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Abstract: The mineralization of benzene, toluene, ethylbenzene, and xylene (BTEX) into inorganic
substances by microorganisms may affect the water–rock interaction. However, few studies have
quantitatively analyzed the processes. To quantitatively reveal this mechanism, in this study, nitrate
and toluene were taken as the typical electron acceptor and BTEX, respectively. Based on hydro-
geochemical theory, the mechanism and mathematical model were established. In addition, the
model was verified with a toluene mineralization experiment. The mechanism model demonstrated
that H+ was the main factor in the dissolution or precipitation of CaCO3. The mathematical model
derived the equations quantitatively between the amount of toluene mineralization, CaCO3, and some
biogeochemical indicators, including temperature, microbial consumption, and other major ions in
groundwater. According to the model, the amount of dissolved CaCO3 increased with the increasing
proportion of completely reduced nitrate. For a complete reaction, the greater the microorganisms’
consumption of toluene was, the smaller the precipitation of CaCO3. CaCO3 dissolution was a
nonmonotonic function that varied with temperature and the milligram equivalent of other ions.
Furthermore, the validation experiments agreed well with the mathematical model, indicating its
practicality. The established model provides a tool for assessing the biodegradation of toluene by
monitoring the concentration of groundwater ions.

Keywords: BTEX mineralization; toluene; denitrification; carbonate dissolution and precipitation;
mechanism; model

1. Introduction

Contamination caused by petroleum leakage occurring during oil production, trans-
portation, refinement, and mishandled storage is widespread [1–5]. Benzene, toluene,
ethylbenzene, and xylene (BTEX) are volatile organic compounds in petroleum that result
in neurotoxicity, genotoxicity, and reproductive toxicity [6–8]. Due to its mutagenic and
high migration, BTEX leads to the deterioration of aquatic and terrestrial environment
quality when released into the environment and causes adverse effects on human health
when absorbed by breathing, touching, or swallowing [9–11].

Natural attenuation processes, such as biomineralization, adsorption, advection, disper-
sion, and volatilization, can all decrease the number of contaminants in an aquifer [12–14].
Since biomineralization uses microorganisms to convert BTEX into inorganic substances, it is
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considered an environmentally friendly technology [15,16]. In the 1960s, scientists found that
some bacteria could use BTEX as their source of carbon energy, thus decomposing the BTEX
into CO2 and water, which confirmed that it could be aerobically degraded [17,18]. How-
ever, the underground environment is usually anaerobic, and the anaerobic mineralization of
BTEX is more feasible and practical. BTEX can be biodegraded with NO3

−, Mn4+, Fe3+, and
SO4

2−, and CO2 as terminal electron acceptors [19–22]. As NO3
− dissolves well in water, and

denitrification yields the highest energy, NO3
− can easily be applied for anaerobic mineraliza-

tion [23–26]. The mineralization mechanism of BTEX under denitrification conditions is as
follows: BTEX acts as both a carbon source and energy for the growth and reproduction of
bacteria, and NO3

− acts as an electron acceptor to convert hazardous materials to CO2 and
H2O, leading to the mineralization of BTEX [27,28].

The BTEX mineralization equations are as follows:

C6H6 + 6NO3
− + 6H+ → 6CO2 + 3N2 + 6H2O (1)

C7H8 + 7.2NO3
− + 7.2H+ → 7CO2 + 3.6N2 + 7.6H2O (2)

C8H10 + 8.4NO3
− + 8.4H+ → 8CO2 + 4.2N2 + 9.2H2O (3)

It was previously believed that this mineralization could solve the problem of BTEX
pollution. However, mineralization impacts the water–rock interaction, especially in the
dissolution and precipitation of carbonate rocks. Studies in this area have found that
transforming BTEX to inorganic C involves a series of reactions, resulting in a decreased
pH and the dissolution of carbonate mineral calcite [29].

Two main aspects influence the dissolution and precipitation of CaCO3 via biominer-
alization. First, under denitrification conditions, BTEX is converted into neutral or acidic
organic compounds, which induce a variety of pH levels [30,31]. Second, BTEX is converted
into end-product CO2 (Equations (1)–(3)), which, together with H+ from the water, forms
H2CO3 and causes the pH to decrease (Equations (4)–(8)) [27].

