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ABSTRACT: The salting out of acetonitrile from water in the presence of ammonium bicarbonate was
studied at atmospheric pressure from 4 to 35 °C. The coexisting phases were analyzed independently
with H1 nuclear magnetic resonance, ion chromatography, calorimetry, and titrations. The binodal
region was described with semiempirical functions and with the UNIQUAC thermodynamic model.
The critical composition at ambient temperature is given by 0.02 g/g of salt and 0.58 g/g of
acetonitrile: at lower salt concentrations; this mixture is widely employed in liquid chromatography,
thanks to the buffering properties of the bicarbonate. The separation of acetonitrile and water for
extraction purposes, instead, is often obtained with other ammonium salts. These ternary equilibrium
data can then be useful to develop extraction and analysis procedures at buffered, mildly alkaline pH. In
addition, this mixture can be encountered during the acetonitrile synthesis proposed from bioethanol
and bioethylene, so these multiphase equilibria govern the separation and purification of acetonitrile in
specific reactors that allow the recovery of ammonium bicarbonate as a valuable byproduct.
Furthermore, the solubility of this salt in alcohols and its decomposition were investigated to target its
stability in multiphase reactors, extractors, and driers.

1. INTRODUCTION
Acetonitrile is a solvent of major importance for research
experiments and for the pharmaceutical industry,1−4 but its
separation from water cannot be achieved with one distillation
unit, given the formation of an azeotrope, so usually a pressure
swing5,6 or an extractive distillation3,6−8 technique is used. This
passage is necessary when acetonitrile is produced, because
water is a byproduct of the consolidate Sohio process,9 as well as
of the oxidative routes sought by many researchers.10−15 All the
more important, it is fundamental for the recovery and reuse of
acetonitrile from effluents.3,16−19

Organic solvents20−22 and, more recently, ionic liquids23−25

or even newer molecules,26 have been used to increase the
volatility of acetonitrile with respect to water,27,28 or to induce a
liquid−liquid separation.29,30 This result could also be obtained
without extracting agents, lowering the temperature,31−34

though this methodology seems more attractive for laboratory
rather than for industrial purposes. The liquid−liquid transition
induced by ionic compounds was first studied systematically by
Renard, Oberg, Heichelheim,35−38 and Cannon39 and has since
drawn the attention of other researchers,40−42 until the very
recent experimental and theoretical studies by An et al.43 and
Minglun et al.44 The IUPAC and NIST organizations have
compiled an extended review of the acetonitrile-based mixtures
yielding a phase transition.45

Because acetonitrile itself acts as an extractor for many organic
molecules from water, the addition of inorganic salts is a
widespread tool in many protocols:46−55 the analytes are
brought in the light phase, whereas the ionic species remains
with the water and does not interfere in the downstream steps.

Although the general procedure is consolidated, newer
particular systems are continuously devised and tested.56,57 In
this context, phase-splitting substances that can also affect the
pH are of interest where proteins or other pH-sensitive
molecules are involved.46,58−60 For this reason, adding
ammonium bicarbonate to acetonitrile−water eluents is
foreseen in several HPLC and extraction procedures, even
when a phase separation is not foreseen, because other salts
could adjust the ionic strength without granting a buffering
effect.61−64 Selected reactions can be carried out in the
homogeneous phase, achieving phase separation when needed
through salting out. In this way, the reactor is dealt as a solid−
liquid−liquid multiphase one, needing the computing of phase
equilibria to model its output.
Given this context, we are, however, not aware of any

systematic test on the use of ammonium bicarbonate as a salting-
out agent for acetonitrile. In their specific work about this salt as
buffering agent for HPLC, Espada and Sagredo did not mention
the possibility:65 probably these researchers, like others cited,
never prepared eluents beyond the critical point. Also the
solubility within solvents different from water has received
little66 or no attention, with the notable exception of ethanol:
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Zhang et al. focused on the antisolvent effect of ethanol added to
water, but did not measure the salt solubility in the pure
alcohol.67

Most studies regarding this salt, on the other hand, investigate
more generally the thermodynamics of the NH3−CO2−water
mixture,68−73 showing that ammonium bicarbonate is the
predominant solid species when the stoichiometric ratio
between N and C is 1:1.74,75 This system is of interest when
ammonia is used as a CO2-capturing agent

75−80 or when the salt
itself is produced and marketed as a fertilizer alternative to
urea.81,82

Coming then to the recent studies on the production of
acetonitrile by C2 substrate gas-phase ammoxidation, excess
ammonia, water, and CO2 (from parasitic combustion) are
commonly found among the reaction products.83,84 The
precipitation of ammonium bicarbonate then presents itself as
a natural option to purify the acetonitrile, which can be
concentrated in a water-poor liquid phase leaving ammonia and
CO2 (and most of the water) within the solid or at least in the
aqueous liquid.85 Nguyen et al. proposed a novel liquid-phase
route to acetonitrile in the presence of ammonium acetate,86

which is indeed a salting-out agent,57 but overlooked this
possibility in their purification section design.
The scope of this work is to give a full qualitative account of

