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Abstract. The thermal dissociation of tri-n-octylamine hydrochloride (TOAHCI) was investigated using both
the quantum chemical simulation and experimental methods. The pathway through which a mixture of tri-
n-octylamine (TOA) and hydrogen chloride (HCI), rather than di-n-octylamine (DOA) and 1-chlorooctane,
are produced has been determined through transition state (TS) search with Intrinsic Reaction Coordinate
(IRC) calculations. Particularly, strong agreement between the experimental FTIR spectra and that of TOA
demonstrates the same result for the first time. Moreover, the thermal dissociation of TOAHCI proceeds in
two continuous steps, which is different from the low molecular mass amine hydrochlorides. The experimental
enthalpy of the dissociation was 70.793 kJ mol~! with DSC measurement which is very close to the density
functional theory (DFT) calculation result 69.395 kJ mol~L. Furthermore, with the aid of DFT calculations,
some other important thermochemical characteristics such as crystal lattice energy with the value of 510.597
kJ mol~! were evaluated by means of Born—Fajans—Haber cycle.

Keywords. Tri-n-octylamine hydrochloride; TG-FTIR; DSC; thermal dissociation mechanisms; intrinsic

reaction coordinate.

1. Introduction

As effective extractants, high molecular mass aliphatic
water-insoluble amines, especially tertiary amines such
as tri-n-octylamine (TOA), tris-(2-ethylhexyl)-amine
(TEHA), N235 (a mixture of tertiary amines with carbon
number 8 to 10 in each chain), are used for the extraction
of HCI directly from HCI-containing solutions '~ or in
the reactive extraction—crystallization coupled process
of CaCl,, '3 MgCl,, *!* SrCl,, * LiCl, ¢ etc. (convert-
ing them to their respective carbonates by introducing
CO, and amine extractants, such as TOA). System-
atic work has been done for CaCl,'*!"" and MgCl, *
in our group which could release the stress of dealing
with the high CaCl,-containing (90-120¢g L") distiller
waste derived from ammonia-soda process and the high
MgCl,-containing (mass fraction >30%) brines after

*
For correspondence

production of potassium fertilizers from Qinghai Salt
Lake, respectively. Apart from tackling waste solutions,
itis a promising way to keep CO, in storage. Fortunately,
both the conversion rate and yield are high enough to
bring about industrialization. However, how to regener-
ate the expensive extractants effectively is the key to
realizing the aim. Many alternative ways, which are
more effective and easier, such as using lime slurry,
ammonia solutions and other alkaline substances (e.g.,
NaOH) could be chosen to regenerate the amine extrac-
tants. »'"'° However, all these methods result in other
substances which are of very low value or are consid-
ered as wastes and considerable purchase costs of such
alkaline substances should be taken into account. Some
researches on stripping HCI with distilled water have
been done, which showed high efficiency for TEHA,
but less than 10% for TOA and others.*%2%! By com-
parison, thermal dissociation of amine hydrochlorides
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is a promising technique of zero emission for resource
utilization that could regenerate extractants as well as
produce largely attractive gaseous HCL***" A pilot
plant where TEHA is used to recycle HCI by applying
thermal dissociation approach in the process of making
ethanol from biomass has been built. 2%’

Much work has been done mainly by Jerzy Blaze-
jowski, for the mechanism of thermal dissociation of
amine hydrochlorides (including NH4Cl) which could
be expressed by the general formula [C,H,,.NH;3]Cl,
with n = 0 — 823" and [(C,Hauy1)pNHy_,]Cl, with
n=1-4, p=2-4.3>% TIrrespective of the chain-length,
the thermal dissociation of amine hydrochlorides occurs
in one step just as NH,Cl does, which could be expressed
by equation:

Amine - HCl,;, = Amine, + HCl,, (D

It was reported that dissociation of amine hydrochlo-
rides mentioned above proceeded and nearly reached
the boiling points of the corresponding amines. The
amine should thus appear along with HCI in the gas
phase.?®?%2 In Jerzy Btlazejowski’s work, TG/DTG/
DTA curves of tertiary amine hydrochlorides were
drawn, indicating that there is only one endother-
mic peak. Unlike the amine hydrochlorides mentioned
above, the thermal dissociation process of TOAHCI was
somewhat different due to TOA’s high boiling point
(365.8°C), which is over 150°C higher than the dissoci-
ation temperature.

