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Abstract

Abstract

Renewable resources for chemical and fuel production gain increasing interest
in research and industry. However, biorefineries have to handle multicomponent
mixtures with high water content. Efficient downstream processing and complete
utilization of the biomass are often the key facts for competitiveness. Aqueous
mixtures of low molecular weight carboxylic acids are commonly produced as
byproducts during pulping, fermentation or pyrolysis. Isolation of carboxylic
acids from biobased broths may be challenging, due to their tendency to form
azeotropes. State of the art separation of acetic acid and formic acid from effluents
covers liquid-liquid extraction followed by several distillation steps for solvent
regeneration and product isolation.

Task of this PhD-Thesis was the process intensification of solvent regenera-
tion and product isolation for economic recycling of formic acid and acetic acid.
Therefore the approach of changing the properties of the carboxylic acids via
chemical reaction integrated in a distillation step for continuous product removal
was investigated. The carboxylic acids were esterified with methanol to produce
the low-boiling methyl esters. These methyl esters can be removed easily via
the distillate to force the reaction equilibrium towards complete conversion. The
significant change in boiling point and enthalpy of evaporation through esterifi-
cation reduces the energy demand in downstream processing. Compared to the
acid-water mixture, the methyl esters have a beneficial vapor-liquid equilibrium
behavior for final separation via distillation, simplifying the process concept.

Single and multi-acid esterification experiments of formic acid, acetic acid and
propionic acid with methanol were performed without catalyst, to investigate
intramolecular catalysis and acid interaction. Based on single acid kinetic data, a
model was developed incorporating the catalytic activity of the carboxylic acids
via acid dissociation. This kinetic model is able to predict reaction kinetics in
multi-acid esterification with deviation from experimental results of max. 1.7 %.

Subsequently, batch and continuous reactive distillation were proven for sep-
aration of the ternary mixture formic acid, acetic acid and water. Experiments
have shown a high conversion of formic acid (99 %) due to higher reaction rate,
while conversion of acetic acid in continuous reactive distillation was limited to
71 %. The distillate solely contained the methyl esters and the excess of methanol.

Finally, reactive distillation for solvent regeneration (70 wt.% Cyanex®923 in
n-undecane) from liquid-liquid extraction of acetic acid and formic acid was ver-
ified. Uncatalyzed batch reactive distillation of the laden solvent has shown 97 %
conversion of formic acid and 28 % conversion of acetic acid. By admixture of 5
wt.% 4-dodecylbenzenesulfonic acid to the solvent, methyl ester yields could be
highly enhanced to 100 % and 88 % of methyl formate and methyl acetate, respec-
tively. Adduct formation of Cyanex®923 with acids enables the circulation of the
acidic catalyst with the solvent phase between extraction and reactive distillation.
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Kurzfassung

Kurzfassung

Nachwachsende Rohstoffe fiir die Chemikalien- oder Treibstofferzeugung er-
halten zunehmendes Interesse in Forschung und Industrie. Allerdings miissen
Bioraffinerien Multikomponentengemische mit hohem Wassergehalt verarbeiten.
Effizientes Downstreamprocessing und vollstindige Nutzung der Biomasse sind
oft Schltisselfaktoren fiir die Wettbewerbsfahigkeit. Wassrige Gemische von nie-
dermolekularen Carbonsduren entstehen als Nebenprodukte beim Holzaufschluss,
in der Fermentation oder in der Pyrolyse. Die Neigung dieser Gemische zur
Azeotropbildung verhindert die wirtschaftliche Nutzung der Nebenprodukte.
Stand der Technik zur Abtrennung von Ameisen- und Essigsdaure aus Abwissern
ist Extraktion, gefolgt von mehreren Destillationsschritten fiir die Losungsmittel-
regenerierung und Produktauftrennung.