the acetonitrile−water separation in the presence of ammonium
bicarbonate at atmospheric pressure, together with the first
quantitative treatment of the phenomenon. The study started
after some experiments on ammonium bicarbonate drying from
a mixed solvent,85 when a meniscus appeared within the liquor;
in fact, acetonitrile behaves as an antisolvent toward ammonium
bicarbonate, much in the same way as ethanol. To complete the
survey, the solubility of ammonium bicarbonate in different
solvents was reviewed and its sublimation heat was estimated.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Acetonitrile HPLC-grade
(>99.9%), ethanol, and methanol reagent-grade (>99%) were
obtained by Sigma-Aldrich and used without further purifica-
tion. Ammonium bicarbonate analytical-grade was obtained
from Carlo Erba. Demineralized Milli-Q water was obtained by
ion exchange (conductivity <2 μS). Weighings took place on a
Gibertini electronic scale balance and samplings were done with
a micropipette.
The study of the phase separation of the ternary mixture is

made of qualitative, semiquantitative and quantitative assays,
according to Table 1. This workflow was at first made necessary
by different instruments and premises scheduled availability, but
granted a wider range of analytical results to be compared.

After the general conditions to achieve a liquid−liquid split
were understood, different samples were prepared into plastic
screwed vials and let rest overnight. When the phases had
settled, their volumes were measured from the meniscus height
(knowing the vial content at various levels). Then the phases
were sampled with a micropipette, their weights recorded, and
divided into aliquots for semiquantitative experiments and,
eventually, more precise quantitative tests. The ambient-
temperature tests were performed while monitoring the lab
temperature, selecting the data obtained when it remained stable
at 25 °C. To work at higher temperatures, a thermal bath was
used, while the low-temperature samples were placed into a
fridge.
The critical points at room temperature (25 °C) were sought

using a quick variant of the cloud-point method: ammonium
bicarbonate-water solutions of known concentration were
prepared and weighed into 3−5 mL vials, then pure acetonitrile
was added with a micropipette (50−100 μL at a time), and the
solution was gently stirred after each addition, until a liquid−
liquid interface appeared just beneath the liquid−air one. The
actual content of the vial was controlled by weighing after and
before each addition. The experiment was repeated also adding
little salt aliquots to preweighed acetonitrile−water mixtures,
though this procedure showed to be less reliable. To explore the
acetonitrile-rich end of the phase diagram, a saturated salt
solution was added with amicropipette to pure acetonitrile, until
a stable aqueous layer was seen at the vial bottom. In any case,
the aliquots added each time to the binary solutions were small
enough as to minimize the mixing enthalpy effect on
temperature. The critical points at 35 °C were evaluated with
the same procedure, but letting rest the vials for someminutes in
the thermal bath after each weighing.
The salt solubility in saturated and solutions of the salt in

water, ethanol, methanol, acetonitrile and water−acetonitrile
were checked at different temperatures, both with the IC and
with the back-titration methods. The decomposition was
studied starting from samples of the pure salt (or after
precipitating the salt from a solvent, centrifuging and filtering
it), letting it dry and decompose over time, or accelerating the
process by increasing the temperature.

2.2. Analysis. Unlike most inorganic salts, ammonium
bicarbonate cannot be quantified via solvent evaporation and
eventual weighing because it decomposes readily in the presence
of water.87 Sutter and Mazzotti88 reported a benchmark
procedure in several passages, based on the conversion of
ammonium into ammonia at alkaline pH, its distillation and
absorption and eventual titration of the bicarbonate ions and
ammonium ions separately. For this work, a simpler one-step
procedure is proposed: 0.5−1 mL of sample is added to 5 mL of
NaOH 1M (plus 0.3−0.5 g of NH4HCO3 as internal reference):

Table 1. List of the Tests and Analytical Tools Employed

assay type experiment analysis method main result

qualitative splitting of different mixtures visual inspection phase-split range
semi-
quantitative

salt precipitation from different solvents and fast drying-
decomposition

thermogravimetric analysis salt-solvent mutual affinity, gross latent heat (with
respect to water)

density measure micropipette sampling and
weighing

phase densities

organic phase basic hydrolysis and back-titration pHmetry, conductometry approximate acetonitrile fraction
phase fast evaporation thermogravimetric analysis approximate water and acetonitrile fractions

pHmetry, conductometry salt fraction
quantitative phases analysis 1H NMR acetonitrile fraction

cation-exchange IC salt fraction
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the solution is then diluted and titrated with HCl 1 M. Several
calibration trials showed that the loss of ammonia at the
beginning of the titration was negligible (within the buret
sensitivity−see also the Supporting Information).
The main drawbacks of this technique are (a) a relative

shallow pH-step between the residual OH neutralization and the
NH3−CO3 buffers; (b) a very noisy response of the
conductometer at the end of the HCO3 buffer, when CO2
bubbles develop, and , the pH meter remained unaffected. The
bicarbonate anions are then quantified from the second buffer
extension and subtracted from the first one to yield the
ammonium; the deviations from the 1:1 ratio are taken as the
error, every quantity is computed twice and mediated by using
the pH curve and the conductometer segmented line. The
technique proved fairly reliable and reproducible, even with the
small quantities involved, and the buret sensitivity (0.1 mmol)
prevents to detect the salt traces in the organic phase. Figure S1
reports a calibration test.
The organic phase hydrolysis proved to be a robust method to

establish the gross fraction of acetonitrile in the organic phase, in
view of planning the due sample preparation for 1H NMR
measures. The procedure consists of adding 0.5−1.0 mL of light
phase to 100 mL of water with 4 g of solid NaOH and let the
solution boil for 3−4 h under reflux. The conversion of
acetonitrile into sodium acetate is considered complete, thanks
to the effective volatilization of ammonia. Finally 10−15 mL of
the cooled reaction mixture are sampled, weighed, and back-
titrated directly with HCl, after adding a known amount of
AcONa·3H2O (Fluka) as internal reference. This method has a
limited accuracy due to (a) possible ammonia residues that
interfere with the reaction completeness and with the final pH
curve shape and (b) the limited buret sensitivity; its precision
was shown to be satisfactory, as shown in Figure S2.
These two methodologies alone were in principle sufficient to

carry out the whole analysis of the ternary system, but in practice
more refined methods were needed for the following reasons:

(a) the ammonium-bicarbonate joint titration is not sensitive
enough to detect the salt in the organic phase, which
should be derived via the lever-rule only;

(b) as water is also evaluated indirectly by difference, this
means increasing the error and, moreover, introducing a
spurious correlation between the two results;

(c) when the system composition is such as to yield a solid
phase, the practical difficulties in its purification and
weighing made it very hard to establish a reliable salt
balance;

(d) the acetonitrile detection after its conversion into acetate
has an error as high as 10%; moreover, it is unpractical to
use this method for the aqueous phase, because the
bicarbonate has roughly the same pK of the acetic acid.

The density measures (by volumetric sampling and
weighing), especially for samples not at room temperature,
cannot be considered fully quantitative because of (a) the
unavoidable thermal drift and (b) the appreciable salt amount in
the aqueous phase that would require a ternary preliminary
calibration. For these reasons, they were not used to trace the
phase diagrams but just to establish on a wider basis the
difference between each phase.
The accurate quantification of acetonitrile in both phases was

then obtained with 1H NMR measures (as most common GC
columns do not tolerate ammonia) using a Bruker Avance
instrument. Unfortunately, organic deuterated solvents induce

further acetonitrile−water separation, so D2O presented as the
only viable 1H NMR solvent for this system, which prevents
water quantification. The protons belonging to ammonium and
bicarbonate exchange all over the spectrum and become hidden
within the signal baseline, as ascertained with trial measures. To
quantify the acetonitrile fraction, we weighed the samples before
and after the addition of ethanol, which thus provides the
internal calibration signal and does not interfere with the
acetonitrile−water miscibility. D2O-acetontrile mixtures them-
selves are indeed unstable at low temperatures,34 but not in the
conditions of the presented preparations and analysis.
The IC analyses were performed with a Metrhom 883 Basic

IC Plus unit, equipped with a Metrosep C4 250/4.0 cationic
column and calibrated with ammonium chloride solutions. This
instrument has the sensitivity required to detect the salt in the
organic phase, moreover its accuracy and fastness made it a
valuable tool also to examine the aqueous solvents.
The thermogravimetric analysis was performed with a

Mettler-Toledo TGA/DSC/3 + 1100 unit. This method can
provide an estimation of the acetonitrile fraction and, moreover,
it is in principle capable to yield independently the water
fraction, thanks to the different latent heats of the two
chemicals.89 However, as explained in the next sections, this
technique cannot be used alone to examine themixtures because
the heat signal is not as accurate as the mass measure.

3. DATA ELABORATION
The chemical shifts of the 1H NMR measures are reported in
Figure S3. The moles of acetonitrile (a) and ethanol (e) within
the tube simply relates to their peaks areas (PA) and to their
relative quantities as

= ⇒ =
−

n
n

n PM
n PM

w m

m
PA

PA
a

e

a

e CH

a a

e e

a liq

e3 (1)

The analysis of the TGA data is more complex, and is best
illustrated referring to a binary water−acetontrile mixture. First,
the total heat released during the experiment represents the
specific latent heat λ(wa) of the system (expressed as a function
of the acetonitrile fraction prior to the sample evaporation), so
after performing the due calibrations (see Figure S4), the
normalized heat signal Δ

Δ
h

t and the normalized mass differential
signal Δ

Δ
w

t provided by the apparatus can be integrated as

∫
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d
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0

end

0

end

p
0

end
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where Δ
Δ

T
t
is the fixed imposed heating ramp. Being the sensible

heat contribution much less important than the latent heat, Δh
≅ λ (wa), which directly yields the acetonitrile fraction once λ
(wa) is tabulated from reference data (Figure S4). If the mixture
is actually binary, as is to a good approximation a typical organic
phase, this constitutes also a direct measure of the water
quantity.89,90 The aqueous phase cannot be treated under this
assumption, as explained in the next sections.
The consistency of the phase equilibrium data was evaluated

with the Othmer−Tobias,91 Bachman,92 and Hand93 tests,
which verify the existence of a linear correlation between the
variables defined respectively in eqs 3, 4, and 5:

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.1c02249
Ind. Eng. Chem. Res. 2021, 60, 16791−16804

16793

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02249/suppl_file/ie1c02249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02249/suppl_file/ie1c02249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02249/suppl_file/ie1c02249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02249/suppl_file/ie1c02249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02249/suppl_file/ie1c02249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02249/suppl_file/ie1c02249_si_001.pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c02249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


−
= +

−w
w

p p
w

w
ln

1
1 2ln

1 I

I
a
II

a
II

s

s (3)

= +w p p
w
w

1 2w
II w

II

s
I

(4)