To find out the mechanism of thermal dissociation of
high molecular mass amine hydrochloride, whose boil-
ing point of the corresponding amine is much higher
than the dissociation temperature, is the primary tar-
get in this paper. Thus we try to study the two possible
pathways of dissociation theoretically with DFT calcu-
lations to find the dominant one. Besides, this work will
provide basic data for thermal dissociation of TOAHCI
to help to realize the industrialization of the reactive
extraction—crystallization coupled process of all kinds
of metal chloride wastes.

2. Computational and Experimental details

2.1 Intrinsic reaction coordinate (IRC) calculations

The nudged elastic band (NEB) method3%37 is a technique
through which the minimum energy path of a certain process
can be studied. Offering at least the reactants and products
coordinates, a band of images could be constructed and their
energy perpendicular to the band could be then minimized.
Along the band, the images are connected through springs.
Convergence of this method leads to the minimum energy
path (MEP). Specifically, climbed images nudged elastic band
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(CI-NEB) method was used to get a rough transition state
(TS) structure. All the calculations were carried out on CP2K
package.3® Then the fine TS structure was optimized through
TS (Berny) method at B3LYP/6-31+G(d, p) level firstly and
then at B3LYP/6-311++G(d, p) level. Afterwards, it was
approved by frequency calculation-with only one imaginary
frequency on the reaction pathway. Finally, it was confirmed
by IRC calculations. The energy barriers could be calculated
after the confirmation of pathways. The reactant and prod-
ucts were optimized at the level of B3LYP/6-311++G(d, p)
to calculate the thermal related parameters. These calcula-
tions were carried out with Gaussian 09 software package.>’
Some important calculation details are shown in Supplemen-
tary Information.

2.2  Materials

Analytical reagent TOA (purity >97.0%) was purchased from
TCI (Shanghai) Development Co., Ltd., Shanghai, China.
Petroleum ether (boiling range, 60-90°C), hydrochloric acid
of analytical grade were purchased from Shanghai Ling Feng
Chemical Reagent Co. Ltd., Shanghai, China.

2.3 Preparation of TOAHCI

TOAHC] was obtained by dissolving 0.1 mol (about
35.4 g) of TOA in 40-60 mL cold petroleum ether (in the
jacketed reactor, isopropanol-water mixed solutions as the
cooling medium) and adding 0.11-0.12 mol of concentrated
HCl solutions (9—10 mL) slowly in case of quick temperature
increase. Although a white precipitate formed immediately, it
was necessary to keep the solution at about 0°C for at least 1 h
to achieve a high yield. Transparent flakes were gathered after
three times of recrystallization from warm petroleum ether.
Then the salts were filtrated using Buchner funnel, washing
with ice-cold petroleum ether and dried overnight in vacuum
at room temperature firstly, then at 50°C in order to release
the remaining petroleum ether. Then TOAHCI crystals were
obtained.

2.4 Characterization

Purity was checked by elementary analysis which was con-
ducted with Elementar vario EL III elemental analyzer
(Elementar Analysensysteme GmbH, Germany). The elemen-
tary analysis results are shown in Table 1.

The thermal dissociation mechanism of TOAHCI was ana-
lyzed by comparing FTIR spectrum of TOA (liquid film
method) with that of TOAHCI (Melts methods), which was

Table 1. Purity analysis result of TOAHCI by elemental
analysis.
Sample Elemental analysis (%)

C H N Cl
Required 73.89 13.43 3.59 9.09
Synthesis 73.81 13.58 3.48 9.13
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carried out on a Nicolet 6700 instrument (Thermo Fisher
Scientific, USA). Thermal analysis methods such as TG, DSC,
TG-DSC and TG-FTIR were also used to capture the mech-
anism of thermal dissociation process.

Dynamic thermogravimetric measurements (TG) were
conducted on a PerkinElmer STA 6000 thermobalance which
was coupled with a PerkinElmer FRONTIER FTIR spectrom-
eter (PerkinElmer, USA). Samples weighing 8-10 mg were
placed in a platinum crucible covered by a lid with a hole
and heated at 10.0 K min~! heating rate in a dynamic high
purity N atmosphere. Gaseous TG-FTIR result was the direct
evidence for the dissociation mechanism.