Problemstellung dieser Dissertation war die Prozessintensivierung der Losungs-
mittelregenerierung und Produktauftrennung fiir eine 6konomische Riickgewin-
nung von Essig- und Ameisensdure. Durch Kombination von chemischer Reak-
tion und Destillation wurden die Substanzeigenschaften verdndert und das Reak-
tionsgleichgewicht beeinflusst. Die Carbonsduren wurden mit Methanol zu den
niedrigsiedenden Methylestern verestert und kontinuierlich {iber das Destillat
abgezogen. Durch die Verringerung der Siedepunkte und Verdampfungsenthal-
pien wird der Energiebedarf reduziert. Weiters haben die Methylester ein giin-
stiges Dampf-Fliissig Gleichwicht fiir die Auftrennung durch Destillation, wo-
durch sich das Prozesskonzept vereinfacht.

Zu Beginn wurden Einzel- und Multisdurenveresterungen von Ameisen-, Essig-
und Propionsdure mit Methanol ohne Katalysator durchgefiihrt, um den Einfluss
von intramolekularen Katalyse und Sdureinteraktionen zu untersuchen. Basie-
rend auf der Einzelsdurenveresterung wurde ein Kinetikmodell entwickelt, wel-
ches die katalytische Aktivitdat der Carbonsduren durch Sduredissoziation bein-
haltet. Dieses Kinetikmodell berechnet die Reaktionskinetik der Multisdurenver-
esterung mit Abweichung vom experimentellen Ergebnis von max. 1.7 %.

Anschlieffend wurde die Reaktivdestillation zur Auftrennung von Ameisen-
sdure, Essigsdure und Wasser im Batch- und kontinuierlichen Betrieb gepriift.
Die Experimente ergaben einen Umsatz von 99 % der Ameisensdure aufgrund
der hoheren Reaktionsgeschwindigkeit. Im Gegensatz dazu war der Essigsdure-
umsatz in der kontinuierlichen Reaktivdestillation mit 71 % limitiert. Das Destil-
lat bestand aus den Methylestern und dem tiiberschiissigen Methanol.

Abschliefiend wurde die Reaktivdestillation auf die Losungsmittelregenerier-
ung (70 wt.% Cyanex®923 in n-Undecan) der Saureextraktion {ibertragen. Unkata-
lysierte Batch-Reaktivdestillation ergab 97 % Ameisensdure- und 28 % Essigsdure-
umsatz. Die Zugabe von 5 wt.% 4-Dodecylbenzolsulfonsdure als Katalysator
zum Losungsmittel fithrte zur Erh6hung der Ausbeuten auf 100 % Methylformiat
und 88 % Methylacetat. Durch die Adduktbildung von Cyanex®923 mit Sauren
ist es moglich den sauren Katalysator in der Losungsmittelphase zu halten und
in den Extraktion- und Reaktivdestillationskreislauf einzubinden.
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1. Introduction

Biomass is the upcoming feedstock material for chemicals and fuels, not only
due to the lack of fossil sources but even more due to CO, regulations for reduc-
ing the anthropogenic greenhouse effect. The pulp and paper industry is one of
the oldest biorefineries, but just focused on fiber production. Increasing inter-
est in biobased chemicals aims at the byproducts of pulping, mainly lignin, fur-
fural, carboxylic and hydroxycarboxylic acids. Commonly, these byproducts are
used for energy production due to problems in isolation. Before incineration of
the black liquor, which contains byproducts and solvent from pulping, the water
content must be reduced. During water evaporation the volatile carboxylic acids
acetic acid and formic acid are removed with the water from the black liquor. Iso-
lation of the carboxylic acids formic acid and acetic acid from aqueous effluents is
challenging due to azeotrope formation. For the recovery of these low molecular
weight carboxylic acids a process was patented in 1981, which is still applied. As
shown in Figure 1.1 the removal of the acids from the effluent is a simple task, per-
formed via reactive liquid-liquid extraction. Solvents and apparatus design are
well investigated and optimized for this process. In contrast, the solvent regen-
eration and product isolation is incorporated with extensive technical equipment
and high energy demand for several distillations. Solvent regeneration consists
of a recuperator (D1) with removal of 65 wt.% of the aqueous phase followed by
vacuum distillation (D2), where a heterogeneous azeotrope is withdrawn at the
top of the distillation column. Next a distillation (D3) for impurity removal like
SO, and methanol is installed and an entrainer distillation (D4) for dewatering.
A mixture of acetic acid, formic acid and furfural is obtained as bottom product,
which needs further isolation steps.[1] This downstream processing must be in-
tensified for economic isolation of the byproducts from aqueous solutions.