= +
w
w

p p
w
w

1 2w
I

s
I

w
II

a
II

(5)

The binodal curves were interpolated according to the Hlavaty−
Letcher implicit function94,95 and theMerchuk exponential fit,96

eqs 6 and 7. For the interpolation, both the phase-split data and
the critical point search data were used.
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The plait points of the coexistence curves can be evaluated with
different methods:

(a) the binodal line is represented with one of the variable
changes in eqs 3−5 (assuming that wI = wII) and is then
intersected with the line parametrized by p1, p2;

(b) as proposed by Merchuk et al.,96 the tie-lines slopes are

expressed as an empirical function = Δ
Δ

−

−s w( ) w
ws

I a
I II

s
I II , then it

is solved the equality: =s w( ) w
ws

I d ( )
d

s

s
;

(c) the method of the conjugation by Coolidge;35

(d) the method of the rectilinear diameters.97

The interpolation of the data with a thermodynamic model,
instead, was based on the coexisting phases only: the
UNIQUAC model was chosen, with the formulation given by
Anderson and Prausnitz,98 with details reported in section D in
the Supporting Information.
The extended electrolyte model99 was not used because the

treatment of a quaternary mixture was judged outside the scope
of this work, considering that the number of parameters that can
be reliably regressed is limited by the available data. This implicit
treatment of the electrostatic energy term as a modifier of the
salt-free pair interaction parameters was developed by Choi and
co-workers.100 The procedure followed to obtain the parameters
from the liquid−liquid data collection was first set up by
Sorensen et al.101 and lately reviewed by Tomassetti et al.102 (see
also references therein), with only minor modifications.
Other details, namely, (a) the alignment of the calculated

phases with the average experimental system compositions, (b)
the thermodynamic consistency of the excess Gibbs energy
along a tie-line, and( c) the strategies to optimize f and F are
found in the referenced works.
Most of the data treatment and fitting were carried out using

Microcal Origin ver. 8.5; the UNIQUC parameters regression
was performed using Mathworks Matlab R2020b.

4. RESULTS AND DISCUSSION
4.1. Component Partition. An evaluation of the data

according to the lever-rule is presented in the Supporting
Information Table S1. With respect to other systems, there are
two aspects that make the analysis more difficult: a) the aqueous
phase cannot be weighed directly when the salt is oversaturated,

but b) the filtration and drying of the solid does not provide
accurate results, because a non-negligible amount of ammonium
bicarbonate is lost together with the moisture in the short term.
Therefore, when the system presents a solid phase, the aqueous
phase can be calculated only via the acetonitrile or salt mass
balances, otherwise the mass balances can provide a crosscheck
of the direct weighing:

= −m w m w m wII
a

0
a
0 II

a
II

= −m w m w m w (solid not present)I
s
I 0

s
0 II

s
II

− = − − −m w m w m w( 1) ( 1) ( 1) (solid present)II
s

0
s
0 II

s
II

For the organic phase, it is always possible to evaluate the
consistency between the recorded weight, the volume
(measured before the sampling), and the estimated density.
The density chart (Figure 1) shows that the median and the

mean values follow the expected trend, with the exception of the

data collected at 30 °C. The pipet sampling and weighing
method, in the absence of a tight temperature control, cannot
give precise information but can easily discriminate one phase
from the other.
Figures 2 and 3 present, respectively, the extraction

efficiencies of this salting out, for solid−liquid−liquid systems
and for liquid−liquid ones. In the first case, is necessary to start
from a solution with at least 55% acetonitrile (by weight) to
obtain as much organic phase as aqueous; in the second case,
fixing the acetonitrile content in the liquid at 0.5 g/g, one has to
add ammonium bicarbonate up to 7% (of total weight) to
achieve that condition. This composition, corresponding to an
acetonitrile volume fraction of∼63−64% in the liquid, is the one
for which the organic:aqueous volume ratio is always higher than
the starting acetonitrile:water one. The density of acetonitrile−
water solutions is approximately a linear function of the weight
fractions (see also Figure S5 and refs 103−105), so the volumes
can be treated as additive in a mass-fraction reference system.
The second graph also lets us conclude that the salt saturation
does not need reached to maximize the extraction efficiency.
Notice that the data dispersion along the y-axis (i.e., multiple
organic:aqueous partitions achieved for the same ionic strength
or initial acetonitrile content) comes from the fact that these

Figure 1. Box plot of the sample densities (considering also other tests
respect to those used for the phase diagrams). The box body goes from
the 25th to the 75th percentile, the midrule represents the median, the
diamond marks the mean and the whiskers the min-max.
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results are presented over all the temperature range investigated
(from 4 °C above 35 °C).
4.2. Phase Coexistence and Phase Diagrams. The

relevant phase-split results could be achieved only with the full
quantitative assay of the organic phases via IC, because the
titration method was not sensitive enough to detect the salt
traces in them, so the coexistence lines and the theoretical
interpolation are based on this data subset (Table 2).
The results of the consistency tests are reported in Figures