Thermodynamics was determined by both TG and DSC
methods which were realized on NETZSCH DSC 200F3
(NETZSCH, Germany). Samples weighing 6—10 mg were
placed in a covered platinum crucible (the lid had a pinhole)
and heated at 5 K min~! and 10 K min~! heating rate for DSC
measurement. The dissociation process was better understood
by analyzing the TG-DSC curves with the help of instrument
NETZSCH STA 449F3 (NETZSCH, Germany). The platinum
crucible was also covered by a lid with a pinhole. All were in
a dynamic high purity N> atmosphere.

HWR-15C Automatic Calorimeter (Shanghai ANDE
Instrument Equipment Co. Ltd) was used to calculate the
enthalpy of formation of TOAHCI.

3. Results and Discussion
3.1

The reaction pathway determination

It has been suggested that amine hydrochlorides dis-
sociate with the release of amines and HCI (both are
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in gas phase).**~** Therefore, the proposed dissociation
process (pathway 1) can be described by the following
equation:

R3N . HC](SJ) —A) RSN(g) + HCl(g) (2)

where R stands for the hydrocarbon chain; in this paper,
it is n-octyl.

Side reactions which produce secondary amines
(pathway 2) even primary amines (not part of this paper)
may occur at a higher temperature and for a longer time,
resulting in the degradation of amines.*? As shown in
the following equation.

R;N - HCl = R>NH,) + RCl, 3)

Reaction mainly happens by the way of equation
(2) because the N-H bond (more like an H-bonding)
strength is weaker in comparison to that of the covalent
C-N bond. Jerzy Blazejowski made the conclusion that
there was a fairly high activation barrier for dealkylation
based on the considerations of much higher dissociation
enthalpies of quaternary salts than primary, secondary
and tertiary amine hydrochlorides.?> However, there
is no direct evidence for this explanation. Thus, we
performed CI-NEB and IRC calculations to study the
two possible pathways for the thermal dissociation of
TOAHCIL.

The results are shown in Figure 1. There is no bar-
rier for the formation of TOA and HCI complex and
the calculated reaction enthalpy value 69.395 kJ mol ™!
is consistent with the experimental studies hereinafter.
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Figure 1.

Two pathways for thermal dissociation of TOAHCI.
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Whereas the reaction barrier is up to 239.318 kJ mol ™'
when forming DOA and 1-chlorooctane although the
reaction enthalpy of pathway 2 valued 42.122 kJ mol ™
is lower than that of pathway 1. Thus, we assume that
TOAHCI mainly even only dissociates along pathway 1
under our experimental condition. It is also verified by
the following experimental analysis. For the calculation
details about IRC of pathway 2, total energy scanning
of pathway 1 and others, please check Supplementary
Information (SI).

3.2 Infrared spectra study on thermal dissociation

FTIR spectra of TOA and TOAHCI are compared*
in Figure 2(a). When transformed to TOAHCI from
TOA, the C-N stretch band at 1096 cm™! shifts to
1050 cm™! and its intensity becomes weaker. Then
the Raman spectrum of TOAHCI was tested (shown
in Figure 2(b)), which shows that the intensity of C—
N out-of-phase stretch at about 1060 ¢cm~! is much
stronger than that of IR. Moreover, C-N in-phase stretch
at around 833 cm™! appears which could hardly be
found in IR spectra, indicating that C-N band tends to
be Raman active after charge rearrangement (electrons
cloud moved towards the center of C and N with induc-
tive of Cl.) In other words, C—N becomes less polar than
that in TOA even though the whole molecule TOAHCI
becomes more polar. The frequency of CH, (next to N)
in-phase stretch band at 2800 cm™! increases to above
2900 cm™! because of NH* group.*' Meanwhile, NH
summation bands in the range between 2700 cm™' and
2300 cm™" appear. It should be pointed out that the band
occurring at about 3400 cm ™! may belong to OH because
of the sample making method or the trace water content
in TOAHCI.

Jerzy Btazejowski pointed out that FTIR measure-
ments coupled to thermogravimetric experiments (TG-
FTIR) could be a reliable method for unambiguously
identifying the species produced as a result of the ther-
mal degradation of quaternary methylammonium or
ethylammonium halides***> which could be applied to
study the products of thermal dissociation of amine
hydrochlorides.