In general, process intensification has obtained growing attention in research
for improving process efficiency, reducing energy demand, simplifying process
concepts, increasing process safety and enhancing product quality. In process in-
tensification the development of strategies for new processes like the theory of
inventive problem solving (TIPS) is a very helpful tool. TIPS offers 40 principles
and combinations thereof for overcoming physical contradictions to solve prob-
lems. It was found that approximately 80 % of all patents are based on these
40 principles.[2] Exemplarily, for separation of azeotropes the principles of in-
termediary, parameter change or phase transition could be combined. Precisely,
the substance properties may be changed by chemical conversion combined with
distillation for continuous product isolation. In the example of aqueous acetic
acid/formic acid mixtures the carboxylic acids are removed with an intermedi-
ary in liquid-liquid extraction and converted to their low-boiling methyl esters
via esterification with methanol, which are separated in distillation.
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Figure 1.1: Recovery of low molecular weight carboxylic acids via reactive extrac-
tion and solvent regeneration. Adapted from [1]

The following chapters discuss the approach of changing properties via chem-
ical reaction combined with changing the physical state through distillation for
process intensification in solvent regeneration.

Chapter 2 gives an overview of different sources of aqueous mixtures of low
molecular weight carboxylic acids in biobased processes. Furthermore feasible
intervention points for process intensification via reactive separations in down-
stream processing are discussed. For reactive separations the knowledge of reac-
tion rates, interaction in acid mixtures and temperature dependency is essential.
Chapter 3 covers the investigation of kinetics of formic acid, acetic acid and propi-
onic acid esterification with methanol and presents a kinetic model for prediction
of simultaneous multi-acid esterification. Chapter 4 and 5 illustrate the separa-
tion feasibility of acetic acid, formic acid and water via reactive distillation with
methanol as esterifying agent. Chapter 4 focuses on the separation of the crude
distillate after extraction and distillation (D2 in Figure 1.1) for solvent recovery.
Acetic acid, formic acid and water were fed to batch and continuous reactive dis-
tillation processes, investigating the influence of methanol in excess. Chapter 5
discusses the feasibility of reactive distillation incorporated directly as solvent re-
generation. In batch reactive distillation experiments the influence of a strongly
acidic homogeneous catalyst was studied for accelerating carboxylic acid esterifi-
cation. For avoiding catalyst isolation, the cycling of the catalyst with the solvent
phase between extraction and reactive distillation was proven. In chapter 6 a
summary of the main findings is given and future directions for this project are
presented.
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1 Introduction

Implementation of bulk products from biobased resources
in the chemical industry is expected to help delaying the
greenhouse problem. In the past the main product, e.g., cel-
lulose from pulping, was target of economic optimization,
while several byproducts just had to contribute to cover the
energy demand of production sites. In the pulping industry
nearly 50 % of the processed wood is finally used for steam
production, with a significant loss of valuable basic bulk
products. To suffice the needs of greenhouse gas emission
reduction it is essential to make also use of the byproducts
from biobased processes. But there is a major obstacle to be
resolved. The byproducts are often highly dilute aqueous
multicomponent mixtures and isolation may end up in
costly and energy intensive downstream processing. Conse-
quently, such side streams are rather considered as a costly
burden than a valuable source for bulk chemicals.

Low molecular weight carboxylic acids like formic acid
(FA), acetic acid (AA) and propionic acid (PA) are impor-
tant bulk chemicals in the food industry, as commodity
chemicals in the textile industry, for the manufacture of
pharmaceuticals, and many more. Black liquor from the
pulping process typically contains lignin, aliphatic carbox-
ylic acids, and other organics and inorganics. This is a
potential source for valuable byproducts based on renew-
able raw material [1]. In the pulping process AA is formed
by deacetylation of acetyl groups from the hemicelluloses in
the initial phase of delignification, while FA is constantly
formed during the peeling reaction [2]. For heat production
from black liquor, the dilute black liquor (15 %) has to be
concentrated to about 70 - 75 % by multi-stage evaporators
[3]. The main amount of volatile fatty acids is collected in
the condensate of black liquor evaporators. Recovery of
these valuable byproducts from the black liquor condensate