CO2 + H2O � H2CO3 (4)

H2CO3 � H+ + HCO3
− (5)

HCO3
−� H++ CO3

2− (6)

H2O � H+ +OH− (7)

CaCO3 � Ca2+ + CO3
2− (8)

Currently, most studies show that the degradation of BTEX promotes the dissolution
of calcium carbonate, whether this is demonstrated through indoor column experiments or
field data collection [32,33]. Moreover, several studies suggest that the pH could rise slightly
as CO2 is degassed from water and autotrophic microbial metabolism occurs, resulting in
carbonate precipitation and removal [34,35]. Until now, few studies have quantitatively
analyzed the effect of BTEX mineralization on the dissolution and precipitation of CaCO3.

Therefore, based on hydrogeochemical and organic biomineralization theory, a mecha-
nism model was revealed. To quantitatively evaluate the effect of BTEX mineralization on
the water–rock interaction and to infer the impact of BTEX mineralization on downstream
water quality, a quantitative model was established, taking nitrate as a typical electron
acceptor and toluene, the most abundant species of BTEX, as a typical BTEX pollutant,
respectively [36]. Only the toluene mineralization and carbonate equilibrium reaction
occurred in the solution. In this case, the difference between the Ca2+ and HCO3

− concen-
trations in the solution at different periods can be substituted into the mathematical model,
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and the toluene degradation amount in each period can be roughly determined. Further-
more, a toluene mineralization experiment was conducted to verify the established model.

2. Materials and Methods
2.1. Model Construction
2.1.1. Mechanism Model Construction

This paper integrates relevant hydrogeochemistry and organic matter degradation
theories and selects toluene and nitrate as a typical BTEX pollutant and a typical electron
acceptor, respectively. According to the theoretical equation of toluene mineralization
under denitrification conditions, the changes in H+, Ca2+, and HCO3

− concentrations were
qualitatively analyzed, and a mechanism model for examining how the mineralization of
toluene affected the dissolution and precipitation of calcium carbonate was established.

2.1.2. Mathematical Model Construction

In this study, to quantitatively analyze the effects of toluene mineralization under
denitrification conditions on carbonate dissolution and precipitation, based on the above
mechanism model and according to mass conservation and charge conservation equations,
the relationships between the H+, Ca2+, and HCO3

− concentrations and toluene degrada-
tion were obtained. To facilitate this analysis, several assumptions were made. Since the
main inorganic salt ions in groundwater account for 90–95% of the total inorganic salt ions,
the main inorganic salt ions were taken into account by the model [37].

This paper mainly considers the influence of four variables on the model, namely,
the influence of the proportion of nitrate consumed by the complete reduction of nitrogen
on the total amount consumed; the temperature; the proportion of toluene consumed by
microbial growth to total toluene content; and the milligram equivalent of other ions on the
dissolution and precipitation of calcium carbonate.

2.2. Model Validation
2.2.1. The Validation Experiment

(1) Toluene biodegradation enrichment cultures

The enrichment culture microorganisms originated from groundwater in a Chinese
coking plant.

Microcosms were set up using 280 mL air-tight bottles. Each microcosm contained
225 mL of sterilized basic culture medium, 25 mL of bacterial solution, and 0.0175 g of
CaCO3 to simulate the carbonate environment. The bacterial culture medium was modified
from a recipe developed by Zhang [38]. The basic culture medium was prepared according
to the following compositions (per liter): KNO3, 80 mg; KH2PO4, 0.50 mg; K2HPO4 3H2O,
1.00 mg; MgSO4, 1.00 mg; mineral solution, 0.10 mL; and vitamin solution, 0.20 mL. The
components of the vitamin and mineral solutions are shown in Tables 1 and 2. Then, the bottles
were autoclaved at 121 ◦C for 30 min to prevent biological activity. The medium was purged
with nitrogen to remove oxygen, and the air-tight bottles were sealed with a halogenated
butyl rubber stopper to ensure their air tightness. Furthermore, toluene was added to each
bottle to form 0.1 mmol/L toluene solution. Three parallel controls were established for the
blank and experimental groups. In the sterile controls, the bacterial solution was replaced
with purified water. All of the microcosms were stored in a biochemical incubator at 20 ◦C.
On days 1, 2, 4, and 8, water samples were collected from each microcosm for analysis.
Sampling procedures were accomplished under strictly anaerobic conditions. As CaCO3 is
an insoluble impurity in water, it was difficult to observe, and there were no other calcium
inputs in the system, so the concentration of Ca2+ was used to characterize the dissolution
and precipitation of calcium carbonate. To evaluate the carbonate dissolution/precipitation
via biodegradation, the consumption of Ca2+, HCO3

−, NO3
−, and NO2

− was continuously
measured during the entire experimental period.
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Table 1. The components of the vitamin solution.

