2–10, y = 2x 18
Alkyne and diene CxHy x = 2–10, y = 2x − 2 14
Aromatic hydrocarbons CxHy x = 6–16, y = 6–26 8
Organic compounds containing oxygen CxHyOz x = 1–10, y = 2–18, z = 1–2 79
Organic compounds containing nitrogen CxHyOzNt x = 1–9, y = 3–19, t = 1–2, z = 0–4 33
Organic compounds containing sulfur CxHyOzSm x = 1–8, y = 4–18, m = 1–2, z = 0–1 29
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sulfoxide (C4H6OS) for instance again, its oxidation
reaction is:

C4H6OSþ 6O2 ! 4CO2 þ 3H2Oþ SO2 (9)

Standard molar reactional exergy of vinyl sulfoxide
has already been obtained from Eq. (2) as
bx1(C4H6OS) = 2,893.31 kJ mol−1, while the bx1 values
for the reference substances O2, CO2, H2O, and SO2

are 3.93, 20.13, 0.9, and 306.52 kJ mol−1, respectively
[32]. Substituting these data and the stoichiometric
coefficient of each substance into Eq. (3), the standard
molar reactional exergy loss for the oxidation of
C4H6OS was calculated as:

Dbx1ðC4H6OSÞ ¼
X

vreactbx1ðreactÞ �
X

vprodbx1ðprodÞ
¼ 2893:31þ 6� 3:93� 4� 20:13� 3

� 0:9� 306:52

¼ 2527:15 ðkJ mol�1Þ
(10)

The value of ThOC for C4H6OS was calculated from
Eq. (8) as:

ThOCðC4H6OSÞ ¼ 12� 4 ¼ 48 ðg mol�1Þ (11)

Similar calculations were conducted for obtaining the
values of Δbx1 and ThOC for each of the 201 organic
substances listed in Table 1. By plotting all these data
with ThOC as the abscissa and Δbx1 as the ordinate,
Fig. 1 was obtained to show a general tendency of
increase in the Δbx1 values with the ThOC value. By
correlative calculation, a linear proportional relation
was obtained as:

Dbx1 ¼ kE ThOC R2 ¼ 0:9724
� �

(12)

where ThOC and Δbx1 are g mol−1 and kJ mol−1, so
that the dimension of the proportional coefficient
kE = 52.576 should be kJ g−1.

3.2. Method of ΔSC calculation for impact assessment of
organic pollution due to secondary effluent discharge

As discussed in Section 2.1, in the case of organic
oxidation in water environment the physical exergy
can be ignored so that the exergy loss ΔEx is mainly
contributed by the chemical exergy loss of the organic
substance ΔEch, which equals the product of the molar
chemical exergy loss Δbx and the molar number n of
the organic substance. Therefore, the entropy increase
for organic decomposition (ΔSC) can be calculated as:

DSC ¼ DEch

T0
¼ n Dbx

T0
¼ n

T0
Dbx1 þ Dbx2ð Þ ¼ DSC1 þ DSC2

(13)

where DSC1 ¼ n
T0
Dbx1 and DSC2 ¼ n

T0
Dbx2 are the

entropy increase for organic decomposition due to
Δbx1 and Δbx2, respectively.

Based on our previous study [34], TOC concentra-
tion of the secondary effluent can be used to replace
the ThOC. Under the condition of the discharging
organics were totally decomposed in the water body,
Eq. (12) can be obtained for calculating Δbx1 directly
from TOC. Therefore, ΔSC1 can be expressed as:

DSC1 ¼ kE � TOC � V

T0
(14)

where kE = 52.576 kJ g−1, TOC is the TOC concentra-
tion of the effluent (g m−3), and V is the volume of the
secondary effluent discharge (m3).