Chem. Ing. Tech. 2017, 89, No. 1-2, 161-171
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is important in order to reduce the biochemical oxygen
demand in the wastewater treatment plant and for further
chemical production. Depending on the type of wood and
process, the ratio between acids over the raw material varies
from 14 % for hardwood up to 46 % for straw [4]. The main
acids produced are FA, AA, lactic acid, and glucoisosacchar-
inic acid. Kraft pulping of birch wood decomposes about
19 % of the wood into (hydroxy-) carboxylic acids, whereof
12% and 29 % from birch are decomposed to FA and AA
respectively [4]. For a typical pulping plant capacity of
200000 ta™" birch, this figures result in production of acidic
byproducts of around 75000ta”', corresponding to a
FA production of 9000ta™ and an AA production of
22000ta" [4].

Further, biobased pyrolysis oil (bio-oil) is a complex mix-
ture containing carboxylic acids, mainly AA and FA, with a
content up to 11 wt %. Depending on the feedstock, the AA
concentration varies between 3.5wt% in pine, 4.6 wt% in
hardwood, and up to 7.4 wt % in straw bio-oil. FA concen-
trations lie between 1wt % in hardwood, 2wt % in straw,
and 2.5wt % in pine bio-oil. Separation of acids improves
the product quality and additionally generates valuable
byproducts.

A similar composition of carboxylic acids was reported
for forest residues bio-oil, with concentration of FA being
1.5wt % and 3.8 wt % of AA [5].

The isolation of pure AA and FA from aqueous solutions
is difficult because of the complex vapor-liquid equilibrium

Daniela Painer, Dr. Susanne Lux, Annika Grafschafter,

Andreas Toth, Prof. Dr. Matthius Siebenhofer,
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Graz University of Technology, Institute of Chemical Engineering,
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(Fig. 1). In addition to a binary high boiling azeotrope of FA
and water, this mixture also exhibits a ternary saddle point
azeotrope. Therefore alternative separation processes for
distillation are necessary to recover these valuable constitu-
ents from aqueous feed in an economical way.

This paper discusses alternative technologies for isolation
of carboxylic acids from aqueous side streams of biobased
processes. Reactive extraction by adduct formation between
acid and extractant for carboxylic acid removal from aque-
ous streams is extensively reported in the literature [8 - 25].
Information for solvent regeneration is limited though.
Chemical conversion of carboxylic acids by esterification
combined with physical extraction of the reaction product
is a newer approach. In Fig.2 the conventional reactive
extraction process with solvent regeneration (black line) is
shown. Feasible positions for admixture of alcohols for
combined reaction-separation processes by esterification of
acids are marked with grey arrows. A new apparatus design
based on CFD optimization of a rotating disc contactor,
which is perfectly suited for application in liquid-liquid
extraction of valuable byproducts from biobased process
effluents, is presented. Due to the simple design this extrac-
tor offers access to three-phase contact (e.g., aqueous phase-
solvent phase-heterogeneous catalyst).

2 Reactive Extraction

Liquid-liquid extraction is an appropriate technology for
separation of constituents from dilute effluents. In reactive
extraction the physical extraction is overlaid by a chemical
reaction enhancing the extraction efficiency.

Review I Ingenieur

lA\cohoI

Product

Wastewater
Reactive Solvent
Extraction Laden solvent Regeneration
lm cohol
Recovered
solvent

Raffinate

Figure 2. Process concept for reactive carboxylic acid recovery
with potential positions for admixing alcohols for esterification.

2.1 Reactive Extraction by Adduct Formation

For low molecular weight carboxylic acids a variety of
extractants has been investigated. Several papers have been
published for carboxylic acid extraction, giving a detailed
overview on extractants and diluents [7 - 12]. Simultaneous
extraction of several carboxylic acids as well as selective
extraction of carboxylic acids from multicomponent mix-
ture is discussed in this paper.