Compounds Concentration (mg/L)

Biotin 2.00
Folic acid 2.00
Riboflavin 5.00

Nicotinic acid 5.00
p-Aminobenzoic acid 5.00

Thioctic acid 5.00
Calcium D-(+)-pantothenate 5.00

Pyridoxine hydrochloride 10.00

Table 2. The components of the mineral solution.

Compounds Concentration (g/L)

FeSO4 4H2O 1.80
CoCl2 6H2O 0.25
CuCl2 2H2O 0.01
NiCl 6H2O 0.01

ZnCl2 0.10
H3BO3 0.50
EDTA 2.50

MnCl2 4H2O 0.70
(NH4)6Mo7O24 4H2O 0.01

(2) Physical and chemical parameter analyses

The toluene samples were analyzed by headspace-based gas chromatography (Nexis
GC-2030, Shimadzu, Japan) carried out on an automated headspace sampler (HS-10, Shi-
madzu, Japan). Headspace operating conditions were as follows: low shaking of the tested
sample solution at 35 ◦C for 2 min, GC cycle time of 25 min, and vial pressurization time of
0.1 min. The gas chromatograph was equipped with a capillary column (HP-5, Shimadzu,
Japan) and a flame ionization detector (FID). The injector, detector, and column tempera-
tures were held at 150, 200, and 100 ◦C, respectively. Air and hydrogen served as fuel gases
for the FID. Nitrogen served as a carrier gas, and the flow rate was 40.1 mL/min.

The pH value was measured with a portable pH meter (portable pH meter pH30,
CLEAN, Sherman Oaks, CA, USA), and the Ca2+ and HCO3

− concentrations were mea-
sured via titration. The NO2

− and NO3
− concentrations were analyzed according to

the International Organization for Standardization ISO 10304-1 [39] with an ultraviolet
spectrophotometer (UV-2550, Shimazu, Japan).

2.2.2. The Validation Method

To evaluate the accuracies of the model, residual sum of squares error (SSE), mean
square error (MSE), and root mean square (RMS) error were considered as the criteria for
the accuracy evaluation and calculated by the following (Equations (9)–(11)).

SSE =
n

∑
i = 1

( –
yi − yi

)2
(9)

MSE =
SSE

n
=

1
n

n

∑
i = 1

( –
yi − yi

)2
(10)

RMS =
√

MSE =

√
SSE

n
=

√
1
n

n

∑
i = 1

( –
yi − yi

)2
(11)

where
–
yi is the value calculated by the model, yi is the value of the experimental data, and

n is the number of samples. SSE, MSE, and RMS error reflect the reliability and stability of
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the model. It is commonly accepted that the closer the sum of squares error (SSE) is to 0,
the better the model fits the data.

3. Results and Discussion
3.1. Mechanism Model
3.1.1. Response of H+ to Toluene Mineralization

According to Siobhan M. et al., the nitrification process comprises a two-step reaction
during microbially mediated toluene mineralization. The first product of nitrate reduction
is nitrite (NO2

−). Further reduction of nitrite proceeds to nitrogen gas (N2) [40,41].
Nitrification first step (nitrate reduction):

C7H8 + 18NO3
− = 18NO2

− + 7CO2 + 4H2O (12)

Nitrification second step (nitrite reduction):

C7H8 + 12NO2
− + 12H+ = 6N2 + 7CO2 + 10H2O (13)

According to Song et al., in the two-step nitrification process, nitrite reduction produces
hydrogen ions, whereas nitrate reduction does not [42]. During the complete mineraliza-
tion process of toluene, the generated end products include gaseous carbon dioxide and
water [43]. When gaseous carbon dioxide dissolves in water, it reacts and forms carbonic
acid. The dissociation of hydrogen ions from the carbonic acid provides bicarbonate, and
subsequently, a carbonate ion leads to an increase in H+ (Figure 1).
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Under natural practical conditions, nitrate usually degrades directly into nitrogen
gas (Equation (2)). Toluene mineralization consumes H+, and the aqueous pH increases
during the reduction process. The end products of mineralization are still carbon dioxide
and water, which dissolve into the solution and eventually react with water to form stable
carbonate compounds. Due to the complexity of the reactions, changes in the concentration
of hydrogen ions in the solution are complicated. Based on the ionization fractions, the
ratio of the solute components in the aqueous carbonate system will vary with H+. As
the pH of the solution increases, the concentration of CO3

2− also increases, particularly in
an alkaline solution. When the saturation index (SI) reaches a certain value, some of the
calcium carbonate in the solution precipitates out.