However, it should be considered that through
self-purification the organic concentration can only be
reduced to the background level (TOC0), so that the
practical reduction of the organic concentration should
be:

DTOC ¼ TOC� TOC0 (15)

Using ΔTOC to replace TOC in Eq. (14), the equation
of entropy increase for organic decomposition due to
Δbx1 can be obtained as:

bx1 = 52.576ThOC

R2 = 0.9724
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Fig. 1. Relation between Δbx1 and ThOC for known organic
substances.
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DSC1 ¼ kE � DTOC � V

T0
(16)

Regarding ΔSC2, as the concentrational exergy loss,
Δbx2 is only related to the concentration ratio of the
organic substances before and after the reaction, and
the molar number of the organic carbon degraded by
the reaction can be evaluated as n ¼ DTOC�V

12 , where 12
is the unit mass of carbon element (g mol−1), it can be
calculated as:

DSC2 ¼ n � Dbx2
T0

¼ DTOC � V � R

12
ln

TOC

TOC0
(17)

Comparing Eqs. (17) and (16), the ratio of ΔSC2 to
ΔSC1 is:

DSC2
DSC1

¼ R � T0

12kE
ln

TOC

TOC0
¼ 0:003929 ln

TOC

TOC0
(18)

where R = 8.314 × 10−3 kJ mol−1 K−1, T0 = 298.15 K,
and kE = 52.576 kJ g−1 are used for the calculation.

Table 2 shows the relation between TOC=TOC0

and DSC2=DSC1. It can be seen that although
DSC2=DSC1 increases with TOC=TOC0, even when the
organic carbon concentration in the discharged efflu-
ent (TOC) is as high as 1,000 times of the background
concentration (TOC0), the value of ΔSC2 is only 3.6%
of the ΔSC1, indicating a very small effect of the diffu-
sion due to concentrational difference on entropy
increase in water environment. In the case of sec-
ondary effluent discharge, the concentration ratio is
usually much lower, and the contribution of ΔSC2 will
be negligibly small. Therefore, ΔSC can be calculated
as:

DSC ¼ DSC1 ¼ kE � DTOC � V

T0
(19)

In the thermodynamic equilibrium, the ΔS values can
be calculated using the van’t Hoff equation. In this
case, if the oxidation reaction of vinyl sulfoxide is
reversible, the ΔS value of 1 mol of C4H6OS was calcu-
lated as 0.578 kJ K−1 under temperature of

T0 = 298.15 K. However, by using the proposed exergy
approach, ΔS value of 1 mol of C4H6OS, for an irre-
versible process was calculated as 8.46 kJ K−1 under
the same temperature. It can be seen that the ΔS value
of the irreversible process is larger than the reversible
process. Accordingly, Eq. (19) is suitable for calculat-
ing the entropy increase of organic decomposition in
the irreversible system or process.

4. Discussion

4.1. Influence of the molecular structure of the organic
substances on their Δbx

Although a good linear relationship was found
between the theoretical organic carbon content ThOC
and Δbx1 (Fig. 1) for all the organic substances of
known molecular structures were investigated in this
study, the organic substances with the same ThOC,
i.e. the same number of carbon elements in their mole-
cules, do not show exactly the same values of Δbx1.
The molecular structures and/or the constituent ele-
ments contained in the organic substances are impor-
tant factors to influence their chemical oxidation
processes, and eventually the calculated values of
Δbx1. The organic substances used for thermodynamic
discussion in this study can be roughly classified into
4 types, namely pure hydrocarbons with only C and
H, compounds with C, H, and O, compounds with C,
H, O, and S or N, and compounds with C, H, and S
or N. Taking the organic substances with 2, 3, and 4
carbon elements for a detailed comparison, Fig. 2 is
obtained to show the influence of the organic type on
the calculated Δbx1 values.

The average Δbx1 values for the organic substances
with 2, 3, and 4 carbon elements are calculated as
1,408.7, 1,921.8, and 2,572.2 kJ mol−1, respectively (the
dotted lines in Fig. 2), showing the tendency of increas-
ing Δbx1 with ThOC as discussed in Section 3.1. Gener-
ally speaking, regardless of the number of carbon
elements the Δbx1 values of each organic molecular type
are located in similar area referring to the average Δbx1
value line. For the organic compounds with C and H,
their Δbx1 values do not scatter widely and are relatively
close to the average values, while for the organic com-
pounds with C, H, and O, their Δbx values scatter
widely and are located in the area under the average
Δbx1 value line. In the case of the organic compounds
with C, H, O, and S or N, their Δbx values vary in a still
wide range surrounding the average Δbx1 value line.
Comparing with the aforementioned three types, the
organic compounds with C, H, and S or N show the
highest Δbx values which are scattered in the area above
the average Δbx1 value line.