The process of thermal dissociation of TOAHCI was
monitored by recording FTIR spectra as a function of
time. The “three-dimensional” FTIR spectrum of prod-
ucts (Figure 3(a)) displays that the intensities of the
absorption signals pass through two successive maxima,
which usually indicates the complex mechanism of this
compound’s thermal dissociation. The same thing also
happens in FTIR of TOA’s evaporation (Figure 3(b)),
thus we could not make any further deduction from
the simple two successive maxima in FTIR curve. On
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Figure 2. (a) FTIR spectra of TOA and TOAHCI; (b)

Raman spectrum of TOAHCI.

the other hand, by analyzing the FTIR spectra at dif-
ferent times, some nuances can be found. The FTIR
spectrum of TOA appears from the point of about 600 s
(at about 140°C) to the end. Before around 1416 s (at
about 283°C), FTIR spectra of a mixture of TOA and
HC1(3014-2700 cm™! summation bands ****) are shown
whilst after 1460 s only FTIR spectra of TOA is recorded
(Figure 4) except for the occasional very weak inten-
sities of HCI compared to those before 1460 s. As is
known, free HCI typically has a series of strong sig-
natures from 3050 to 2650 cm~'.** Therefore, only
weak signal appears mainly because HCI is not free
molecule but bound by weak interaction with TOA,
resulting in the masking of the HCI signal by those
of TOA. In addition, during the period between 1596
s and 1673 s (306-318.8°C), a peak of weak intensity
at about 2711 cm™' appears which is regarded as an
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Figure 3. Time dependence of the FTIR spectra measured
during the TG-FTIR experiments for TOAHCI (a) TOA (b).

implication of an intermediate form of TOA and HCl in
gas phase, in which the proton is only partially trans-
ferred and shared by TOA and Cl~.* In fact, the weak
complexes between TOA and HCI (TOA - - - (HC]),)
whose NH vibrations are weak can be expected on the
basis of not only theoretical considerations*® but also
certain experimental evidence*’ for other kinds of
amine hydrochlorides. Particularly, very useful infrared
spectra data were analyzed in the references, **° point-
ing out signals around 630, 660, 672 cm™' belonged
to NH; - HCI, (EtNH,), - HCI and NH; - (HCl), com-
plexes, respectively. The twin peaks at about 2360 cm™!
and 2340 cm™' are believed to belong to CO, because
of its existence all along. From the above analysis,
some conclusions could be made. Firstly, the thermal
dissociation of TOAHCI begins at about 140°C and
starts to be evident at above 180°C. Secondly, the pro-
cess is likely to be divided into two steps mainly due
to the difference in evaporation rates. At lower tem-
peratures, the release of HCI is faster than TOA due
to the high boiling point of TOA (365°C), while at
higher temperatures (above 275°C) the TOA and HCl
escape from the system at about the same time once the
dissociation happens. The side reactions mentioned in
some references forming corresponding secondary or
primary amine and chlorinated hydrocarbon®! did not
happen in the experiment (there is no strong intensity
at about 725 as well as 655 cm~!' which belong to C—
Cl bond*’) because of the short time of heating and the
lower temperature. The result is consistent with the DFT
calculations.
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Figure 5. TG/DSC/DTG curves of the thermal dissociation
process of TOAHCIL.

3.3 Thermal analysis of thermal dissociation

With the aid of NETZSCH STA 449F3, TG/DSC/DTG
curves of the thermal dissociation process of TOAHCI
are depicted as Figure 5. We can see from the picture that
the dissociation process is obviously divided into two
steps, and both are endothermic. Before the temperature
about 287°C, the mass loss was 57% while the rest is
43%. The result also demonstrates that HCl and TOA do
not release separately. (if the whole HCl release before
TOA evaporation then the first step mass loss should be
around 9.35%). The specific reason why it happens like
this is still not very clear so far. The evaporation rates
might matter.
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Figure 6. DSC result of TOAHCI at heating rate of 5
K min~!,

