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Abstract

About half of the product from iron-based high-temperature Fischer—Tropsch synthesis is an aqueous product containing
dissolved oxygenates. Volatile oxygenates can be recovered by distillation, but the bulk of the carboxylic acids remain in the
water, which is called acid water. Fractional freezing was explored as a process for producing a more concentrated carboxylic
acid solution from which the carboxylic acids could be recovered as petrochemical products, while concomitantly producing
a cleaner wastewater. Solid—liquid equilibrium data were collected for aqueous solutions of acetic acid, propionic acid, and
butyric acid. A synthetic Fischer—Tropsch acid water mixture (0.70 wt% acetic acid, 0.15 wt% propionic acid, and 0.15 wt%
butyric acid) was prepared and the liquid phase concentrations of the acid species at solid-liquid equilibrium were deter-
mined. Control experiments with material balance closure on each of the carboxylic acid species were performed at selected
conditions. Having more than one carboxylic acid species present in the mixture meaningfully changed the solid-liquid
equilibrium versus temperature of the system. The carboxylic acids partitioned between the solid phase and the liquid phase
and a practical design would require multiple duty-controlled solid—liquid equilibrium stages, with most of the separation

taking place in the temperature range 0 to —5 °C.
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Introduction

Fischer—Tropsch synthesis is an industrially proven pathway
for converting synthesis gas, i.e., H, and CO, to synthetic oil
[11]. The synthetic oil is sulfur free and nitrogen free and
consists of a mixture of paraffins, olefins, and oxygenates.
The composition of the oil can be manipulated through the
Fischer—Tropsch synthesis. This provides flexibility in appli-
cation, making Fischer—Tropsch synthesis a useful process
for both transport fuel and petrochemical production [5, 6].

When Fischer—-Tropsch synthesis is applied to petro-
chemical production, the emphasis is on olefins and oxy-
genates, since these classes contain major commodity petro-
chemicals, ethylene, propylene, methanol, ethanol and acetic
acid, among others. These petrochemicals are most abun-
dant in the product from iron-catalyzed high-temperature
Fischer—Tropsch synthesis. Of relevance to this work is the
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carboxylic acids, which are recovered after Fischer—Tropsch
synthesis as an aqueous phase product, also called ‘reaction
water’. By mass, the aqueous product is the major product
from Fischer—Tropsch synthesis, around 0.55-0.60 kg/kg
synthesis gas converted.

The Fischer—Tropsch aqueous product contains a mix-
ture of water-soluble oxygenates. These oxygenates are short
carbon chain alcohols, aldehydes, ketones, and carboxylic
acids. The composition of a typical high-temperature Fis-
cher—Tropsch aqueous product is given in Table 1 [5].

Recovering the carboxylic acids is challenging due to
the dilute nature of the acids in the aqueous product. Fis-
cher—Tropsch synthesis produces almost no formic acid and
the main carboxylic acids that are present in the aqueous
product are acetic acid, propionic acid and butyric acid. The
carboxylic acids all have boiling points higher than that of
water, which makes direct recovery by distillation impracti-
cal due to the high associated energy consumption.

The water treatment methods employed industrially make
use mainly of biological treatment, which may be preceded
by distillation to recover volatile oxygenates [11]. Processes
employing both anaerobic and aerobic treatment can be
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Table 1 Composition of a typical high-temperature Fischer—Tropsch
aqueous product

Compounds Fraction in class HTFT aqueous
(wt/wt) product (wt%)

Water 1 92.8
Alcohols?

Methanol 0.02

Ethanol 0.66

Propanols 0.19

Butanols 0.11

Heavier alcohols 0.02

2 1 5.1
Carbonyls?

Acetaldehyde 0.15

Propionaldehyde 0.05

Heavier aldehydes 0.03

Acetone 0.55

Butanone 0.16

Heavier carbonyls 0.06

2 1 1.1
Carboxylic acids

Acetic acid 0.70

Propionic acid 0.16

Butyric acid 0.09

Heavier acids 0.05

2 1 1.0

*The ratio of alcohols to carbonyl compounds is sensitive to the
HTFT synthesis conditions, since secondary hydrogenation of car-
bonyls to alcohols can take place

found. Other non-biological processes to convert the car-
boxylic acids in Fischer—Tropsch aqueous product include,
among others, wet oxidation [2], ozonation [10], Kolbe elec-
trolysis [1], and aqueous phase reforming [4].