The general reaction equation for reactive extraction of
acid A,q with a solvent B, is given in Eq. (1) with the cor-
responding equilibrium constant K for an adduct with a
molar ratio of acid to extractant of n according to Eq. (2).
The distribution coefficient D gives the ratio of the acid
concentration in the solvent and the aqueous phase at equi-
librium (Eq. (3)). The selectivity S is the ratio of the distri-
bution coefficients of the desired component over the unde-
sired component (Eq. (4)). The extraction efficiency (degree

of extraction or extraction yield) 7, quantifying

Acetic acid (AA)
115.8 °C

115°C

110°C

105°C

Water (H,0)

100 °C
X, (Mol%)
}:‘n\raﬁ\\ /»’ﬂ57‘§/
%) — Ve o
Formic acid (FA)
98.6 °C

the ratio of the mass of the target acid in the
extract phase to the mass of this acid in the feed
phase, is shown in Eq. (5).

nAaq + Borg ﬁAnBorg (1)
CA,B,,
K=o o @)
Aaq B,org
c
D— Aorg,eq (3)
CA,aqeq
D
§=— “@
Dwater
982°C | gy, = AOB 000, 5)
’ MA feed

Kertes and King [7] already distinguished

Figure 1. Boiling point surface of FA/AA/water at 95 kPa. Binary high boiling
azeotrope of FA/water: 105.6 °C; ternary saddle point azeotrope: 105.2°C [6].

www.cit-journal.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

three categories of extractants for acid extrac-
tion: (1) carbon-bonded oxygen donor extrac-
tants, (2) phosphorus-bonded oxygen donor

Chem. Ing. Tech. 2017, 89, No. 1-2, 161-171
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extractants and (3) high molecular weight aliphatic amine
extractants. The extraction process with extractants of the
first two categories includes solvation of the acids by donor
bonds, while in the third category acid extraction occurs by
proton transfer or by ion pair formation. The carbon-
bonded oxygen donor extractants, e.g., alcohols, ethers or
ketones, form weak hydrogen bonds between the acid hy-
drogen (proton) and the oxygen donor which are not con-
sidered as specific solvation. This group of solvents has a
higher solubility in water and distribution coefficients are
low, varying from 0.14 to 1.68 [13]. Phosphorus-bonded
oxygen donor extractants are stronger Lewis bases than the
extractants of group (1), providing more specific solvation
and higher distribution coefficients. Aliphatic amines
(Bronsted bases) are at least as strong as or stronger bases
than phosphorus-bonded oxygen donor extractants. [7]
Preferably tertiary amines are used because primary amines
have a high solubility in water and secondary amines may
irreversibly form amides with acids at elevated temperature
[13].

Inert and modifying diluents have an important effect on
reactive extraction with amines because solubility of amine
salts is very low and density and viscosity are unfavorable
for liquid-liquid extraction. Modifiers improve the solubility
of amine-acid salts in the solvent phase and may alter stoi-
chiometry in the solvent phase while inert diluents alter the
physical properties and water solubility of the solvent phase
[14].

Solvation decreases in the series alcohol > nitrobenzene >
proton-donating halogenated hydrocarbon > ketone > halo-
genated aromatic hydrocarbon >benzene > alkyl aromatic
hydrocarbon > aliphatic hydrocarbon [15].

Tab. 1 summarizes the best available extractants found in
literature for extraction of low molecular weight carboxylic
acids from highly dilute aqueous effluents.

Rasrendra et al. [22] performed liquid-liquid extraction
experiments for separation of carboxylic acids from an
aqueous pyrolysis oil phase. The aqueous phase contained
acids (3.33wt% AA, 0.56wt % FA, and 0.18 wt % glycolic
acid), aldehydes, sugars, ketones, phenolics, and furans. The
extraction was performed with trioctylamine (TOA),
Alamine®300, Alamine®304-1, and Alamine®336. 2-Ethyl-
hexanol was selected as the best diluent. An extractant
mixture of 40wt % TOA, Alamine®300, and Alamine®336
in 2-ethylhexanol gave similar extraction efficiencies of
84 % for AA and 92 % for FA. Co-extraction of ketones and
phenolics beside the carboxylic acids was observed; sugars
and aldehydes preferably remained in the aqueous phase.
Mahfud et al. [23] investigated the recovery of AA directly
from bio-oil and from the aqueous phase of thermally treat-
ed bio-oil with TOA in octane. Experiments with pure bio-
oil containing 6.2wt% AA, 0.4wt% PA, and 0.04wt %
butyric acid (BA) showed low extraction -efficiencies
(2.7-5.8%) for different concentrations of TOA in do-
decane or petrol ether. High solubility of TOA was observed
in the bio-oil phase. When processing the aqueous layer of
thermally treated bio-oil containing 6.22wt% AA and
0.07 wt % PA no losses of TOA were observed and an extrac-
tion efficiency of 75 % was obtained with TOA in toluene.