S6−S8 and in Table 3. The data at 25 °C suffer a greater
dispersion, probably because at this temperature the systems are
neither all saturated (as at 4 °C) nor all undersaturated (as at 35
°C), with differences in the equilibration times and on the salt
quantities detected by the IC. The data at 4 °C pass the
Bachman test, whereas the Othmer−Tobias one reveals one
misaligned point (see the Supporting Information): this
collection presents the problem of a very narrow operative
margin between the salt saturation and the critical point, which
makes all the aqueous phases align at very similar salt
concentrations. The Hand formula gives the worst results for
the more problematic data sets, because it takes into account
only the salt (affected by higher error:signal ratios) and the water
(measured indirectly), not the more reliable acetonitrile 1H
NMR values. The data at 35 °C pass all the tests. Nevertheless,

these correlations depend on the systems for which they were
originally developed and similarly unsatisfactory fits for
acetonitrile−water−salt mixtures were already reported.37

Figures 4 and 5 show the experimental critical points and
binodal curves, whereas the phase diagrams, each with the best
interpolations as described below, are shown in Figures 6−8.
The tie-lines at ambient temperature and at 35 °C develop
regularly, whereas those at 4 °C cross each other at low salt
values. In this condition, in fact, the margin to variate the ionic
strength maintaining under-saturation is too small, and so the
three experiments nearer to the critical point behave as
repetitions.
The critical points were evaluated with the conjugation line

method, which is more robust in the context of these data, using
in turn theMerchuk interpolation or the UNIQUAC calculation
for the binodal line, as reported in Table 4. The Merchuk slope
method, as well as the rectilinear diameter method, respectively
imply an univocal choice for the binodal and a tight lever-rule
balance, whereas the methods based on a coordinate change
would be biased whenever the relative tests are not fully satisfied.
A review in the case of the data at 35 °C is present in Figure S9.
For consistency, the conjugation method with respect to the
UNIQUC binodal was adopted starting from the UNIQUAC-
calculated phases: the estimation is then affected, for the data set
at 35 °C, by the underestimation of the acetonitrile content for
three organic phases. The Merchuk interpolation of the binodal
is likely more reliable, though theoretically less correct: the salt
critical quantities estimated in this way, in fact, are much nearer
to the minimum quantities used in practice to make the liquid
mothers split.
The parametrization for the binodal curves (represented in

Figure 9) is presented in Table S2, whereas Figure 10 reports the
overall result of the UNIQUAC interpolation (Table S3). The
Hlavaty−Letcher function does not guarantee a convex shape of
the binodal curve over all the range and interpolates the aqueous
phases with a broader profile, whereas theMerchuk function and
UNIQUAC model introduce a sharper bend.
These two latter kinds of fit also suggest that the acetonitrile

content in the aqueous phase is not monotonously decreasing
(increasing the salt content) at 35 °C. This “bending” of the
phase diagram was originally37 and lately44 observed in tests
with lithium chloride, but in our case there were not enough data
collected in this region to give a strong confirmation.
Over 35 °C, only salt-titration data (for the aqueous phase)

were available, and the accepted results were used to trace the
coexistence region of Figure 11, reporting data at ∼40 °C that
are consistent with the other observed phase diagrams.

4.3. Salt Solubility and Thermal Properties. The salt
solubility in water (Figure 12), measured both with the IC and
titration method, ranges from 0.1 g/g at 4 °C (1.41 m) to 0.15±
0.02 g/g (2.23± 0.40m) at 25 °C; in this latter case, the titration
data are more dispersed because of the higher error:signal ratio.
At 35 °C the samples preparation is complicated by the longer
equilibration times needed, since the initial salt content to grant
the saturation is almost doubled and in this case the two
methods show lower agreement. A comparison with the
experiments of Sutter and Mazzotti88 (and other values
referenced therein), who fixed a solubility of 2.97 m (i.e., 0.19
g/g) at 25 °C, suggests that the maximum values obtained in this
work are probably the more reliable (see also the Figure S10).
Measuring the salt solubility in mixed acetonitrile−water liquids
outside the three-phase coexistence region, a systematic effect of
the acetonitrile content cannot be detected (Figure S11). Other

Figure 2. Organic:aqueous phase volume ratio obtained by super-
saturated solutions with respect to the acetonitrile weight fraction of the
original liquid. The line represents the acetonitrile volume fraction in
the original liquid.

Figure 3. Organic:aqueous phase volume ratio obtained by under-
saturated liquid solutions with a fixed acetonitrile content of 0.5 g/g,
with respect to the overall salt weight fraction. The line represents the
acetonitrile volume fraction in the original liquid.
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characteristics of the titration method in general are in Figures
S12 and S13.
The solubility in other pure solvents, in this case, ethanol and

methanol, is shown in Figure 13. Methanol values are
comparable to the water ones (except than in the cold mixture),
whereas acetonitrile and ethanol behave similarly and their
solvation capability is 1 order of magnitude smaller.
The different affinities of ammonium bicarbonate toward

different solvents can be appreciated by also analyzing the salt
drying and decomposition trends. When the salt is mixed with
acetonitrile, then centrifuged and filtered, the residual liquid
evaporates at room temperature within minutes, whereas the salt
goes on losing weight over days because the atmospheric
moisture mediates the ammonium and bicarbonate conversion
into ammonia and carbon dioxide,106 as shown in Figure 14. If
the same procedure is repeated starting from an oversaturated
water solution, the initial drying is slower (because of the higher
latent heat of water), but then the damp salt undergoes a quick
decomposition releasing much of its weight along with the still
evaporating water. In this case, the long-term decomposition in
air seems slower, probably because, under free convection

conditions, the sublimation speed depends on the residual solid
rather than the air humidity and temperature.
The use of a TGA unit gives a deeper insight into this

phenomenon, on a much shorter time scale. Figure 15 shows
that pure ammonium bicarbonate or that refiltered from
acetonitrile behaves essentially in the same way, with a minor
delay in the decomposition of the wet salt, probably because of
its higher thermal inertia at the process’ beginning. The salt
precipitated from water carries instead a substantial moisture
fraction (about 30 wt % on wet basis) visible in the double-zone
trend and all the more as an additional peak in the
decomposition speed. With the water evaporation taking less