Fig. 1 Process flow diagram of
the Fischer—Tropsch aque-

ous product treatment process
showing acid water treatment by
fractional freezing

reactor

synthesis g 2

gas
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Recovery of the carboxylic acids from Fischer—Tropsch
aqueous product by liquid-liquid extraction using methyl
tert-butyl ether was technically successful [3], but it did not
lead to an economically viable process. The reasons for this
are explained in a technical analysis of liquid-liquid extrac-
tion processes to recover organic acids from dilute aqueous
solution, which highlight the energy-intensive nature of most
processes proposed in the literature [13].

A different approach that could be considered for sepa-
ration is to make use of fractional freezing. Compared to
the heat of vaporization of water, which is around 2260 kJ/
kg for atmospheric distillation, the enthalpy of freezing is
330 kJ/kg [12].

Fractional freezing was previously considered for petro-
leum refinery wastewater treatment [8] and for the separation
of organic acids from wastewater [14], but it is not a process
that was evaluated specifically for carboxylic acid recov-
ery from Fischer-Tropsch aqueous product. To illustrate
the proposed concept for carboxylic acid recovery from the
Fischer-Tropsch aqueous product, a process flow diagram
of high-temperature Fischer—Tropsch synthesis is shown in
Fig. 1 and the description makes reference to the stream
numbers in the flow diagram.

Synthesis gas (stream 1) enters the high-temperature
Fischer—Tropsch reactor to be converted to a hot gas phase
product (stream 2). The hot product is stepwise cooled down
and the heaviest oil fraction is condensed in the first stage
of cooling (stream 3). The decanted oil product (stream 4)
is recovered as a hot liquid by phase separation. The uncon-
densed gaseous product (stream 5) is further cooled down to
produce a three-phase product (stream 6). The three-phase
product is phase separated into a gaseous product (stream 7),
oil product (stream 8), and aqueous product (stream 9). The
aqueous product contains a mixture of oxygenates dissolved
in the water with a typical composition as listed in Table 1.
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The lower boiling oxygenates can be recovered by dis-
tillation at near atmospheric pressure to produce an oxy-
genate-rich overhead product (stream 10). The oxygenate-
rich product is an oxygenate—water azeotrope that contains
20-25 wt% water. The bottom product from distillation of
the aqueous product is the acid water (stream 11). The acid
water is a dilute mixture of mainly carboxylic acids in water,
with a carboxylic acid concentration of around 1 wt%, which
serves as feed to the fractional freezing process investigated
in this study. Fractional freezing is employed to separate
the acid water into a wastewater with low organic content
(stream 12) and a carboxylic acid concentrate (stream 13).

The carboxylic acids can be purified as individual pet-
rochemical products from the carboxylic acid concentrate
[15]. If the high-temperature Fischer—Tropsch process is
employed mainly for transport fuel production, a 100,000
barrels per day Fischer—Tropsch refinery will co-produce
35-40 kt per year of acetic acid and 5-10 kt per year of
propionic acid.

The experimental study comprised two parts. In the
first part, solid—liquid equilibrium data were collected for
aqueous solutions of acetic acid (ethanoic acid), propionic
acid (propanoic acid), and butyric acid (butanoic acid). The
experimental solid—liquid equilibrium data were compared
with equilibrium data available in literature [7, 9]. In the sec-
ond part, a synthetic mixture was prepared to represent the
carboxylic acid distribution in Fischer—Tropsch acid water.
The solid-liquid equilibrium data for this mixture was meas-
ured to determine a likely operating curve for the fractional
freezing process shown in Fig. 1. Based on the outcome
of the experimental work, the proposal was evaluated for
potential further development.

The main contributions from this work are the experi-
mental measurement of the solid—liquid equilibria of acetic,
propionic, and butyric acid, as well as the application of
fractional freezing as potential method for recovering these
carboxylic acids from a Fischer—Tropsch aqueous product.