Simultaneous reactive extraction for the recovery of FA,
AA, and furfural from aqueous acid hydrolysis process
streams was studied by Demesa et al. [24]. The solvents
2-methyltetrahydrofuran (2-MTHF) and Alamine®336
diluted in toluene were compared for different initial acid

Table 1. Literature data of best available extractants for various carboxylic acids.

Acid Extractant CAnq Corg Initial concentrations for given D D T Lit.
[kmol m™] [kmol m™] [kmol m™] (Vorg/ Vaq = 1:1) [°C]
Organophosphorous compounds
FA Cyanex®923 0.019-0.353 0.251-2.514 Corg0 = 2263, Ca aq,0 = 0.087 8.69Y 25 [16]
AA Cyanex®923 0.017 -0.334 0.251-2.514 Corgo=2.514, C 000 =0.168 6.59 25 [16]
PA Cyanex®923 0.018 - 0.854 0.251-2.514 Corg0 = 2514, Cp aq0 = 0.2412 2336" 25 [16]
BA TBP 0.025 - 0.25 0.368 - 2.94 Corg = 2.94, Cp 0= 0.081 21.06 20 [17]
Amine
FA Amberlite®LA-2 2.173 0.371-1.859 Corgo = 1.859 in isoamylalcohol 19.89 25 [18]
AA Tri-n-butylamine,  0.833 0.833 Corgo=0.833 THA in 1-butanol, 15.00 40 [19]
Tri-n-pentylamine, Ca0=0.833 (More/taq=1)
THA, TOA
PA TOA 0.05-0.4 0.229 - 2.059 Corgo = 0686 in oleyl alcohol, 10.11 32 [20]
ca0=0.05
BA TOA 0.026 - 0.25 0.226-1.13 Corgo = 1.13 in 1-decanol/dodecane,  34.3 20 [21]
a0=0.084

3 Calculated distribution coefficients from given data; mixture density was approximated by ideal mixing.

Chem. Ing. Tech. 2017, 89, No. 1-2, 161-171 © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com
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and furfural concentrations (1 -8 wt%). Best results were
obtained with an initial concentration of 3wt % for all sol-
utes. The extraction of FA performed better with
Alamine®336 (Dtaminev336 = 5.63, Dy airur = 1.27 at 45°C)
but furfural extraction was better with 2-MTHF
(D Alamine®336 = 3-34, Ds_prrir = 6.56 at 45 °C). AA extraction
gave similar distribution coefficients for both extractants
(D atamine®336 = 1.77, Dy yirur = 1.41 at 45°C). The effect of
operation temperature on the extraction behavior was dif-
ferent; the distribution coefficients for furfural increased,
and decreased for FA and AA with increasing temperature
between 25 to 45 °C.

The selective extraction of FA and AA from aqueous suc-
cinic acid with TOA diluted in n-heptane, butyl acetate, or
dichloromethane with or without the modifier 1-octanol
was investigated by Cascaval et al. [25]. The extraction effi-
ciency increased for all acids with increasing TOA concen-
tration in the diluent; with dichloromethane performing
best. For FA and AA this effect was significant at lower
TOA concentrations, because FA and AA form 2:2 and 1:1
complexes with TOA. For comparison succinic acid forms
1:2 complexes with TOA and needs higher amounts of
TOA for extraction. Additionally, TOA tends to form
adducts with the stronger FA followed by the weaker acids.
In [25] selectivity was defined as the yield of AA plus the
yield of FA over the yield of succinic acid. The best results
were obtained by adding 1-octanol (20 vol % of diluent) to
the solvent phase; the selectivity reached 148 when 50 g L™
TOA extractant were applied.