In this paper, complete DSC curves were obtained
with the help of liquid nitrogen. We can see from Fig-
ure 6 that polymorphic transformation appears at —62°C
and the enthalpy is 2.467 kJ mol~'. Melting with the
enthalpy of 27.735 kJ mol™! happens before dissocia-
tion process at about 73°C. The thermal dissociation
process begins at about 240°C and ends at about 287°C,
which experiences two successive stages, with a chunky
peak first and a sharp one then. The enthalpies are 70.427
kJ mol~" and 71.158 kJ mol ! for 5 K min~" (Figure 6)
and 10 K min~' (Figure 7), respectively which are very
close to the DFT calculation values 69.395 kJ mol .
However, the enthalpies of the second stage occupy
50% and 71.6% of the totals. This phenomenon may be
explained with the result of TG-FTIR spectra. At lower
temperatures, the release speed of HCI is much higher
than that of TOA and TOA is believed to inhibit the pro-
cess of dissociation, thus a chunky peak appeared. While
at higher temperatures, TOA emits together with HCI
once the dissociation process happens, and the vapor-
ization of TOA is the main part of the enthalpy, thereby
forming a sharp peak at the second stage. Due to dou-
bled heating rates at two separate tests, the second stage
enthalpy of 10 K min~' is much larger than that of 5
K min~'. What should be noted is that the starting tem-
peratures from Figures 6, 7 are much higher than that
from TG-FTIR result, mainly due to the size of the hole
in the lid. The size is larger in the latter experiment, thus
the thermodynamically controlled reaction*? happens at
a lower temperature.

3.4  Thermodynamics of thermal dissociation process

3.4a Calculation of enthalpy of thermal dissocia-
tion: Calculation of some important thermodynamic
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Figure 7. DSC result of TOAHCI at heating rate of 10
K min~!.

parameters such as enthalpy through experimental and
molecular simulation methods or their combination is
of great importance to make a thorough study on the
thermal dissociation process.

Enthalpies of thermal dissociation are usually esti-
mated by fitting the thermogravimetric traces to the

Van’t Hoff equation: >23-%°
I AH’ 1 N AH’ 1 @
no=— = —

2R T 2R Ty

where o represents the degree of the reaction, Ty is
the temperature at which o equals 1, and R is the
gas constant, 8.3145JK~" mol~!. By this method, the
enthalpy of dissociation was evaluated with the value of
188.297kJmol~". The primary premise of this method
is that the system achieves equilibrium at given tem-
peratures, which indicates that the only energy barrier
existing for the process is the thermodynamics one,
i.e., A, H°.? However, it is not satisfied with the
premise because of the open crucible with a dynamic
nitrogen atmosphere. Thus, enthalpy of thermal disso-
ciation of TOAHCI obtaining with DSC measurement is
a better choice. The value 70.793kJ mol~" is very close
to the enthalpy of vaporization of TOA at 600 K/between
505K and 702K, 71.5 + 7.6/70.6 kJ mol~',°! showing
that enthalpy of vaporization of TOA is the main part of
enthalpy of dissociation. It is known that the value for
the enthalpy of dissociation does not refer to 298.15 K.
Thus, a modification is necessary.

T

AH{ s = AHY + AH), + ) AHY — / ACYT (5)

298

where AH{ refers to the enthalpy of fusion, 29.954
kJ mol~! in this work. The term " AH? arises from
polymorphic transitions that the salts may experience
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AH,[(CH,;);N] +AH, [HCI]
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between 298.15K and the beginning of the fusion or
dissociation process. For TOAHCI, this term equals to
0. The heat capacity term is equal to 7.0kJ mol~!'%
which was considered the same as NH4Cl.* Thus,
the derived value of the dissociation of TOAHCI is
107.747kJmol~!, which is quite close to the enthalpy
of vaporization of TOA at 298.15K, 110.4 &+ 15.0
kJ mol~!,3! demonstrating the vaporization of TOA is
the controlling step for the dissociation reaction

3.4b Evaluation of other important thermochemical
characteristics: Numerous thermochemical quantities
for ionic crystals can be derived from a simple Hess’s
law. The relationships between these properties could
be described in the form of a thermochemical cycle
known as Born-Fajans—Haber cycle.’>>* The thermo-
chemical characteristics of TOAHCI could be calculated
with such a cycle (Scheme 1).

3.4c Enthalpy of formation of [(CsH;7);N H]CI:
The value of AH}, for [(CsHy7);NH]CI can be cal-
culated according to the equation below from the
thermochemical cycle mentioned above.