Experimental
Materials

The carboxylic acids used in the study were acetic acid
(C,H,0,, 99.7%), propionic acid (C3H4O,,>99.5%) and
butyric acid (C4,HgO,,>99%) that were purchased from
Sigma Aldrich. Solutions were prepared in deionized water
(conductivity around 3 puS/cm at 25 °C) and obtained from
a Milli-Q Millipore.

Some chemicals were also employed for analytical
purposes. For titration, 1 M standard solution of sodium
hydroxide supplied by Sigma-Aldrich was used. Mono-

sodium phosphate (NaH,PO,, 99%) was used to prepare

a buffer for high-performance liquid chromatography
(HPLC) and was purchased from Fischer Scientific. Formic
acid (CH,0,, > 98%) employed in the HPLC analysis was
obtained from Acros Organics.

Equipment and procedure
Fractional freezing of individual acids

For individual acids (acetic acid, propionic acid and butyric
acid), 8.00 g of each acid was mixed with distilled water to
prepare 800.00 g of a 1 wt% solution of each acid. The solu-
tions were prepared gravimetrically using a Mettler Toledo
MT ML3002E balance, with 3200 g capacity and 0.01 g
readability.

The procedure followed to determine the solid-liquid
equilibrium curve was the same for each of the carboxylic
acids. For each acid, a 1 wt% solution of carboxylic acid
was prepared in a 1000 mL Erlenmeyer flask. The 1000 mL
flask was placed (submerged) in the chiller bath of a Julabo
Scientific FP 50-MA, which is capable of maintaining the
temperature to 0.02 °C within the temperature range — 50
to 200 °C. The chiller was used to decrease the temperature
of the acid solution in a stepwise fashion from room tem-
perature to its eutectic point. The eutectic points reported by
Faucon [7] were —27 °C for acetic acid, —29.4 °C for propi-
onic acid and — 13.4 °C for butyric acid. The eutectic point
for propionic acid reported by Htira et al. [9] was —30 °C.
The intervals with which the temperature was decreased var-
ied depending on the acid and its solid—liquid equilibrium
response and temperature intervals were between — 1 and
-5°C.

As temperature was decreased to 0 °C and below, water in
the solution started to freeze. The temperature was gradually
decreased until more than half of the water in the solution
froze. This was out of necessity a slow process, because it
was necessary to avoid inclusion of acid in the ice due to
too rapid freezing of the liquid phase of diminishing liquid
volume. More than 24 h was allowed at each temperature to
reach equilibrium. The concentrated solution left in the flask
was separated from ice crystals and its acid concentration
was determined by titration with 1 M NaOH.

To avoid carryover of analytical errors, and to avoid deal-
ing with a smaller volume of the liquid phase, a fresh solu-
tion of acid in water was prepared at the same concentration
as the liquid phase at the solid-liquid equilibrium measure-
ment point. The same procedure was repeated to determine
the next solid—liquid equilibrium point. The only differences
were that the starting temperature was the temperature at
which equilibrium was obtained and that the acid solution
had a different concentration, namely, the equilibrium con-
centration of the liquid phase.
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Fractional freezing of synthetic acid water

A synthetic acid water mixture was prepared to repre-
sent the carboxylic acid distribution in high-tempera-
ture Fischer—Tropsch acid water. The mixture consisted
of 0.70 wt% acetic acid, 0.15 wt% propionic acid and
0.15 wt% butyric acid in deionized water.

For the purpose of determining the solid-liquid equi-
librium at different temperatures, 800.00 g of this solu-
tion was prepared gravimetrically in a 1000 ml Erlen-
meyer flask. The solid-liquid equilibrium was determined
at six different temperatures (— 1, —5, — 10, — 15, —20
and — 25 °C). The same stepwise cooling procedure was
applied to the synthetic acid water to determine the equi-
librium composition as was used for individual acids. As
in the case of the individual acids, the liquid phase was
analyzed by titration with 1 M NaOH to quantify the total
amount of acids. However, since this was a mixture of
acids, a different analytical procedure had to be followed
to quantify the individual acids. For the quantification of
the acids in the liquid phase, analysis was performed using
HPLC. A new 800.00 g solution was prepared based on the
analysis of the liquid phase for the next temperature step.
To be clear, the analysis of the liquid phase in solid-liquid
equilibrium at — 1 °C was used as composition for further
cooling to — 5 °C and so forth.