3.1.2. Response of Ca2+ and DIC to Toluene Mineralization

H+ is one of the critical factors affecting carbonate composition. Along with the change
in H+, the concentration of other ions in the solution will change accordingly. Dissolution
and precipitation are more difficult to observe under field conditions; Ca2+ and dissolved
inorganic carbon (DIC) are the most commonly used to detect CaCO3 dissolution. DIC
is composed of three dominant species: dissolved CO2 (CO2), bicarbonate (HCO3

−), and
carbonate (CO3

2−).
If the amount of hydrogen ions produced by carbon dioxide dissolved in water and

then electrolyzed is greater than the amount of hydrogen ions consumed by the reaction,



Appl. Sci. 2023, 13, 11867 6 of 16

the CaCO3 dissolves, which leads to an increase in the concentration of Ca2+ and CO3
2−,

accompanied by a corresponding increase in the concentration of H2CO3 and HCO3
−. On

the other hand, when the solution is saturated with CaCO3, then the CaCO3 precipitates,
and the concentrations of Ca2+, CO3

2−, and HCO3
− decrease.

In summary, multiple reactions are involved in toluene mineralization under deni-
trification conditions, and they are strongly interdependent. Therefore, a mathematical
model is required to analyze the impact of toluene mineralization on calcium carbonate in
this context.

3.2. Mathematical Model

Groundwater is uniform within an infinite small range. Each ion concentration of
groundwater is low, and the temperature of groundwater is generally relatively con-
stant [44]. The aeration zone blocks the exchange of aquifer and atmospheric gas, and the
carbonate in an oil-polluted aquifer is often saturated [34].

Therefore, the following assumptions are made to facilitate the establishment of the
mathematical model: (1) the components are well mixed, and the pressure, salinity, and
ionic strength are uniform, (2) CO2 is the ideal gas, (3) the temperature is constant, (4) the
ionic activity of an ion equals the actual concentration at which the reactions take place in a
homogeneous environment, and (5) the solution in the system, which is a closed system, is
a calcium carbonate saturated solution.

Based on the mechanism model, the mathematical model was derived from the mass
conservation and charge conservation equations in Equations (12) and (13).

In case a carbonate component is not introduced into the system, the Ca2+ and dis-
solved carbonate components come from the degradation of toluene and calcite. As a result,
the mass conservation equation can be expressed as follows:

7[C7H8] + [Ca2+] = [H2CO3] + [HCO3
−] + [CO3

2−] + [CO2] (14)

where [C 7H8] is the concentration of toluene involved in the reaction, mol/L. [] is the ionic
activity of the ions, mol/L.

The electric charge conservation equation is as follows:

[H+] + [Na+] + [K+] + 2[Ca2+] + 2[Mg2+] = [Cl−] + 2[SO4
2−] + [HCO3

−] + 2[CO3
2−] + [NO3

−] + [NO2
−] + [OH−] (15)

where [] is the ionic activity of the ions, mol/L.
The equilibrium constant in the system can be expressed as:

KH =
[H 2CO3]

Pco2
(16)

KH2CO3 =

[
H+
]
×
[
HCO−3

]
[H 2CO3]

(17)

KHCO3− =

[
H+
]
×
[
CO2−

3

]
[HCO−3

] (18)

Kw =
[
H+
]
×
[
OH−

]
(19)

Kcal =
[
Ca2+

]
×
[
CO2−

3

]
(20)

According to Equations (16)–(20), the relationship equation between the H+ concentra-
tion and the toluene degradation is established (Equation (21)).
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14× f × [C7H8] =
[
H+
]
− Kw

[H+]
−
[
NO−3

]
−
[
NO−2

]
+ E + (2× A + B + C)× 1

[Ca2+]

A =
Kcal×[H+]

2

KH2CO3×KHCO3−

B =
Kcal×[H+]

KHCO3−

C =
Kcal×(V−Va)×[H+]

2

KH2CO3×KHCO3−×KH×R×T×Va

D =

(
[H+]− Kw

[H+ ]
−[NO−3 ]−[NO−2 ]+C

)
16

2

− Kcal×[H+]
2×KHCO3−

+ Kcal

E =
[
Na+

]
+
[
K+
]
+ 2
[
Mg2+

]
−
[
Cl−

]
− 2
[
SO2−

4

]
[
Ca2+

]
=
−[H+]+ Kw

[H+ ]
+[NO−3 ]+[NO−2 ]−E

4 +
√

D

(21)

where [] is the ionic activity of the ions, mol/L. V is the total volume of air and solution,
and Va is the volume of solution, L. f is the proportion of toluene consumed by microbial
growth to the total toluene content. T is the temperature of the system, ◦C.