Table 2
Relation between TOC=TOC0 and DSC2=DSC1
TOC
TOC0

1 10 100 1,000 10,000

DSC2
DSC1

0 0.009 0.018 0.027 0.036
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The above-mentioned characteristic distribution of
the Δbx1 values for the organic substances of different
types is principally related to the energy consumed in
the chemical oxidation process for the breakdown of
the organic molecules and the formation of the oxida-
tion products. For the carbon element originally con-
tained in the organic molecules, its final form in the
oxidation product is CO2. If there are oxygen atoms
combined with the carbon atoms in the organic mole-
cules, it may not be necessary for the original C–O
binding to be completely broken down firstly and then
to form the CO2 as the oxidation product. Therefore,
comparing with the pure hydrocarbons that contain
only C and H, the hydrocarbons with additional oxy-
gen might need less energy in their oxidation process
though their carbon contents are the same. Such an
assumption may explain the reason for the lower Δbx1
values of the organic compounds with C, H, and O
than that of the organic compounds with only C and
H as shown in Fig. 2. As for the organic compounds
with C, H, and S or N, their higher Δbx1 values may
be explained as the consumption of additional energy
for forming SO2 or N2 as the final products, while for
the organic compounds with C, H, O, and S or N, the
existence of oxygen in the organic molecules may also
be the reason for the lower Δbx1 values than that in
the former case.

Organic substances being discharged into the
water environment are heterogeneous and diverse. As
the method proposed in this study is to calculate the
entropy increase ΔSC directly from the TOC concentra-
tion, its essence is to use the average Δbx to character-
ize the energy consumption for the oxidization of
organic substances with the same carbon contents.
This method inevitably has its theoretical limitation
for ignoring the influence of the organic composition

and molecular structure on the ΔSC calculation. How-
ever, as shown in Figs. 1 and 2, the general tendency
of the linear increase in Δbx1 with the organic carbon
content is apparent. Using their average values to esti-
mate the entropy increase can be considered statisti-
cally significant and reasonable.

4.2. Limitation and reasonability of taking chemical
oxidation as the sole process of organic decomposition

In a natural water body, the reduction of excess
organic substances by self-purification may depend on
chemical oxidation and also other processes such as
physical adsorption by suspended particles and
biodegradation under the action of micro-organisms
[35]. The method for ΔSC calculation developed in this
study is under the assumption that chemical oxidation
is the sole process of organic decomposition. This is
also a theoretical limitation of this method for ignor-
ing the effects of other processes to contribute to
organic removal. However, in the case of effluent dis-
charge from domestic wastewater treatment plants,
because the secondary effluent has undergone a bio-
logical process where most of the biodegradable
organic substances may have already been removed,
and the secondary sedimentation process where most
of the hydrophobic organic substances may have
already been trapped by high concentration sludge
particles, the residual organic matter in the secondary
effluent may be mostly non-biodegradable, hydrophi-
lic, and of low molecular weight [36,37]. For such kind
of organic substances, it is reasonable to take the
chemical oxidation as the sole process for the final
degradation of the access organic substances in the
receiving water body.

(b) Organic compound with 3 carbon atoms

Ave.1921.8 

0 

1000 

2000 

3000 

4000 
(a) Organic compound with 2 carbon atoms

Ave.1407.8 
Compound with C and H
Compound with C,H and O
Compound with C,H,O and S or N
Compound with C,H,and S or N
Average value

(c) Organic compound with 4 carbon atoms

Ave. 2572.2 

b x
1(

kJ
·m

ol
   

 ) 
-1

Fig. 2. Characteristic distribution of the Δbx1 values for substances with 2, 3, and 4 carbon atoms in their organic
molecules.
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4.3. Differences between the enthalpy and exergy
approaches for ΔSC calculations

In the authors’ previous study [34], ΔSC calculation
was obtained by analyzing the standard molar
enthalpy change (ΔrH

0). Although both the ΔrH
0 and

Δbx analyses have followed the Second Law of Ther-
modynamics, and then, the two approaches have
resulted in almost identical equations for ΔSC calcula-
tion based on the quantity of TOC reduced by the
reaction, there are differences between ΔrH

0 and Δbx
analyses. Firstly, the reference environment for ΔrH

0

analysis and that for Δbx analysis are not the same.
For ΔrH

0 analysis, the standard condition of tempera-
ture at 298 K and pressure at 101.3 kPa has to be
referred, under which the standard molar enthalpy of
formation for any stable element is set as zero, while
for Δbx analysis, the reference environment is a natural
water without existence of foreign substances other
than the reference substances of CO2, H2O (l), N2, and
SO2. Secondly, the range of processes involved for
ΔrH

0 analysis and that for Δbx analysis are not the
same. The ΔrH

0 analysis only focuses on the process
of organic decomposition by chemical oxidation, while
the Δbx analysis needs considerations not only on the
chemical reaction, but also the diffusion of organic
substances in the reaction system. However, as dis-
cussed in Section 3.2, the effect of the diffusion due to
concentrational differences is negligibly small on the
ΔSC calculation.