Practical control experiments at —25 °C

A practical concern when working with concentrated acid
solutions at low temperature was that solid formation by
freezing could encapsulate pockets of acidic liquid. In an
industrial process, there would not be the luxury of time to
engage in slow cooling as was performed for the solid-liquid
equilibrium measurements. The fractional freezing experi-
ments of the mixed acid solution also indicated that the solid
phase that was formed was no longer just water, but a mix-
ture of water and acids. Two practical control experiments
were performed to assess the extent of acid inclusion in the
solid phase.

This evaluation was performed for two different acid
mixtures. The acid mixtures were prepared gravimetrically
and the exact composition of each is reported as part of
the results. Each mixture was 500.00 g. The mixtures were
cooled down to —25 °C and allowed to freeze until around
half of the solution was frozen. After separating the liquid
phase from the solids, the solids were washed with a known
quantity of ice cold distilled water to remove excess of acids
on the solids, while trying to keep the extent of melting of
the solid to a minimum. The liquid phase, the washed solids
and the wash liquid were all weighed and subsequently ana-
lyzed by HPLC to determine the material balance.
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Analyses
Acid titration

The concentration of the carboxylic acids in carboxylic acid
aqueous solution was determined by titrating it against 1 M
standard sodium hydroxide with phenolphthalein as indica-
tor. A glass burette (50 ml burette, 1/10 ml, A grade glass)
from Kimax Kimble was used for performing titration.

HPLC analysis

For the mixture of carboxylic acids in water, the concen-
tration of each acid in the water was determined by using
a Waters 2695 HPLC system fitted with a Waters 2414
refractive index (RI) detector. A reverse phase column from
Waters (Atlantis dC18 4.6 X 150 mm, 5 um) with Waters
VanGuard column guard was used in the HPL.C and the col-
umn was operated at 30 °C. The sample injection volume
was 10 pL. Sample analysis was completed within 40 min.
Data were recorded by using Waters Empower software. The
peaks for the different acids were identified based on their
retention times.

The mobile phase consisted of 20 mM NaH,PO, and its
pH was kept around 2.7 by adding formic acid. It was filtered
through Millipore filter paper with 0.22 um pore size before
being used in HPLC. An isocratic elution procedure was
applied to the mobile phase with the flow rate of 0.5 mL/
min.

Standard stock solution containing all the three acids was
prepared in distilled water. Calibration solutions were pre-
pared by dilution of the stock solutions with distilled water.
A calibration curve based on the peak areas was devel-
oped by injecting calibration solutions in the HPLC using
the same procedure of analysis. The concentration of each
acid in the unknown samples was then calculated from the
peak areas in relation to the peak areas obtained from the
calibration.

It was found that column saturation occurred when there
was about 15 wt% of each acid in the water. More concen-
trated acid solutions were diluted before HPLC analysis.
The dilution was performed with deionized water by adding
200 pL of sample to 1000 uL of water and then injecting the
diluted sample into the HPLC for analysis.

Results
Solid-liquid equilibrium of acetic acid-water
The objectives of determining the binary carboxylic acid

and water solid-liquid equilibrium data were to verify that
the experimental protocol worked and that the data were
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comparable to the solid-liquid equilibrium data in litera-
ture. It should be pointed out that the experimental approach
taken was aligned with the intended application, namely,
Fischer—Tropsch acid water treatment, rather than designed
to be a rigorous thermodynamic data collection. Thus, if
the protocol led to credible solid-liquid equilibrium data,
confidence in the outcome of the applied study for which no
literature data were available would be higher.

At a starting composition 1.0 wt% acetic acid and room
temperature, the mixture remained in the liquid phase as it
was cooled down to 0 °C. At this point, water crystals start
to form and the composition of the remaining liquid then
becomes richer with acid. As heat was removed from the
solution, more water crystals were formed and the crystal-
lization temperature also decreased. The first solid-liquid
equilibrium measurement point was at — 1.00+0.02 °C. At
this temperature point, the acid concentration in the liquid
was 2.6 wt%, with more than half of the water being fro-
zen. As was explained in the Experimental section, a fresh
solution was prepared with 2.6 wt% acetic acid, which was
cooled down to —5.00+0.02 °C to obtain the next solid-lig-
uid equilibrium measurement point. The same process was
repeated until the eutectic temperature was reached.