The concentration of H+ in the system can be calculated from the equation.
d is defined as the proportion of nitrate consumed by the complete reduction of

nitrogen to the total amount of nitrate consumed at a certain time. The simplified model
can be expressed as:

14× f × [C7H8] =
[
H+
]
− Kw

[H+]
− (1 + d)

[
NO−3

]
+ E + (2× A + B + C)× 1

[Ca2+]

A =
Kcal×[H+]

2

KH2CO3×KHCO3−

B =
Kcal×[H+]

KHCO3−

C =
Kcal×(V−Va)×[H+]

2

KH2CO3×KHCO3−×KH×R×T×Va

D =

(
[H+]− Kw

[H+ ]
−(1+d)[NO−3 ]+C

)
16

2

− Kcal×[H+]
2×KHCO3−

+ Kcal

E =
[
Na+

]
+
[
K+
]
+ 2
[
Mg2+

]
−
[
Cl−

]
− 2
[
SO2−

4

]
[
Ca2+

]
=
−[H+]+ Kw

[H+ ]
+(1+d)[NO−3 ]−E

4 +
√

D

(22)

Due to the large number of parameters involved in the reaction, the following scenarios
are proposed. The system is saturated with calcium carbonate. Based on the data from a
contaminated site that we studied, the toluene concentration was 0.1 mmol/L. According
to the theoretical stoichiometric relationship, the ratio of the nitrate concentration to the
toluene concentration was 7.2:1. The specific discussion is as follows.

3.2.1. The Effect of the Proportion of Nitrate Consumed by the Complete Reduction of
Nitrogen to the Total Amount Consumed (d)

It has been reported that microbial growth can consume from 5% to 8% of toluene, so
it is assumed that the consumption of microbial growth is 6.5% in this section [45]. The
temperature is assumed to be 20 ◦C, which combines the average groundwater temperature
with the culture temperature of the bacteria used in this paper.

If d is 0, there is no nitrite in the solution, and the nitrate entirely transforms into
nitrogen (Equation (2)). As shown in Figure 2, carbon dioxide produced by toluene miner-
alization reacts with water, increasing the amount of hydrogen ions and producing a large
amount of bicarbonate. The precipitation rate of calcium carbonate resulting from reaching
the SI value is greater than the dissolution rate of calcium carbonate caused by increased
hydrogen ions. This result is consistent with the study of Alenezi et al. [10].
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When d equals 0.5, half of the nitrate in the solution is reduced to nitrogen, while the
remaining half is reduced to nitrite. The concentration of H+ in the solution increases due
to the production of carbon dioxide (Equations (12) and (13)) and the consumption of OH−

(Equation (13)).
Carbon dioxide produced by toluene mineralization reacts with water to increase

the concentration of bicarbonate, which is the same as when d = 0. However, the precip-
itation rate of calcium carbonate in this state is higher than the formation rate, and the
concentration of Ca2+ increases.

When d is 1, all the nitrate in the solution is converted to nitrite. The reduction of nitrate
to nitrite neither consumes nor produces hydrogen ions. However, the carbon dioxide
produced by the reaction increases the concentration of H+ in the solution. Increased
bicarbonate in solution makes the SI always greater than the solubility rate, and the Ca2+

concentration decreases.
It can be seen from the figure that when the reaction does not occur, the amount of

each element in the solution is the same in the three cases. The mineralization of toluene
increases the concentration of hydrogen ions to varying degrees, and the formation of
carbon dioxide increases the concentration of bicarbonate. Depending on the reaction
mechanism in the solution, the concentration of Ca2+ varies with the proportion of nitrate
consumed in the two-step reaction.

Under natural practical conditions, the nitrite concentration in the solution is small,
the reaction is less likely, and d = 0 occurs more often.

