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Abstract
A thermal dissociation process (ideally, 100% atom utilization) to regenerate the
amine extractant and to produce gaseous HCl which is the key to realizing the CO2
mineralization with metal chloride waste liquids was investigated. Solvent effects on
the thermal dissociation of tri-n-octylamine hydrochloride (TOAHCl) were predicted
to be prominent via analyzing structure parameters, charge distribution, solvation
free energy, apparent basicity, and N-H frequency with the help of molecular simulation and experiments. Inert solvents with low polarity such as decalin, dodecane were
favorable in thermal dissociation experiments. In particular, decalin enhanced the
dissociation most effectively which is in agreement with the prediction. In dilute
solutions, the thermal dissociation kinetics was shown to be first order. The apparent
reaction rate (3.0 × 10−4−1.5 × 10−2 min−1) and activation energy (58.219-
121.827 kJ/mol) differ a lot at 180-190°C in various solvents, confirming a strong
solvent effect. A two-stage reaction scheme in dilute solutions has been proposed
from the experimental study. The overall process is entropically driven, with the removal of HCl into gas phase from the solvated state. The work could offer a fundamental direction for the further actual process.
KEYWORDS
amine regeneration, decalin, entropically driven, kinetics, solvent effects, thermal dissociation
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IN T RO D U C T ION

Since the beginning of the Industrial Revolution, anthropogenic activities have substantially increased the concentration
of greenhouse gas CO2 in atmosphere. Apart from green energy technologies and energy efficiency improvement technologies, carbon capture and storage (CCS) is a hot topic to
relieve the CO2 emission. Among the various CCS methods,
mineralization by converting CO2 to carbonate minerals offers

an attractive approach for the safe storage and effective utilization of CO2. Some Mg2+/Ca2+—rich aqueous resources,
such as seawater,1,2 salt lake brines,3-6 and industrial effluents7-10 have potential application in mineralization of CO2.
Our research group has investigated a novel coupled reactive extraction-
crystallization process systematically to
realize the storage of CO2 with the liquid wastes, such as
distiller waste containing plentiful CaCl2 from ammonia
soda process7-9 and abandoned MgCl2-rich brines3,5 after
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the production of potassium fertilizer from salt lake. In the
process, CaCl2, MgCl2 were transformed to high-
valued
carbonates. The reaction for the coupled reactive extraction-
crystallization process could be expressed with Equation (1),
taking CaCl2, for example. In the process, water insoluble
tertiary amines tri-n-octylamine (TOA) or N235 (a mixture
of tertiary amines with 8-10 carbon atoms in each branch)
are applied as the extractants of HCl, making the reaction
occur constantly by increasing the pH of the aqueous phase
through transferring HCl from aqueous phase to oil phase.
The mechanism of CO2 and HCl transformation has already
been conformed.6 Regeneration of amine extractants from its
hydrochlorides efficiently is crucial to realize the industrialization of the process.

CaCl2 + CO2 + H2 O + R3 N(o) → CaCO3 + R3 NHCl (1)
KCl + H3 PO4 + R3 N(o) → KH2 PO4 + R3 NHCl
Δ

R3 NHCl ⟶ R3 N(o) + HCl(g)

(2)
(3)

Apart from the coupled process of CaCl2, the extraction
technology for the production of compound fertilizers such
as potassium dihydrogen phosphate (KH2PO4)11-13 could also
generate amine hydrochloride which is shown in Equation (2).
The efficient regeneration of amine extractant is also a key
point.
Harsh environmental protection laws enforcement poses
a great challenge and strong economic motivation to develop the regeneration method. It is favored to separate
HCl from amines, thereby lowering down the cost of waste
treatment and making full use of resources. Considerable
energy has to be introduced in terms of the strong binding
interaction between amine and HCl. Either “pH swing” or
“temperature swing” principle could be followed for regeneration of amine,14 which are applied in the following two
ways accordingly. Neutralization by low-cost alkaline matter, such as lime slurry and ammonia solution is an effective
and easy way, however, a sludge and the waste liquid that
need to be disposed of are formed then.15-17 Besides, it involves consumption of reagents and loss of chloride values.
Ideally, direct thermal dissociation of amine hydrochlorides is a promising technique with 100% atom utilization,
in which amines could be recycled successfully although
the energy consumption is still higher than the neutralization method. Moreover, quite appealing gaseous HCl could
be produced. The equation can be shown as Equation (3).
Coenen, Kosswig et al18-20 had made extensive studies on
the regeneration of tertiary amines from straight-chain to
branched-chain through thermal dissociation of its chloride. Also, we have made some basic study on the thermal dissociation of solid TOAHCl.21,22 In comparison with
branched-
chain tertiary amine tris(2-
ethylhexyl)amine