The experimental solid-liquid equilibrium measure-
ments that were obtained in this manner are shown in Fig. 2,
together with values from literature [7].

There was reasonable agreement between the experi-
mentally determined acid concentrations at solid-liquid
equilibrium and those from Faucon [7]. At the eutectic
point (—27 °C), the acetic acid concentration in the liquid
phase was 58.0 wt%, compared to the literature value of
58.1 wt%. It is not possible to make use of fractional freez-
ing to increase the acetic acid concentration beyond the
value at the eutectic point. Further cooling to decrease the
temperature beyond the eutectic point will cause freezing of
the total mixture.

-10 4

-15 4

-20 4

Temperature (°C)

-e- experimental (this work)
-25 1 o literature (Faucon 1910)

-30 T T T T T
0 10 20 30 40 50 60

Acetic acid concentration in liquid phase (Wt%)

Fig.2 Solid-liquid equilibrium concentration of acetic acid in water
at different temperatures, showing experimental measurements
(closed circle) and literature values (open square).

Solid-liquid equilibrium of propionic acid-water

The procedure employed for determining the propionic acid
concentration in the liquid phase at solid—liquid equilib-
rium conditions was similar to that used for acetic acid. The
solid-liquid equilibrium acid concentration measurements
are shown in Fig. 3, and are compared with the values from
literature [7, 9].

The experimentally determined data were in reasonable
agreement with the data of Faucon [7] and Htira et al. [9]
for the solid—liquid equilibrium of propionic acid and water.
The values shown in Fig. 3 from the study by Htira, et al. [9]
were those obtained using dynamic cooling and heating a of
bulk solution at a rate of 1 °C/h. They also reported values
determined by differential scanning calorimetry, which used
the temperature at maximum energy flow found at different
cooling rates to determine the temperature of solid-liquid
equilibrium. A comparison of the two methods indicated
that differential scanning calorimetry resulted in somewhat
(about 1 °C) lower temperature values.

At the eutectic point (—29.4 °C), the propionic acid con-
centration was 87.5 wt%. The values reported in literature
were 89% (Hitra et al. 2016) and 87.6 wt% [7].

Solid-liquid equilibrium of butyric acid-water

The solid-liquid equilibrium data for butyric acid—water
were collected in the same way as for acetic acid—water.
The acid concentration in the liquid at equilibrium at dif-
ferent temperatures is shown in Fig. 4 and compared with
literature data from Faucon [7].

There was reasonable agreement between the experimen-
tal data collected in this work and that reported by Faucon
[7]. At the eutectic point (— 13.4 °C), the butyric acid con-
centration in the liquid phase was 87.2 wt%, compared to

-10

-15

Temperature (°C)

201 o experimental (this work) =}

O literature (Faucon 1910) I\
259 4 literature (Htira et al. 2016)

-30 T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Propionic acid concentration in liquid phase (wt%)

Fig.3 Solid-liquid equilibrium concentration of propionic acid in
water at different temperatures, showing experimental measurements
(closed circle) and literature values (open square, open triangle)
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Fig.4 Solid-liquid equilibrium concentration of butyric acid in water
at different temperatures, showing experimental measurements (open
circle) and literature values (open square)

87.6 wt% found by Faucon [7]. As a consequence of the
limited number of data points collected, some of the curva-
ture of the solid-liquid equilibrium was not apparent from
the data in this study.

Due to the potential value of the experimental solid-lig-
uid equilibrium data recorded in this study for future engi-

neering work, the numeric data obtained is also reported
(Table 2).

Fractional freezing of Fischer-Tropsch acid water

A synthetic Fischer—Tropsch acid water was prepared with
0.70 wt% acetic acid, 0.15 wt% propionic acid and 0.15 wt%
butyric acid in water, i.e., 1.0 wt% total carboxylic acids in
water. This was representative of the composition of stream
11 in Fig. 1.