Table 2. Phase-Split Results for the Acetontrile−Water−Ammonium Bicarbonate Systema

(g/g)

ID T (° C) wa
0 ws

0 wa
I ws

I wa
II ws

II

CAQ05431 4 0.475 0.050 0.25 0.0572 0.81 0.00537
CAQ05432 4 0.480 0.040 0.22 0.0537 0.81 0.00161
CAQ05601 4 0.450 0.100 0.22 0.0660 0.84 0.00140
CAQ05528 4 0.485 0.030 0.27 0.0500 0.79 0.00200
CAQ05529 4 0.489 0.023 0.30 0.0400 0.7 0.00874
CAQ05619 4 0.484 0.032 0.28 0.0510 0.75 0.00280
CAQ05430 4 0.445 0.109 0.23 0.0620 0.84 0.00200
CAQ05201 25 0.480 0.038 0.30 0.079 0.67 0.00972
CAQ05203 25 0.464 0.071 0.21 0.107 0.71 0.00568
CAQ05207 25 0.431 0.138 0.22 0.0975 0.75 0.00542
CAQ05206 25 0.451 0.099 0.22 0.119 0.78 0.00461
CAQ05322 25 0.485 0.022 0.40 0.044 0.62 0.0110
SAQ01320 25 0.550 0.030 0.38 0.0469 0.63 0.0136
CAQ05602 25 0.420 0.168 0.19 0.123 0.75 0.00630
CAQ05208 35 0.474 0.051 0.19 0.125 0.73 0.00768
CAQ05109 35 0.450 0.099 0.16 0.162 0.77 0.00546
CAQ05311 35 0.477 0.046 0.31 0.0801 0.69 0.00796
CAQ05325 35 0.480 0.040 0.32 0.0659 0.62 0.0152
CAQ05426 35 0.439 0.121 0.20 0.185 0.81 0.00586
CAQ05527 35 0.465 0.071 0.27 0.0874 0.68 0.00890
CAQ05603 35 0.458 0.084 0.19 0.145 0.77 0.00750

aSuperscript 0 indicates the overall system composition.

Table 3. Results of the Linear Fits to the Consistency Test.
Bold Values Represent Passed Tests (F > 100)

test data set p1 p2 R2 F-value

Othmer-Tobias 4 °C −6.015 1.624 0.882 45.7
25 °C −2.318 0.6014 0.827 29.6
35 °C −2.472 0.7280 .952 117

Hand 4 °C 3.146 0.4294 0.776 21.8
25 °C 3.009 1.072 0.822 28.8
35 °C 2.872 1.123 .977 259

Bachman 4 °C 0.09106 0.02855 .965 164
25 °C 0.2059 0.02043 0.855 36.4
35 °C 0.1671 0.03716 .951 119

Figure 4. Critical points at 25 °C. Filled diamonds: critical points
dedicated tests; empty circles and squares: phases coexisting after a
salting out. Lines: interpolated binodal curves.
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than 10 min (instead of more than 1 h as in the room conditions
experiment), the solid decomposition during this phase is much
less important. The noise in the derivative signal above 100 °C
can be attributed to the fact that (a) the water released from the
bicarbonate decomposition is now oversaturated and tends to
flash, and (b) the still intact solid melts.
Coming back to the ternary system, the thermal signal of the

TGA can help to characterize the pure substances. In particular,
as shown in Figure 16, the latent heats of water and acetonitrile
retrieved from the cross-check of the thermal and weight signals
are underestimated by 30%; this error is nonetheless systematic
and it can be taken into account as an instrumental calibration
factor. The ammonium bicarbonate apparent sublimation heat is
not distinguishable from the apparent evaporation heat of water,
in this kind of charts.
If the analysis based on the evaporation kinetic107−109 is

i n s t e a d app l i e d , b y e v a l u a t i n g t h e f u n c t i o n :

− = − λΔ
Δ( ) ( ) Aln lnm

t T RT
1 ,110 then the correct latent heats

of the acetonitrile and water can be retrieved (see Figure 17) also
in this kind of experiments on open crucibles, thanks to the
higher reliability and precision of the microbalance. From this
analysis, the sublimation heat of ammonium bicarbonate results
to be not less than 77.9 kJ/mol at the beginning of the
decomposition, but shifts later to the lower value of 41.7 kJ/mol.
The direct decomposition reaction is NH4 HCO3(s)→NH3(g)

Figure 5. Critical points at 35 °C. Filled diamonds: critical points
dedicated tests; empty circles and squares: phases coexisting after a
salting out. Lines: interpolated binodal curves.

Figure 6. Phase diagram at 4 °C. The three tie-lines obtained with an
overall salt concentration of 2.5−3.5% are misaligned, because the
driving force of the salting out has a so little variation as to yield very
similar phase-splits, differing then for random sampling/analysis errors.
This is partly true also for the systems with more than 4% salt, which
share a substantially common organic phase.