3.2.2. The Effect of the Proportion of Toluene Consumed by Microbial Growth on the Total
Toluene Content (f )

Mathematical models were created to illustrate the impact of microbial growth on
CaCO3, with diagrams presented in Figure 3 for levels of 0%, 4%, and 8%. Under natural
practical conditions, nitrate is completely reduced to nitrogen, and it is assumed that d is 0
and the temperature is 20 ◦C.

It can be seen that f has little effect on concentration, the consumption of toluene in-
creases, and the concentrations of H+, Ca2+, and HCO3

− decrease (Figure 3). The influence
of microbial growth on calcium carbonate is mainly reflected in the fact that the more
significant the consumption of microorganisms is, the smaller the amount of toluene used
for the reaction.
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3.2.3. The Effect of Temperature (T)

Since the water temperature of aquifers is mainly in the range of 9–20 ◦C, in order to
simulate the relationship between CaCO3 and toluene at different temperatures, mathe-
matical model diagrams of 10 ◦C, 15 ◦C, and 20 ◦C are presented in Figure 4. This paper
assumes that the nitrate is entirely transformed into nitrogen and that the consumption of
microbial growth is 6.5%.
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As the temperature increases, the activity of ions increases, and the equilibrium
constant changes. In addition to directly affecting the temperature assignment in the model,
temperature also affects the equilibrium constant of the reaction. As shown in Figure 4, the
higher the temperature is, the higher the concentration of H+. The trend of Ca2+ and H+

changes could be more consistent, possibly due to the combination of temperature and the
equilibrium constant. Therefore, the influence of temperature on toluene mineralization is
complicated. The Ca2+ concentration in the system is not a monotonic function that varies
with temperature.

3.2.4. The Effect of the Milligram Equivalent of Other Ions (E)

Figure 5 presents the effects of the milligram equivalent of other ions (E) under toluene
mineralization on carbonate dissolution and precipitation. This section assumes that nitrate
is entirely transformed into nitrogen, the consumption of microbial growth is 6.5%, and the
temperature of the system is 20 ◦C.



Appl. Sci. 2023, 13, 11867 10 of 16

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 17 

(a) (b) (c) 

Figure 4. Variation in ion concentration with temperature. (a) Variation in H+ with toluene concen-
tration; (b) variation in HCO3− with toluene concentration; (c) variation in Ca2+ with toluene concen-
tration. 

3.2.4. The Effect of the Milligram Equivalent of Other Ions (E) 
Figure 5 presents the effects of the milligram equivalent of other ions (E) under tolu-

ene mineralization on carbonate dissolution and precipitation. This section assumes that 
nitrate is entirely transformed into nitrogen, the consumption of microbial growth is 6.5%, 
and the temperature of the system is 20 °C. 

Based on the ion concentration in groundwater, Figure 5 shows the influence of com-
plete mineralization on calcium carbonate when E is 0 mol/L, 0.001 mol/L, and 0.002 
mol/L. According to the given information, it appears that the trend of ion concentration 
change is the same in all three cases, as the reaction mechanism is identical. As can be seen 
from the figure, the smaller the value of E is, the greater the concentrations of H+ and 
HCO3− in the corresponding solution at the initial concentrations.  

The amplitude of variation in the H+ and HCO3− concentrations increases as the value 
of E decreases. The change in Ca2+ concentration is slightly different from that of the above 
two ions. E affects the initial concentration of calcium ion as follows: the larger the value of 
E is, the smaller the initial concentration. Moreover, E has an impact on the change trend of 
the Ca2+ concentration. When E is 0, the Ca2+ concentration always increases; when E is 0.002, 
the Ca2+ concentration always shows a downward trend; when E is 0.001, the Ca2+ concen-
tration shows a trend of first decreasing and then increasing, and there is an inflection point 
near a toluene concentration of 7 × 10−5 mol/L. The variation in Ca2+ concentration is complex, 
possibly due to the complex relationship between Ca2+ and H+ in the model. 

(a) (b) (c) 

Figure 5. Variation in ion concentration with the milligram equivalent of other ions. (a) Variation in 
H+ with toluene concentration; (b) variation in HCO3− with toluene concentration; (c) variation in 
Ca2+ with toluene concentration. 

Figure 5. Variation in ion concentration with the milligram equivalent of other ions. (a) Variation in
H+ with toluene concentration; (b) variation in HCO3

− with toluene concentration; (c) variation in
Ca2+ with toluene concentration.