Although the procedure for determining the acid concen-
tration in the liquid phase at solid—liquid equilibrium was
analogous to that used for the binary mixtures, the analyti-
cal work associated with determining the amount of each

Table 2 Experimental solid-liquid equilibrium data collected in this
study for the binary systems of acetic acid—water, propionic acid—
water, and butyric acid water

Acetic acid Propionic acid Butyric acid

T(°C) x(mol/mol) T (°C) x(mol/mol) T (°C) x (mol/mol)
-1.0 0.0079 —-1.0 0.011 —1.0 0.0093
-5.0 0.050 -5.0 0.057 -3.0 0.057
—-10.0 0.104 —-10.0 0.193 -4.0 0.319
—15.0 0.161 —-15.0 0.326 -7.0 0.439
—-20.0 0.229 —-20.0 0.481 —11.0 0.546
—-25.0 0.285 —-25.0 0.541 —134 0.583
-27.0 0.293 -294 0.630

T temperature; x mol fraction of acid in liquid phase at equilibrium
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carboxylic acid was more complex. Titration of the equilib-
rium solution would give the total carboxylic acid concen-
tration, but not the relative concentration of the individual
species. Concentration of individual acid species was deter-
mined using HPLC analysis.

The experimentally determined liquid phase concen-
tration at solid-liquid equilibrium of the synthetic Fis-
cher-Tropsch acid water is shown in Fig. 5.

The change in relative acid concentrations (Fig. 5) indi-
cated that the solid phase was no longer pure water, as in
the case for the solid-liquid equilibria of binary mixtures.
The only way in which the relative concentration of the
carboxylic acids in the liquid phase could change is if the
solid phase also contained carboxylic acids. Thus, the data
indicated that in a mixed carboxylic acid and water system,
there was a partitioning of acids between the liquid and solid
phases during fractional freezing. Considering the total acid
concentration and the high relative amount of butyric acid in
the liquid at low temperature (Fig. 5), acid inclusion in the
solid phase was likely more prevalent at lower temperatures
with more concentrated acid solutions.

To assess the impact of acid inclusion in the solid phase,
the partitioning of the acids between the liquid and solid
phase was determined experimentally. In each control exper-
iment, the concentrated acid—water mixture was cooled to
—25 °C, allowing around half of the acid water to freeze.
The solid and liquid phases were separated, the solid phase
was washed to remove acid solution on the outer surface,
and material balance was performed on the washed solid,
liquid obtained from washing and the liquid phase (Table 3).

The material balances on the individual acids were
acceptable. The compositions of interest are those of the
liquid phase and the solid phase shown in Table 3. The solid
phase had a high acid concentration. The acid concentration

-e- acetic acid
—A- propionic acid
-+ butyric acid

Temperature (°C)
o

NN
[ o
I I

&
S

o

10 20 30 40 50 60
Acid concentration in liquid phase (wt%)

Fig.5 Solid-liquid equilibrium concentration of synthetic Fischer—
Tropsch acid water at different temperatures, showing experimental
measurements for acetic acid (open circle), propionic acid (closed tri-
angle), and butyric acid (closed diamond).
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Table 3 Partitioning of carboxylic acids in a concentrated mixed carboxylic acid solution between liquid and solid phases at —25 °C

Description Mass of material (g) Total mass (g) Acid fraction
Acetic acid Propionic acid Butyric acid Water

Control experiment 1
Feed material prepared 61.76 59.52 57.64 297.38 476.30 0.376
Liquid phase composition at —25 °C 30.45 29.48 29.06 106.23 195.22 0.456
Solid phase composition at —25 °C 10.52 10.03 9.67 55.13 85.36 0.354
Wash water® 22.90 18.35 22.20 526.10 589.55 0.108
Material balance (product — feed) 2.11 —1.66 3.29 - - -

Control experiment 2
Feed material prepared 80.99 57.27 97.92 263.82 500.00 0.472
Liquid phase composition at —25 °C 40.19 29.23 48.90 113.96 232.27 0.509
Solid phase composition at —25 °C 15.47 10.87 19.64 63.73 109.71 0.419
Wash water” 23.06 17.53 28.26 426.33 495.18 0.139
Material balance (product — feed) —2.28 0.37 —1.13 - - -

#The wash water was obtained by washing the solid phase with chilled water to remove the liquid adhering to the outside of the solids. The com-

position had to be determined and included for material balance purposes

in the solid phase was much higher than could be explained
by the occlusion of some acid solution during freezing. The
acid content in the solid phase was therefore present due to
partitioning as a consequence of solid-liquid equilibrium.