(TEHA), it is much difficult to regenerate straight-chain
tertiary amine TOA by dissociation of their chlorides, with
considerable higher temperature (with starting temperature
of 170°C vs 100°C) and much longer time (with half-life
of 47 and 2 minutes in certain conditions, respectively).
The optimal temperature of dissociation of TOAHCl is
as high as 215°C with the dodecane as the solvent.18,19,23
Eyal et al14,24-28 summarized the parameters for adjusting
extractants’ properties (mainly basicity) such as inductive
effect, solvent effect, the “temperature swing,” etc.
In our previous work, much stronger and cheaper amine
extractant N235 (It was replaced by TOA for convenience in
this paper and its feasibility was disclosed in Appendix S1)
was used to accomplish the reactive extraction-crystallization
process. Thus, solvent effects become fairly crucial that need
to be studied deeply.
In the work, five types of solvents, that is, decalin
(cycloalkane), n-dodecane (alkane), tetralin (with aromatic
ring), diamyl ether (ether), and n-octanol (alcohol), were selected which were mentioned in references.14,24-28 Based on
preexperiments, all the selected solvents have boiling point of
more than 185°C (please see Appendix S2) but not so much.
As it could not only inhibit significant solvent loss because
of the relatively high boiling point but also keep the temperature in the boiling sump mixture below 250°C to prohibit the
degradation of amines.20 The solvent effect on thermal dissociation of TOAHCl was discussed both from molecular simulation and experimental aspects. A scheme for the process
was proposed, during which the kinetics analysis was made
and strong solvent dependence was confirmed quantitatively.

2 | EXPERIM ENTAL AND
CALCULATION DETAIL S
2.1

|

Materials and apparatus

Analytical reagent tri-n-octylamine (ie, TOA, purity ≥97.0%)
was purchased from TCI (Shanghai) Development Co.,
Ltd., Shanghai, China. N235 was purchased from Shanghai
Rare-earth Chemical Co., Ltd. Petroleum ether (point range,
60~90°C), hydrochloric acid of analytical grade (36%-38%,
wt. %) were purchased from Shanghai Ling Feng Chemical
Reagent Co. Ltd., Shanghai, China. Anhydrous ethanol
(purity 99.5%, Shanghai Titan Scientific Co., Ltd.), sodium hydroxide (NaOH, purity 96.0%, Shanghai Ling Feng
Chemical Reagent Co., Ltd.), silver nitrate (GR, Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China) were used for
titration. N-dodecane (purity ≥ 98.0%) was purchased from
Aladdin Industrial Corporation (Shanghai). Decalin (GR,
purity ≥ 99.5%), tetralin (CP, purity ≥ 98.0%), diamyl ether
(purity ≥ 98.0%), and n-octanol (AR, purity ≥ 99.0%) were
supported by Sinopharm Chemical Reagent Co., Ltd.
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F I G U R E 1 Schematic illustration of
the device used in the thermal dissociation
of TOAHCl in different solvents. (1-N2
gas; 2-Relief Valve; 3-Gas Flowmeter;
4-Buffers; 5-Reactor; 6-Distillation column
(with graham condenser); 7-Thermocouple;
8-StarFish Monoblock heater; 9-Gas
washing bottle.)