In general sufficient extraction efficiency for carboxylic
acid extraction at low aqueous feed concentration was
observed. Extraction efficiency increased with increasing
extractant concentration, decreased with increasing feed
concentration and decreased with increasing temperature.
Literature reports, that TOA gives the highest distribution
coefficient for carboxylic acid extraction because of the high
Bronsted basicity, followed by the Lewis base trialkylphos-
phine oxides (TRPO). The extraction efficiency for different
acids is dependent on the hydrophobicity and the acidity of
the acids. Longer-chain carboxylic acids are more hydro-
phobic and with higher acidity the association power
between acid and extractant increases.

2.2 Reactive Extraction via Chemical Conversion

Different to reactive extraction by adduct formation, the
reactive extraction via chemical reaction utilizes chemical
conversion of the carboxylic acid into derivatives. Due to
different solubility the reaction product is transferred into
the solvent phase by physical extraction enhancing conver-
sion of the acid. Al-Saadi et al. [26] used n-butanol to esteri-
fy concentrated AA solutions in presence of sulfuric acid as
a homogeneous catalyst. For combination with a physical
extraction step they used n-heptane as solvent. Due to the
fact that their experiments were carried out in a highly con-
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centrated system the results are not applicable for process-
ing dilute effluents from biobased feedstock.

Bianchi et al. [27] investigated the esterification of highly
dilute AA effluents of 6 wt % with 6 wt % n-butanol in batch
experiments with Amberlyst®200 as a heterogeneous cata-
lyst. The experimental setup consisted of a stirred three-
necked flask as reactor with complete condensation of the
evaporated phase. For the evaluation of their experiments,
Bianchi et al. defined a process efficiency given in Eq. (6).

o nAA@q.,in - nAA.aq.out

E 100 % (6)

nAA,aq‘in

Esterification was carried out at 99 °C for 6h, resulting in
a process efficiency of 3.4 %. This confirms the unfavorable
equilibrium limit of the esterification step due to the high
excess of water in the system. In further experiments
Bianchi et al. used 2-ethyl-1-hexanol as an alcohol and
increased the amount of alcohol above maximum solubility,
resulting in the formation of a second phase. This second
phase was found to have beneficial effects on the reaction
equilibrium. Due to the very low solubility of the ester in
water, the alcohol acts as a solvent for the product. For the
use of sulfuric acid as a homogeneous catalyst, a process
efficiency of about 60 % was achieved after 3h at 99 °C.

The same experimental setup was used for different
heterogeneous catalysts (e.g, Amberlyst®200, Amber-
lyst®15) which all had significantly lower process efficien-
cies of less than 45 %. The decrease in process efficiency was
assumed to be a result of the reaction taking place at the
interface of the two phases or within the solvent phase.
Ragaini et al. [28] confirmed this assumption in experi-
ments with 2-ethyl-1-hexanol and Amberlyst®15 as a
heterogeneous catalyst.

In our research we have performed extraction experi-
ments with the solute AA in a setup comparable to Bianchi
et al. [30] with n-octanol as the solvent phase as well as
alcohol for esterification. 4-dodecylbenzenesulfonic acid
(4-DBSA) was used as a liquid catalyst. Compared to the
mentioned process efficiency of about 60 % for homogene-
ous and of 45 % for heterogeneous catalysis [30], a process
efficiency of 42 % after 3h for an operation temperature of
as low as 50°C was achieved. The catalyst loading was
10wt % 4-DBSA based on the alcohol. Esterification of
dilute AA (approx. 70 gL™") with equimolar amount of eth-
anol (EtOH) in the presence of Amberlyst®15 as a heteroge-
neous catalyst at 50 °C was performed too. To utilize the
benefits of reaction with simultaneous physical extraction,
the solvent n-undecane in a volumetric ratio of 1:2 based on
the aqueous feed was used. This approach yielded a process
efficiency of 13.5%. The reaction progress is illustrated in
Fig. 3a for the aqueous phase and in Fig. 3b for the solvent
phase.