Figure 7. Phase diagram at 25 °C. Filled circles: aqueous and organic
phases; diamonds: aqueous-phase salt values related to the organic-
phase acetonitrile ones (used to identify the plait-point with the
conjugation method); empty circles and crosses: the same, but with
UNIQUAC-calculated phases.

Figure 8. Phase diagram at 35 °C. The UNIQUAC calculation deviates
from the experiments at high salt content, underestimating the
maximum acetonitrile fraction in the light phase: this induces a low-
bend in the linear fit used to calculate the plait-point.

Table 4. Critical Points for the Acetonitrile−Water−
Ammonium Bicarbonate System at Ambient Pressure

(g/g)

Merchuck binodal UNIQUAC binodal

T °C ws Wa ws Wa

4 0.0132 0.559
25 0.0192 0.576 0.00924 0.577
35 0.0201 0.567 0.0106 0.611
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+CO2(g) +H2O(g) withΔh = 168 kJ/mol (calculated using the
parameters by Que et al.111 and by Darde et al.70). Though we
are not aware of experimental data for the heat of sublimation in
the literature, Figure S14 shows the reported the findings of

Rumpf et al.112 on the evaporation of water−CO2−NH3
mixtures as a general comparison. Anyway, the sublimation

Figure 9. Binodal curves at different temperatures according to function 6 (left) and 7 (right).

Figure 10. Parity plot for the UNIQUAC description of the system.

Figure 11. Phase diagram at 40−43 °C. Salt values in the organic phase
were not available and so were fixed at 0.05 M (sensitivity limit of the
titration method).

Figure 12. Box chart for the water solubility data: the diamond
indicates the mean, the boxes dimensions, the center line represents the
25th−50th−75th percentiles, the whiskers the 10th and 90th, and the
squares the maxima and minima.

Figure 13. Box chart for the water solubility data: the diamond
indicates the mean, the boxes dimensions, the center lines represent the
25th−50th−75th percentiles, and the whiskers the 10th and 90th. Data
taken with the IC method.
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reaction yields 2.13 kJ per gram of solid, which is very near to the
latent heat of water, as also suggested by the TGA analysis of
Figure 16. The different data analysis of Figure 17 suggests two
different sublimation regimes at the start and the end of the

experiment, with a decreasing molar heat respect to a constant
mass latent heat, as if the molecular weight of the substance
leaving the crucible varied through time. See also the Supporting
Information and the observation of Nowak and Skrzypek.87

Because ammonium bicarbonate behaves as water in the neat
thermal output of TGA, the acetonitrile content of an aqueous
phase can be guessed by applying the same heat balance of eq 2
for a binary mixture. Considering, moreover, that the salt
decomposes into products much more volatile than acetonitrile
itself, it is lost in the initial part of the assay, leaving pure water on
the crucible when the TGA run approaches its end. This is
shown in the integral heat plot of Figure 18. A binary
acetonitrile−water mixture, an organic phase (rich in acetoni-
trile), and an aqueous one (rich in salt and water) behave in the
same way at the higher evaporation temperatures, when only
water is left; then the quantity of liquid, still present on the
crucible at the onset of this final linear regime, represents the

Figure 14. Normalized weights of two samples of ammonium
bicarbonate precipitated from acetonitrile (circles) and water
(triangles), filtered and exposed to air at ambient temperature.

Figure 15. Thermogravimetric assays for pure ammonium bicarbonate
and the salt precipitated fromwater/acetonitrile. Normalized weights in
the bottom panel and derivative signal above.

Figure 16. Pure species thermal analysis crossing the thermal signal and
the mass loss derivative. The apparent latent heats from this kind of
analysis are λ1 = 500 J/g for acetonitrile and λ2 = 1580 J/g for water and
ammonium bicarbonate: the empirical calibration factor is then 67−
69%.

Figure 17. Latent heat of the pure species as retrieved extrapolating the
saturation pressure (defined except for a calibration constant).
Ammonium bicarbonate shows an initial latent heat of 78 kJ/mol and
a final one of 42 kJ/mol (like water itself).

Figure 18. Integral heat signal of a TGA run plotted vs the mass still
present on the open crucible. The slope of the final linear section
represent a constant latent heat evaporation regime, in this case that of
water. The earlier evaporation curve can be linear with a different slope,
or bent, indicating the progressive loss of acetonitrile and ammonium
bicarbonate along with water. The y-axis span of each curve is linearly
related to the acetonitrile content, the “inflection” x-axis coordinate is a
nonlinear function of the water content.
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water remaining after the other chemicals have been stripped. A
numerical method to quantify the pure water in the original
mixture starting from this kind of charts is in the Supporting
Information; by applying this technique, it is possible in
principle to obtain the water content independently, making the
data analysis more robust. Nevertheless, the sensitivity of this
method is limited, so its use to substitute the 1H NMR and IC
balances (rather than to check their consistency) was not
systematic.
4.4. Comparison with Other Systems. According to the

original experiments by Renard, the widest two-phase region
(without solid precipitation) is obtained with potassium acetate,
whereas the solubility of ammonium compounds it is very
sensitive to the anion. NaSO4 is the salt, from those early
experiments, with the boundary between the SLL and LL
regions of the phase diagrams more similar to that in this work.
From the collection presented by Minglun, sodium and