A high precision low-temperature thermostat (Ningbo
Tianheng Instrument Factory) and a homemade-
jacked
reactor were used to prepare TOAHCl. The dissociation
experiments were performed in a four-necked round bottom flask (250 mL) reactor (the uses of the four necks
are shown in Figure 1). The initial amount of HCl was
determined by titration with NaOH solutions after solving the TOAHCl in ethanol. Before each experiment, gas
tightness was checked. Then, certain amount of TOAHCl
and solvents were added in the reactor and the reaction
begins. A StarFish Parallel Reaction Station purchased
from Radleys, UK surrounded with thermal insulation
(not drawn in Figure 1) was used to control temperature.
Besides, graham condensers were used on the top of distillation column to avoid the loss of solvents. The mixture
was stirred with the magnetic stirrer. Then N2 was introduced into the reactor bottom through a gas flowmeter.
The inert carrier gas N2 was used to accelerate the HCl
formation and split-off and keep the amine from oxidation. During experiments, the conversion rate was determined indirectly by measuring the concentration of Cl− in
bottle 9 (with NaOH solutions in it) with AgNO3 solutions. Thermal couple was put in a thermowell in case of
corrosion. A series of experiments such as the ones at different kinds of solvents could be done simultaneously on
the StarFish reactor, ensuring the other conditions same.
And each set of experiments was repeated three time and
the average values were shown in figures.

2.2 | Preparation of tri-n-octylamine
hydrochloride
TOAHCl was prepared through dissolving 0.1 mol (about
35.4 g) TOA in 40-60 mL cold petroleum ether (about 0°C,
in the jacketed reactor, isopropanol-water mixed solutions
as the cooling medium) and adding 0.11-0.12 mol concentrated hydrochloric acid (9-10 mL) slowly in case of high
local temperature. TOAHCl was obtained after three times

recrystallization from warm petroleum ether. Then the salts
were filtrated using Buchner funnel, washing with ice-cold
petroleum ether and drying overnight in gas phase at room
temperature firstly29 before at 50-60°C (melting point of
TOAHCl is 73°C) in order to release the remaining petroleum ether.

2.3

|

Characterization

The TOAHCl and HCl concentrations were analyzed by
methods of aqueous (NaOH/water) acid-base titration and
Mohr titration, respectively. Components of N235 were
analyzed on gas chromatography (Agilent 7890, Palo Alto,
California USA) combined with mass spectrometry (Agilent
5975C, USA), ie Agilent 7890/5975C GC/MSD.
Apparent basicity is used to indicate basic extractants’ capability of combining with acid in solvents. Taking tertiary
amine R3N for example, the following Equation (4) exists.

Ka,B
R3 NH+(o) ⇆ R3 N(o) + H+(W)

(4)

Of which expression of Ka,B is shown as Equation (5),

Ka,B =

[R3 N(o) ][H+(W) ]
[R3 NH+(o) ]

(5)

pKa,B is used to present apparent basicity. The bigger pKa,B
value is, the stronger the amine becomes. Li30 measured
apparent basicity with the modified method. The solutions
of amine in different solvents mix up with hydrochloric acid
with the amine/HCl mole ratio of 2:1, ensuring the mole ratio
of amine and its hydrochloride approaching to 1 as far as possible. Then Equation (6) can be obtained:

[R3 NH+(o) ] = [R3 N(o) ]

(6)

Thus, pKa,B is equal to pH of aqueous solutions. The pH
values were measured by PHSJ-3F pH meter purchased from
Shanghai INESA Scientific Instrument Co. Ltd, China.

440

|   

DONG et al.

Fourier-transform infrared spectra (FTIR) were carried
out on a Nicolet 6700 instrument (Thermo Fisher Scientific,
Waltham, Massachusetts USA), using liquid film method.

|

2.4

Quantum calculation details

In our work, we determined the structure parameters,
Mulliken charge distribution, and solvation free energy
of TOAHCl/TOA in various solvents, with the B3LYP
exchange-
correlation functional in conjunction with the
6-
311++g(d, p) basis set on Gaussian 09 package.31
Structure parameters and Mulliken charge distribution
could be o btained after geometry optimization of TOAHCl
and TOA. The frequency of TOAHCl and TOA both in
gas phase and different solvents were calculated to get
the Gibbs free energy. Then, the Gibbs free energy difference between each solvent and gas phase was calculated
to be the solvation free energy. The SMD32 model was
employed when the solvents were included to finish the
work.