4.4. Application of ΔSC calculation

Upgrading of WWTP may be necessary to meet
the existing effluent quality and/or to meet the stricter
future effluent quality. According to Chinese standard
for pollutant discharge [38], there are basically two
classes of effluent quality applicable to urban domestic
wastewater treatment plants: one is Class I-B suitable
for the existing WWTPs with effluent discharging to
unprotected surface waters, and another is Class I-A
for the newly built or upgraded WWTPs with effluent
discharging to protect surface waters. As water con-
tamination is a serious problem for many surface
waters in China, nowadays most municipalities are
strengthening regulations on effluent discharge from
WWTPs. Meeting with Class I-A is becoming the
mainstream of effluent quality control. In order to
evaluate the effect of WWTP upgrading, the effluent
quality with Class I-B (COD = 60 mg L−1) for existing
WWTP and the effluent quality with Class I-A
(COD = 50 mg L−1) for upgraded WWTP were consid-
ered. For the receiving water body, if the quality is
conforming with Grade III standard [39] which is the

minimum requirement for surface water usable as
source water for domestic water supply, its back-
ground COD concentration can be set to 20 mg L−1.
Considering the ratio of TOC/COD as 2.7:7.1 [34] and
using Eq. (19) to calculate the ΔSC after unit quantity
(e.g. 1,000 m3) of the effluent is discharged into the
water body, the ΔSC values are obtained as 2,682.4
and 2,011.8 kJ K−1 for the discharges from an existing
WWTP and an upgraded WWTP, respectively, at an
average water temperature of T0 = 298.15 K. This
implies a 25% ΔSC reduction after the WWTP
upgrading.

From a thermodynamic viewpoint, the reduction of
ΔSC implies less energy dissipation in the form of
waste heat which results in less negative impacts on
the environment. In this way, the water pollution fac-
tor is converted to a factor that directly and quantita-
tively measures the environmental impact. This is the
advantage of the entropy approach over other meth-
ods for assessing the impact of organic discharge from
the secondary effluent on the water environment. The
proposal of Eq. (19) for calculating ΔSC from the
excess organic quantity ΔTOC is based on the assump-
tion that chemical oxidation is the sole process for
organic decomposition under a condition that the
organic loading is not beyond the capacity of the
receiving water for self-purification. Other possible
actions in the water for organic decomposition or
removal, such as biological degradation, adsorption
and sedimentation, etc., are ignored in this paper.
Therefore, further studies are still needed to broaden
the suitability of the ΔSC calculation in various cases.

5. Conclusions

Based on the Second Law of Thermodynamics, the
impact of organic discharge, such as the secondary
effluent from domestic wastewater treatment plants,
on the receiving water body was analyzed using the
entropy increase ΔSC resulting from organic decompo-
sition as a comprehensive thermodynamic index.
Under the assumption that the excess organic pollu-
tants entering the water body were decomposed by
chemical oxidation to bring about a recovery of the
water quality to its background level, the method of
ΔSC calculation was developed through quantitative
evaluation of the chemical exergy loss Δbx in the oxida-
tion process. By computing 201 organic substances of
varied molecular structures, a good linear relationship
was found between the calculated Δbx values and the
organic carbon content TOC. This led to the proposal
of the equations for calculating ΔSC directly from the
volume and TOC concentration of the wastewater, and
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the background TOC concentration of the receiving
water body. Although the method proposed still has
its theoretical limitation such as ignoring the influence
of organic composition and molecular structures of the
organic substances, and the possible actions other than
chemical oxidation that may also contribute to the self-
purification of the excess organic pollutants, it pro-
vides a way for a general evaluation of the entropy
increase from the total quantity of the excess organic
matter entering the water environment. Further studies
are still needed to broaden the suitability of the pro-
posed method in various cases.
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