Based on the ion concentration in groundwater, Figure 5 shows the influence of com-
plete mineralization on calcium carbonate when E is 0 mol/L, 0.001 mol/L, and 0.002 mol/L.
According to the given information, it appears that the trend of ion concentration change is
the same in all three cases, as the reaction mechanism is identical. As can be seen from the
figure, the smaller the value of E is, the greater the concentrations of H+ and HCO3

− in the
corresponding solution at the initial concentrations.

The amplitude of variation in the H+ and HCO3
− concentrations increases as the value

of E decreases. The change in Ca2+ concentration is slightly different from that of the above
two ions. E affects the initial concentration of calcium ion as follows: the larger the value of
E is, the smaller the initial concentration. Moreover, E has an impact on the change trend
of the Ca2+ concentration. When E is 0, the Ca2+ concentration always increases; when
E is 0.002, the Ca2+ concentration always shows a downward trend; when E is 0.001, the
Ca2+ concentration shows a trend of first decreasing and then increasing, and there is an
inflection point near a toluene concentration of 7 × 10−5 mol/L. The variation in Ca2+

concentration is complex, possibly due to the complex relationship between Ca2+ and H+

in the model.

3.3. Fitting Results

The analysis of the experimental results related to toluene mineralization presented
in Figure 6 indicates that nitrate concentrations decreased with the increasing amount of
toluene degraded. The figure shows that toluene was reduced by 0.02 mmol/L on the
first day, suggesting that after domestication, the microorganisms quickly adapted to the
experimental environment. The adaptation period of microorganisms in this study was
much shorter than that in other studies. Toluene decreased gradually with time. It was
degraded by more than 80% on the fourth day of the experiment and was approximately
fully degraded within eight days.

The figure shows that the concentration of NO3
− decreased gradually with time and

was degraded by more than 80% on the fourth day of the experiment. The formation
of NO2

− was observed as a temporary phenomenon. According to A. PEÑA-CALVA,
A. OLMOS-DICHAR, a similar phenomenon was observed and was called a respiratory
pattern [46].

The CO2 resulting from the complete degradation of toluene reacts directly with
CaCO3 and water in the following reactions:

CaCO3 + CO2 + H2O = Ca(HCO3)2 (23)
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If the above reaction occurs, the magnitude of the change in HCO3
−: Ca2+ should be

2:1. A graph of the amount of change in the concentration of HCO3
−: Ca2+ during the

experiment is shown in Figure 7. The slope of the plot is 5.29, and the ratio of the change in
the HCO3

− concentration to the change in the Ca2+ concentration is much greater than 2:1.
This image also shows that mineralization promotes the increase in HCO3

− concentration.
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Figure 7. Ca2+ vs. HCO3
− production for experiments in which calcite was the solid phase.

To determine the degradation process of toluene and nitrate in the system, the the-
oretical and practical correspondence between toluene and nitrate was calculated using
the following formula. The consumption of NO3

− was equal to the concentration of the
experimental group NO3

− plus the reduction of the experimental group NO3
−. The con-

sumption of NO3
− and the residual amount of NO3

− were measured, and the reduction
of NO3

− was calculated. Actual toluene consumption versus theoretical consumption is
shown in Figure 8. The slope between the theoretical and actual consumption of toluene is
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0.93, which indicates that the degradation roughly followed Equations (12) and (13), which
would satisfy the presupposition of the model.
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Based on the results shown in Figures 6–8 and the physics models introduced earlier,
it is necessary to fit the models’ equations to the experimental data.

The parameters of the model were set as follows:
The ratio for both nitrate and nitrite at each monitoring time was calculated. Because

the proportion of toluene consumed by microbial growth compared to total toluene content
(f) has little influence, the median of 6.50% was substituted into the model calculation.
According to the experimental design, V was 280 mL, Va was 250 mL, and T was 20 ◦C.

The SSE, MSE, and RMS error of the Ca2+ concentration of the theoretical model
and the experimental model were calculated and were 3.15 × 10−9, 6.31 × 10−10, and
2.51 × 10−5, respectively. Initially, the Ca2+ concentration was lower than the model-
derived value, but it gradually increased and eventually became greater than the model-
derived Ca2+ concentration (Figure 9a).
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The SSE, MSE, and RMS error of the HCO3
− concentration of the theoretical model

and the experimental model were calculated to be 2.04× 10−8, 4.08× 10−8, and 6.38× 10−5,
respectively. As can be seen from Figure 9b, among the five points, except for the second
point, the gap is large, and the other points are well fitted.
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After the above rough analysis, the fitting situation of the ions was studied.
Temperature affects the dissolution of calcium carbonate in groundwater. At the first

point, the calcium carbonate may not be completely dissolved.
Toluene is converted to metabolic intermediates, such as benzylsuccinate and benzene

carboxylic acid, which affect the pH value in the aqueous carbonate system [47,48]. The
experimental data of the Ca2+ concentration showed slightly higher values than the model
data. This may be because the intermediate product is acidic, which affects the ionization
of carbon dioxide and promotes the dissolution of calcium carbonate.