3
3.1

|

R ES U LTS A N D D IS C U S S IONS

|

Solvent selection theoretically

3.1.1 | Molecular simulation of structure
parameters and solvation free energy
33-35

Many studies
have demonstrated that molecular properties including configuration geometries, charge distribution,
spectroscopic properties can be affected to different extent
by different solvents. Some main bond parameters, Mulliken
charge distributions as well as dipole moment of TOAHCl in
gas phase and different solvents are shown in Figure 2 and
Table 1.
We can see from Table 1 that the equilibrium N-H1 distance of TOAHCl gets shorter when transferring from gas
phase to solvents. Moreover, the distance decreases with
the increase in permittivity of solvents, whereas H1-Cl distance shows the opposite trend, exhibiting more ion pair

characteristics. From Mulliken charge analysis, the same
conclusion can be made. The chlorine atom gains an additional 0.064e, 0.080e, 0.117e, 0.133e, and 0.362e from
R3NH fragment when TOAHCl is moved from gas phase
to solvents listed in Table 1. Based on the analysis above,
the major charge rearrangement upon transferring TOAHCl
from gas phase to solvents leads to an enhancement of the
dipole moments of R3NH and Cl groups. This strengthens the
electrostatic interaction, thereby increasing the stability of
TOAHCl. For the thermal dissociation process of TOAHCl,
the electrons transferring from Cl to N is the essential step
and it is advantageous if the TOAHCl is unstable. Thus, nonpolar solvents are preferred.
Solvation free energy ΔGsol is a crucial parameter in describing the solvent effects on chemical reactions. The stability of the substances can be represented by the absolute
value of ΔGsol: the larger of |ΔGsol|, the more stable of the
substances. From Table 2, |ΔGsol| values of reactants show an
increase trend with the increase in polarity of solvents while
values of products remain almost unchanged, indicating that
the ion-pair-like reactants become more stable while the stabilities of products keep almost the same when transferred
from nonpolar solvents to polar ones. We may suppose that
the TOAHCl is least stable and dissociates most easily in
decalin.

3.1.2 | Apparent basicity of TOA in
various solvents
As seen from Figure 3, the apparent basicity of TOA in nonpolar solvent (decalin, dodcane, diamyl ether, and tetralin) is
lower than that of pure TOA and decreases with the decrease
in TOA concentration (ie, increase in solvent concentration).
Thereinto, decalin and dodecane weaken the basicity of TOA
most effectively, consistent with the molecular simulation results in section 3.1.1. Whereas n-octanol could enhance the
basicity of TOA and the apparent basicity increases with the
decrease in TOA concentration. Thus, n-octanol seems not
suitable for thermal dissociation.

F I G U R E 2 TOAHCl molecular
geometry and the charge distributions
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Bond length, Mulliken population, and dipole moment of TOAHCl in different solvents

Solvent

Permittivity

d(N-H1) (Å)

d(H1-Cl) (Å)

q(R3NH) (Å)

q(Cl)

Gas phase

1.000

1.112

1.805

0.481

−0.481

Dipole moment
(Debye)
8.0893

n-dodecane

2.006

1.080

1.920

0.545

−0.545

10.1502

Decalin

2.196

1.077

1.933

0.561

−0.561

10.3831

Tetralin

2.771

1.071

1.966

0.598

−0.598

10.9775

Dibutyl ether

3.047

1.069

1.979

0.614

−0.614

11.2088

n-octanol

9.863

1.054

2.098

0.843

−0.843

13.3027

Dibutyl ether used in simulation with Gaussian09 was replaced with diamyl ether in experiment because they are both ethers and have almost the same permittivity,
whereas diamyl ether has higher boiling point. R3N represents TOA.

TABLE 2

Solvation free energy of TOAHCl and TOA in various

solvents

Solvation free energy (kJ/mol)
Solvents

TOAHCl

Dodecane

89.898

57.366

Decalin

88.166

52.550

Tetralin

101.851

58.094

Dibutyl ether

101.198

54.618

n-octanol

124.587

56.455

|

3.1.3

TOA

Infrared spectra study

As is known, the nature of the dissociation of TOAHCl is
to break the N-H bond. Thus, N-H stretching vibrations are
sensitive markers of the chemical environment. Such vibrations are typically strongly infrared active and are assigned
in the range between 2700 and 2300 cm−1 region, usually
as the summation bands.22,36 Red shifts would be observed
when electron cloud density moves to nitrogen atom, denoting the decrease in vibration force constant, that is, bond
strength or bond energy. Thus the stability of the N-H would
be weakened, and vice versa.37,38 From Figure 4, the peaks
of wave number of N-H bond are 2340, 2350, 2450, 2450,
and 2600 cm−1 in decalin, tetralin, dodecane, diamyl ether,
and n-octanol, accordingly. Decalin, with the lowest N-H
wave number should be the most effective solvent whereas
n- 
octanol with the highest wave number stabilizes the
TOAHCl most effectively.