The results indicated that acid partitioning between the
liquid and solid phases was such that fractional freezing
had poor selectivity (compare acid fractions in feed, liquid
phase, and solid phase in Table 3) for concentrating a mixed
acid solution at —25 °C. Although these experiments were
limited in scope, they experimentally confirmed what was
indicated by results in Fig. 5, namely, that fractional freezing
of mixed carboxylic acids in water did not form an acid-free
solid phase.

Discussion

Binary carboxylic acid and water solid—liquid equilib-
rium data in literature [7, 9] showed that it was possible
to increase the concentration of the carboxylic acids by
fractional freezing. The solid—liquid equilibrium data were
confirmed in this study (Figs. 2, 3, 4). For binary mixtures,
it was possible to increase the acid concentration beyond
50% before the eutectic point was reached. Based on the
binary solid—liquid equilibria, fractional freezing appeared
to be a promising process (Fig. 1). It would not only pro-
duce a concentrated acid solution from which the acids could
be efficiently recovered by distillation, but also produce a
wastewater stream that would have a substantially reduced
chemical oxygen demand for wastewater treating compared
to the acid water.

Based on the binary solid-liquid equilibrium data, it was
anticipated that a practical operating temperature for the

first stage of fractional freezing would be around the range
between 0 and — 5 °C, since this already led to an order of
magnitude increase in acid concentration (Figs. 2, 3, 4). The
mixed acid solid-liquid equilibrium data (Fig. 5) indicated
that the first stage of fractional freezing is better operated
between 0 and — 1 °C. The solid phase initially separated
contains water with a reduced acid content.

For a single equilibrium stage freezing step operated at
—1 °C, more than half of the solution was converted to a
solid, which would cause flow assurance problems for a
practical design. The material balance indicated that the
acetic acid concentration in the solid phase was 0.34 wt%
(compared to 0.70 wt% in the feed), and the propionic acid
concentration in the solid phase was 0.03 wt% (compared
to 0.15 wt% in the feed). The partitioning of the carboxylic
acids between solid and liquid was not very selective when
so much solid material was formed in the first solid-liquid
equilibrium stage. By controlling the duty to limit the extent
of fractional freezing in each equilibrium stage (not tempera-
ture as was employed in this work), it is in principle possible
to develop a practical engineering design.

From a practical point of view, it is better to limit the
solid content of the slurry that develops on cooling to avoid
issues with slurry pumping and operation of the continuous
filtration system. A duty-controlled staged separation would
have the added benefit of obtaining a cleaner wastewater
product, reduce the amount of acid carryover with the ice,
and reduce the extent of solid (ice) washing.

This study provided the initial work necessary to confirm
solid-liquid equilibrium for binary carboxylic acid and water
mixtures, as well as for a more realistic mixed carboxylic
acid and water mixture. It indicated that much of separa-
tion is possible in the temperature range 0 to — 5 °C. It also
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indicated that the development of fractional freezing as a
process would have to employ multiple solid-liquid equi-
librium stages.

Additional experimental data are necessary in this tem-
perature range to reliably determine the extent of carboxylic
acid partitioning in the solid phase to assist with design-
ing a realistic multi-stage solid—liquid separation system.
Such additional work is also required to perform a credible
techno-economic evaluation. The present study nevertheless
provided useful solid—liquid equilibrium data and provided
a framework that can be used for gathering duty-controlled
fractional freezing data using actual Fischer—Tropsch acid
water to enable process design.

Conclusions

Solid-liquid equilibrium data for binary mixtures of acetic
acid and water, propionic acid and water, and butyric acid
and water were collected. Reasonable agreement was found
between the experimental solid-equilibrium data collected
in this study and that reported in literature.

Processing Fischer—Tropsch acid water by fractional
freezing was evaluated using a synthetic mixture of carbox-
ylic acids in water. Although the quaternary mixture of ace-
tic acid, propionic acid, butyric acid and water represented
only the major components in an actual Fischer—Tropsch
acid water stream, it was sufficiently complex to highlight
the importance of exploiting the initial acid—water partition-
ing and the necessity of using multi-stage solid—liquid sepa-
ration design. Based on the work presented, it was possible
to propose a duty-controlled staged separation process and
indicate what remaining data had to be collected to enable
process design.
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