AH [(C4Hy7)sNHCI] = AHY [(CgH 7)5N]

+AH] [HCI] — AH}, — AHY (6)

The values of AHp, and AH are 29.954 kJ mol " and
107.747 kJ mol~" which were obtained in this paper.
Values for AHY [(CsHy7)sN] and AH{ [HCI] equal
to —477.100 kJ mol ' and —92.300 kJ mol~' 2%
Thus, the value of AH?’g[(Can)gNHCl] is —707.101
kJmol™' with DSC method while it is —694.673

(C8H17 )3 N(c)

The extended Born—Fajans—Haber cycle for TOAHCI.

kJ mol ™! using calorimetric method, which is almost
the same.

3.4d Crystal lattice energy of [(CsH7)sNH]CI:
From the thermochemical cycle presented in Scheme 1,
the following independent relations may be derived.
U’ 4+ 2RT + PA — Iy + A + AH{ [HCI]
— AHY,[H] — AHP,[CI] — AH [(CgHy7)3N]

+ AH{,[(CgH;7)3N] — AH) — AH} =0 (7)
Since
AH}[H"] = AHY [H] + Iy (8)
and
AH] [CI"] = AH,[CI] — A 9)
Equation (7) may be rearranged to the form.
U° = —PA — 2RT + AH{,[H"] + AHP,[CI7]

— AH} [HCI] + AH, + AHY, (10)

where PA denotes the proton affinity of appropriate
amines, i.e., the negative values of the enthalpy of
reaction (10),> which was calculated with Gaussian09,
at B3LYP/6-311++G(d,p) level. The value of PA is
1014.559 kJ mol "

(CgHy7)3N() + H,

&, = (CgHp);NH/, (1

Thus the crystal energy of TOAHCI is 510.597
kJ mol ™', which is dependable according to Jerzy Btaze-
jowski’s statements. 3
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4. Conclusions

High purity solid TOAHC]I was prepared and certified by
elementary analysis. The two possible dissociation path-
ways of TOAHCI were studied by DFT calculations and
confirmed by performing IRC. Although the enthalpy
of the reaction pathway 1 is higher than that of pathway
2 (69.395 and 42.122 kJ mol !, respectively), there is
no barrier for HCI leaving in pathway 1 whereas there
is a fairly high activation barrier of 239.318 kJ mol™'
for dealkylation pathway. Therefore, the former should
be the dominant pathway which is consistent with the
experimental findings.

The thermal dissociation of the compound was ana-
lyzed using TG, DSC, FTIR techniques. Through DSC
and TG-DSC experiments, two successive steps appear
during the thermal dissociation of TOAHCI. It could
be explained that at lower temperatures (from about
140°C), the dissociation began with the escape of more
HCI than TOA. It shows a broad and blunt endothermic
peak because TOA inhibited the dissociation process.
Then the process of release of both TOA and HCl or
even just the TOA at higher temperature happens dur-
ing which time a sharp endothermic peak is formed. In
addition, enthalpy of vaporization of TOA was found to
be the main source of the entire enthalpy of dissocia-
tion. FTIR spectra tell us that after an initial increase,
the absorption signal passes through two successive
maxima and then gradually decreases. All the FTIR
absorption bands behave almost in the same manner,
suggesting that the relevant products are formed from
the onset of dissociation till the end of this process. The
strong agreement between the experimental FTIR spec-
tra and those of standard samples demonstrates directly
for the first time that a mixture of TOA and HCl is pro-
duced as a result of dissociation.

For kinetics of this process, this paper did not discuss
because most models are applied under the condition of
solid reactant, but for us, it is the liquid TOAHCI that
dissociates. Also, the specific reasons and evidence for
the occurrence of two steps in dissociation process need
further consideration. We are trying to search for the
proper methods.

Supplementary Information (SI)

Structures of reactants, products, transition state, fig-
ures with characteristic bond lengths along the reaction
paths, energy profiles along the reaction coordinates of
pathway 1 and IRC calculations for pathway 2, input
files for searching TS, vibrational frequencies of tran-
sition state and confirmation with IRC are provided in
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Supplementary Information, which is available at www.
ias.ac.in/chemsci.
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