3.2
3.2.1

|

Thermal dissociation experiments

|

Effect of solvent species

The experiments were carried out under conditions of 180°C,
with solvent/TOAHCl mass ratio of 5:1 and high pure nitrogen flow rate of 300 mL/min. The result is shown in Figure 5.

F I G U R E 3 The apparent basicity of tri-n-octylamine (TOA) in
different solvents versus concentration of TOA

As can be seen from Figure 5, decalin performs best both
on rate and degree of reaction. The sequence of rate of thermal dissociation is in the order decalin > diamyl ether ≈
dodecane > tetralin > no solvent > n-octanol.
Figure 6 was depicted by combination of Table 2 and
Figure 5. From Figure 6 we can see that the instability of
TOAHCl agrees well with the conversion rate instead of permittivity only (the more unstable TOAHCl is, the more easily
the thermal dissociation process happens). The agreement
between simulation and experimental results offers a solvent
prediction method.
Compared with the N-H vibration prediction results in
section 3.1.3, it shows a good agreement between the N-H
wave number and the TOAHCl’s stability except for tetralin.
The reason why this abnormal phenomenon happens is still
unclear.
The reaction happens mainly in the first 3 hours. After
8 hours, the conversion rate reaches up to 98.1% in decalin, whereas the values are 95.37% and 94.96% in diamyl
ether and dodecane, respectively. In contrast, n-octanol as
a polar solvent shows the negative performance due to its
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FIGURE 5

F I G U R E 4 IR spectra of TOAHCl in different solvents with
experimental method (N-H stretching vibration region in rectangle)

TOAHCl

Effect of solvent types on thermal dissociation of

F I G U R E 6 Conversion rate of
thermal dissociation of TOAHCl (left
vertical axis) and solvation free energy of
tri-n-octylamine and TOAHCl (right vertical
axis) in different solvents

capability of H-bond formation. TOAHCl most probably
exists in n-octanol as solvated ions.39 Worse still, alcohols
might react with hydrogen chloride or hydrochloric acid
at high temperature.20 Thus, alcohols are not suitable in
thermal dissociation of amine hydrochloride even though
n-octanol was selected in our experiment. We chose it to
make the study complete enough to figure out the general
rules concerning the effect of solvent species. Meanwhile,
we may conclude that alcohols, which play an indispensable role in the reactive-
extraction crystallization coupled process of Ca2+/Mg2+ chlorides should be removed
before thermal dissociation at relatively low temperature.

TOAHCl dissociates only 78.14% in tetralin, nearly 20%
lower than that in decalin mainly owing to the aromatic
ring. Kertes et al29,40 pointed out that the substantial solvation power of aromatic hydrocarbons via π-electrons of
aromatic ring, in comparison with the aliphatic hydrocarbons, brings about a relatively strong solute-solvent interaction. And that results in a shielding of the dipole moment
of the amine hydrochloride ion pair, thereby increasing
the compatibility with solvent molecules. Furthermore,
the ion pair is stabilized by the above effect. Thus, the solvents containing the aromatic ring(s) are improper. Diamyl
ether with higher permittivity does almost the same good
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performance as dodecane may because of diamyl ether’s
lower boiling point (compared with dodecane) which is
just a little higher than the experimental temperature. In
that case, the solutions almost boil and more solvent vapors
besides N2 participating in carrying HCl.
Based on the analysis in section 3.1 and 3.2.1, we chose
decalin as the most suitable solvent currently due to its best
performance at a relatively low temperature. Besides, it is the
most stable one among the listed solvents.41-43 Thus, decalin
was used in following experiments.

3.2.2

|

Effect of nitrogen flow rate

Studies44,45 have been done for the closed and open system,
showing that the release of HCl is crucial to break the reaction equilibrium of dissociation of amine hydrochloride to
realize the thermal dissociation process of amine hydrochlorides. With different flow rates of N2, Figure 7 was drawn as
follows, which shows the substantial influence. 300 mL/min
was selected as the optimum after a trade-off although the
higher the better if just the thermal dissociation rate is considered. Other conditions were 180°C, with decalin/TOAHCl
mass ratio of 5:1.