potassium chlorides behave like the ammonium bicarbonate
system toward the water-rich end of the diagram, whereas all
reviewed sulfates better approximate the acetonitrile-rich side.
This suggests that the cation has a greater role in determining
the acetonitrile content of the aqueous phase, and the anion the
water residue in the organic phase.
In the original Renard’s procedure, the binodal curves were

used, together with the salt weighings and the overall system
composition, to determine the phases compositions, whereas for
this work, each phase was analyzed independently. Our data do
not present any systematic mismatch between cloud-point
measurements and phase-split experiments, as is instead the case
for Minglun’s sets. It is confirmed, anyway, that delays in the salt
solvation during the different experiments and the order of
addition and mixing of the chemicals must be taken into
account. These observations could share some physical
background with the explanation of Merchuk and co-workers
about the “phase inversion time”.
Both ammonium sulfate and nitrate behave differently with

respect to ammonium bicarbonate, essentially for a much
broader extension of the coexistence region along the salt-water
side of the diagrams. The reviewed literature accounts for more
than one hundred systems consisting of acetonitrile, water, and
an inorganic compound, yet we are not aware of a quantitative
study involving the hydrogen carbonate anion.

5. CONCLUSIONS
Original solid−liquid−liquid equilibrium data have been
collected for a mixture of water, acetonitrile, and ammonium
bicarbonate as the basis to interpret the features of multiphase
reactors and of separation operation to resolve the acetonitrile−
water azeotrope. Miscibility and solubility data are provided and
interpreted.
Acetonitrile is not fully miscible in ammonium bicarbonate

aqueous solutions. Beyond the critical point, the salt solubility
itself in the aqueous phase decreases as the acetonitrile fraction
increases. This phase equilibrium can find application in several
fields, due to the established importance of acetonitrile as a
solvent and of ammonium bicarbonate as a buffering system for
organic applications. These data fill a gap in the already
published solubility experiments.
The phase diagram of this system at ambient pressure is

strongly influenced by the temperature: over a range of 35 °C,
the salt total solubility increases from 4 to 5 wt % to more than
25 wt %, appreciably widening the biphasic coexistence region.
The acetonitrile fraction in the liquid phases, on the other hand,

is nearly constant when the ionic strength is saturated. The
organic phase shows a maximum acetonitrile fraction almost
equal to the atmospheric azetrope with water (0.693 mola/
mol,113 i.e., 83.7 wt %).
The relatively high water content in the organic phase does

not seem to increase the salt solubility with respect to that in
pure acetonitrile, indicating that the water molecules and the
ions are likely coordinated independently by the acetonitrile, at
least when the latter is not below 75 wt % (57 mol %).
The volumetric extraction efficiency exhibited by this salting

out reaches 2 mL of organic phase per 1 mL of aqueous phase at
saturated salt (starting from equal weights of acetonitrile and
water in the liquid). This and other comparisons with already
published acetonitrile salting-out cases confirm that the anion is
likely the most important species in determining the tie-line
width, with the cation and the temperature exerting bigger
influence on the biphasic region depth.
The solubility of ammonium bicarbonate in water is

consistent with previously published data, also if measured
with differentmethods. The solubility in acetonitrile and ethanol
is at least 1 order of magnitude smaller at every temperature
investigated. The behavior in methanol is different, because the
solubility shows a marked increased with temperature (at 4 °C,
methanol behaves like ethanol; at 35 °C, it behaves like water),
indicating a greater importance of the enthalpy contribution to
the ion solvation.
The published thermal data relative to ammonium bicar-

bonate itself are reviewed and complemented with new,
independent measures of its sublimation heat. The presented
experiments suggest that the liquid-phase chemistry of the
NH3−CO2−H2O system (from which the solid formation
energy is generally calculated) might be different from the “dry”
behavior. It is possible that the solid sublimation is a multistep
process, where NH3 and CO2 are lost first, leaving a residue of
nearly pure water to evaporate later. The nonconstant
stoichiometric composition of the sublimating substance and
the latent heats of the different species would give a neat heat
signal indistinguishable from that of water, whereas the proper
analysis of the evaporation speed shows the phenomenon. This
aspect is still open to further developments. The careful use of
the thermogravimetric technique lets it possible to determine
water independently, which is useful for a system where the salt
nature poses problems with its drying and GC inspection; this
field also deserves further work to overcome the sensitivity limits
experienced so far.
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a activity
cp specific heat (J/(g K))
h specific enthalpy (J/g)

Letcher function
m mass (g)

Merchuck function
n moles number
PM molar weight (g/mol)
q UNIQUAC parameter
R gas constant (J/(mol K))
t time (s)
T temperature (K)
w weight fraction (g/g)
x liquid fraction (mol/mol)
y vapor fraction (mol/mol)
γ activity coefficient
φ UNIQUAC weighed parameter
λ vaporization heat (J/g)
θ UNIQUAC weighed parameter
ψ UNIQUAC interaction term
ρ UNIQUAC parameter

Subscripts
a acetonitrile
e ethanol
s salt
w water
i, j, k species index

Superscripts
I heavy (aqueous) phase
II light (organic) phase
0 total mixture
p phase index

Text
IC ionic chromatography
HPLC high-performance liquid chromatography
1H NMR proton nuclear magnetic resonance
TGA thermogravimetric analysis
UNIQUAC UNIversal QUAsi Chemical
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