The first two points may have belonged to the stage when microorganisms were
adapting to their environment. The second to third points marked the period of rapid
conversion of nitrate to nitrite, when the concentration of nitrate and nitrite changed
rapidly, so there may have been a great difference in monitoring concentration. In addition,
this stage also represented the exponential period of microbial growth and reproduction,
and the toluene consumption of microorganisms may have been much higher than 5%,
which may be the reason for the significant difference between the third point and the
model. In the later period, microorganisms were in the decline period, and microorganisms
had almost stopped consuming toluene, so the fitting results of the latter two points were
slightly poor.

To ensure the survival of microorganisms, small amounts of Mg2+ and phosphate
plasma were added to the experiment as necessary nutrients. The influence of various ions
in the system also caused a difference between the model and the experiment.

3.4. Implications

The derivation of the model is based on part of the life cycle, which refers to the whole
process of producing nitrogen, carbon dioxide, and water from the reaction of the reactants
toluene and nitrate [49]. The effects of toluene degradation on the calcium carbonate system
include many qualitatively complex reactions, and the mathematical model still has some
limitations. Therefore, numerical simulation can be used to guide and apply the actual
practice in the future, and the model can be better generalized [50]. Thus, it can serve to
calculate the amount of degradation of petroleum pollutants by calculating the change in
inorganic ion concentrations in the field, avoiding a series of problems associated with field
organic tests, such as delayed test results, dangerous test drugs, and secondary pollution of
the test solution. At the same time, with the help of the model, the degradation of toluene
in a fixed period can be quickly determined, which is of great significance for improving
the distribution efficiency of regional groundwater organic pollution.

In the model, NO3
− is converted to N2 by the action of microorganisms. According

to the research, fungi are capable of this reaction. They possess enzymes involved in
denitrification, including nitrate reductase (Nar) and nitrite reductase (Nir). Similarly,
bacteria such as nitrite-reducing bacteria and facultative denitrifying bacteria also possess
these enzymes and can carry out the reaction in the model [42,51].

In general, denitrifying bacteria have diverse living conditions. The pH range for
these microorganisms is generally between 6.5 and 9, and they can thrive in environments
with temperatures ranging from 10 to 40 degrees Celsius. For bacteria, the reaction occurs
under anaerobic conditions. For fungi, a small amount of oxygen can promote the reaction,
but excessive oxygen inhibits the reaction [52]. The environment of most groundwater
systems is suitable for the growth of microorganisms. At present, the living environment of
microorganisms is not considered in the derivation of the model. In the future, the existing
research will be expanded by a series of experiments with different initial conditions,
including toluene concentration, intermediate organic acids, and initial pH.

4. Conclusions

Based on hydrogeochemical and organic biomineralization theory, this study obtained
conceptual and mathematical models of the effect of toluene mineralization on the dissolu-
tion and precipitation of CaCO3.
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It was found that several factors may influence the dissolution and precipitation
of CaCO3. The first is whether the nitrate is thoroughly reduced to N2. When nitrate is
thoroughly reduced, CaCO3 will precipitate. On the contrary, calcium carbonate dissolution
and precipitation depends on the degree of nitrate reduction. The second influencing factor
is the proportion of toluene consumed by microbial growth compared to total toluene
content (f). For a complete reaction, the greater the consumption of microorganisms is, the
smaller the amount of toluene consumed in the reaction and the smaller the precipitation of
calcium carbonate. The third factor is temperature (T). The Ca2+ concentration in the system
is not a monotonic function that varies with temperature. The milligram equivalent of other
ions (E) may also affect the dissolution and precipitation of CaCO3 in a nonmonotonic
function style.

In summary, toluene mineralization impacts the dissolution and precipitation of
CaCO3, which changes with the change in relevant parameters in the mathematical model.
The established model provides a tool for evaluating biodegraded hydrocarbons by mea-
suring the NO3

−, NO3
−, and Ca2+ concentration variations in groundwater.
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