3.2.3

|

Effect of temperature

Heating temperature is an important factor in thermal dissociation process. However, the energy consumption will be
quite large and the amine may degrade if the temperature is
too high. We did a set of experiments at different temperatures with the initial decalin/TOAHCl mass ratio of 5:1, high
pure nitrogen flow rate of 300 mL/min. The result is depicted
in Figure 8.
The strong temperature dependence of the thermal dissociation of TOAHCl in decalin could be read from the
curves. Conversion rate plunges from 99.7% to only 20.8%
as the temperature drops from 190°C to 150°C after 8 hours
heating. For endothermic reaction, the best temperature is
the one that the system (including the equipment and materials) could endure. Herein, 190°C was chosen as the optimal
temperature, just a little bit higher than the boiling point of
decalin.

3.2.4

|

Effect of solvent concentration

It is manifest from Figure 9 that solvent concentration has a
significant effect on thermal dissociation process. As the concentration of solvent increases, thermal dissociation rate becomes much quicker and the degree of conversion becomes
higher. It happens as mentioned above mostly because more
solvent molecules could disperse the produced TOA and HCl
molecules more thoroughly and inhibit the recombination of
them more efficiently according to “cage effect” raised by

FIGURE 7

TOAHCl

Effect of N2 flow rate on thermal dissociation of

Franck and Rabinowitch46,47 so that the HCl could escape
from the solutions once the thermal dissociation happens.
However, the handling capacity will decline in the meantime. Therefore, it is important to choose a proper concentration of solvent in terms of the balance between dissociation
efficiency and handling capacity or energy consumption,
namely, the conversion rate should be high enough while
the amount of solvents should not be too large. According to
Figure 9, there is a significant conversion rate increase from
4:1 to 5:1. However, the increase from 5:1 to 10:1 is moderate whereas the energy consumption would be roughly doubled. Hence, decalin/TOAHCl mass ratio of 5:1 could be the
optimal concentration currently.

3.3
3.3.1

|

Reaction mechanism analysis

|

Kinetic analysis

According to the work of Gibson et al.,44,45 the dissociation of
amine hydrochloride in dilute chlorobenzene follows the first-
order reaction principle in open system. Besides, under certain high N2 flow rate, the external diffusion could be ignored
as far as possible. Thus, it is reasonable to assume that HCl
could escape the system once formed in dilute enough solutions. Let A represent TOAHCl(solv). For first-order reaction,
the following expression holds: d(CA)/dt = –kCA. Integrating
and applying the initial condition, we get Equation (7).
)
(
CA
= −kt
ln
(7)
CA0
The equation could be transformed to the conversion rate
form as Equation (8).

ln (1 − xA ) = −kt

(8)
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Effect of temperature on thermal dissociation of

Figure 10 shows a plot of ln(1–xA) versus t for each solvent under two different temperatures, 190°C and 180°C
(for the dissociation of TOAHCl in different solvents at
190°C please see the Appendix S3). The dataset for each
condition is well-correlated to a linear fit, consistent with
a first-order process. From Equation (8) we know that the
slope equals to −k. All the reaction rate constants are listed
in Table 3.
Seen from Table 3, the conspicuous solvent effect could
be found for the dissociation of TOAHCl. Difference of order
of magnitude exists for different solvents in k. As is known,
the interaction among the product TOA with low polarity
is weaker than that among the reactant TOAHCl with high
polarity. Thus, nonpolar solvents with weak intramolecular
interaction favor such kind of reactions. The difference of
intramolecular interaction among each component of solutions leads to instability, namely, the ideal mixture would be
formed if the interactions are similar.48
Based on Arrhenius Equation (9), activation energy Ea
could be considered as a constant if the temperature varies
in a narrow range. Thus, the Ea could be calculated from the
slope of ln(k)−1/T based on Equation (10).

k = Ae−Ea ∕RT
ln (k) = −

F I G U R E 9 Effect of concentration of solvent on thermal
dissociation of TOAHCl. (represented by decalin/TOAHCl mass ratio)

FIGURE 10

Ea
+ ln (A)
RT

(9)
(10)

First-order fitting and the values of apparent reaction rates
at different temperatures in Figure 8, please see Figure 11
and Table 4 accordingly. However, sometimes the straight
line bends when the temperature increases which happens
in our work, as shown in Figure 12. In this case, modified
Equation (11) with three parameters raised by Van’t Hoff’s
student Kooij where the B, m, and Ea need to be determined
through experiments. For us, we applied another form of

First-order fitting plot as a function of time at 190°C (A) and 180°C (B) under open conditions
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TABLE 3

Kinetics parameters k and
Ea for thermal dissociation of TOAHCl in
dilute solutions

k × 104 (min−1)

445

R2

Solvent

190°C

180°C

Decalin

147.7

105.8

n-dodecane

129.0

80.2

Diamyl ether*

130.5
56.4

No solvent
n-octanol

Tetralin

|

Ea (kJ/mol)

190°C

180°C

58.219

0.9924

0.9993

74.653

0.9941

0.9975

87.5

69.754

0.9912

0.9920

37.3

72.152

0.9979

0.9957

7.6

4.7

83.670

0.9781

0.9445

6.0

3.0

121.827

0.9655

0.9655

*The temperature is 187°C for the one with asterisk due to the low boiling point of diamyl ether.

Arrhenius Equation (12) to calculate Ea at the temperature
between 180°C and 190°C, which should be reasonable for
this temperature range. The results were also listed in Table 3.
As for activation energy Ea, the values differ not so largely
except for n-octanol. In n-octanol, complex mechanism might
exist because its strong solvation power that the proton from
solvents may join the reaction.
)
(
E
k = BTm exp − a
(11)
RT

(
ln

3.3.2

|

k1
k2

)

E
=− a
RT

(

1
1
−
T1 T2

)
(12)

Reaction scheme

Inspired by the work of Gibson et al,44,45 a possible reaction
scheme for the thermal dissociation of TOAHCl in decalin
was proposed below as Equation (13).

TOAHCl(solv)

K1
k1
⇌ TOA(solv) + HCl(solv)
k−1

K2
k2
⇌ TOA(solv) + HCl(g) (13)
k−2

The dissociation step (K1) involves breaking up the tight
ion pair of solvated hydrochloride salt. The second step (K2),
the conversion from solvated HCl to gaseous phase which was
entropically powered, was thought to be the thermodynamic
driver (ie, controlling step). Moreover, the second process
could be considered to be almost irreversible in open system
with high flow rate of N2. The rate constant k we calculated
was the apparent rate constant.

4
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CO NC LU SION S

A 100% atom utilization process to regenerate amine extractant and to produce HCl gas which is the key to realizing the
CO2 mineralization with metal chloride waste liquids was
investigated. The main conclusions could be summarized as
follows.

FIGURE 11

First-order fitting plot as a function of time for
thermal dissociation of TOAHCl in decalin at different temperatures

TABLE 4

Apparent reaction rate k for thermal dissociation of
TOAHCl in decalin at different temperatures
Temperature, °C

Reaction rate k × 104
(min−1)

R2

190

147.7

0.9924

180

105.8

0.9993

170

56.6

0.9937

160

24.4

0.9949

150

2.5

0.9357

• The solvent effect is prominent. In contrast of structure parameters, charge distribution, solvation free energy, apparent
basicity, and N-H frequency with the help of molecular simulation and experiments, the solvents for thermal dissociation
of TOAHCl were compared theoretically. Inert solvents of
low polarity without aromatic ring such as decalin, dodecane,
and diamyl ether are favorable. Particularly, decalin shows
the best performance at a relatively low temperature.
• For dilute solutions, the thermal dissociation exhibits first-order
kinetics. The apparent reaction rates and activation energy vary
in various solvents a lot, confirming a strong solvent effect.
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FIGURE 12

DONG et al.

Plot of ln (k) as a function of 1/T

• The overall two-stage process is entropically driven, with the
removal of HCl into gaseous phase from the solvated state.
• Strong temperature effect exists. Degradation during the
process need to be investigated deeply to direct the selection of proper solvent such as dodecane and other inert solvents with higher boiling point.
• The investigation of degradations of amine extractants and
solvents which are crucial for further real production is in
progress and not included in the paper.
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