The concentration profile of EtOH in the aqueous phase
shows a steady descent when performing AA esterification.
The step within the first 15 min may be explained by the
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Figure 3. Concentration trend of AA (O) esterification with
EtOH (*) to ethyl acetate (@) (molar ratio of AA/EtOH =1:1)
with simultaneous physical extraction (Vog/Vaq = 1:2) at 50 °C for
a) aqueous phase and b) solvent phase (n-undecane) catalyzed
by 10wt % Amberlyst®15.

partitioning of EtOH between the two phases. It is obvious
that the insignificant amount of AA as well as EtOH trans-
ferred into the solvent phase is nearly constant during the
whole experiment. Ethyl acetate as the desired product is
extracted to a significant extent, leading to a steady deple-
tion of the educts in the aqueous phase.

Esterification in a three-phase system demands high solu-
bility of the alcohol in the aqueous phase and high solubility
of the corresponding ester in the solvent phase. These tech-
nological boundaries enable the use of a heterogeneous cat-
alyst (e.g., Amberlyst®15) in the aqueous feed. The use of a
solvent which is not actively taking part in the esterification
reaction (e.g., alkanes like n-undecane) provides the benefit
of shifting the reaction equilibrium to the product side with
negligible solubility of the solvent phase in water. Thereby
esterification of AA becomes feasible even in highly dilute
systems.

The implementation of three-phase esterification in a
continuous process needs accomplishment of specific
requirements to the reaction-extraction setup. The setup
has to provide continuous contact between the two liquid
phases to maintain a maximum gradient for the extraction,
and it has to provide sufficient contact of the heterogeneous
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a) 1.50 S solid catalyst particles with the aqueous phase containing

the reactants. An apparatus capable of meeting these
requirements was investigated.

3 Industrial Scale Reactors for Continuous
Reactive Extraction

Dating back to a patent from 1952 the rotating disc contac-
tor (RDC) was established in liquid-liquid extraction [29].
The RDC has spread rapidly in industry for extraction pro-
cesses due to the simple and robust construction of inter-
nals. Rotating discs, fixed on a central shaft, provide smooth
energy input for droplet dissipation. In the shell-side area of
the column, stator rings with a vertical offset are installed.
The stator rings subdivide the column into compartments.
The compartment design shall minimize axial back-mixing.
Due to the condition of continuity, two toroidal vortexes
are formed in each compartment, causing turbulences in
the continuous phase which act on the dispersed phase and
increase the residence time of the dispersed phase in the
column. As a result of smooth energy input by rotating
discs the RDC is suitable for highly viscous media or com-
ponents which are sensitive to shear stress. The RDC pro-
vides a broad variation of energy input leading to high
operational flexibility. Nevertheless the RDC is not very
suitable for separations of constituents in biobased process-
es due to the stator rings which provide dead zones for crud
accumulation. Accumulation of crud may finally cause sud-
den breakdown and operation failure when interacting with
the liquid-liquid dispersion.

Even though the RDC design is well established in indus-
trial scale, the design of internals suffers from some uncer-
tainties regarding the optimum ratio of the shaft diameter
to the shell diameter [30]. To prevent loss of active cross
section area, the shaft diameter is sized as small as possible
[31]. Due to this design weakness, the dispersed phase
inclines to form a stable coalescence layer at the shaft
because of formation of hydrodynamic dead zones at the
shaft. Addressing this construction limit the RDC design
was modified and simplified. As a result the Taylor-Couette
disc contactor (TCDC) was developed [32, 33].

Especially for applications in biobased processes the
TCDC may offer advantageous operation features. From
the hydrodynamic point of view, the TCDC is a hybrid of a
classical RDC and a Taylor-Couette reactor. The TCDC is
based on RDC design, but without stator rings and an
increased shaft diameter. Due to missing stator rings, dead
zones for crud accumulation are avoided, maintenance and
cleaning is facilitated and investment costs are reduced.
Increased shaft diameter improves the classical RDC design
by preventing hydrodynamic dead zones and tie-in a similar
flow pattern compared to banded two-phase flow in Taylor-
Couette reactors. The flow pattern in the single compart-
ment is induced by centrifugal force, counteracted by fric-
tion of the continuous phase. Furthermore, enlarged rotor
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discs of the TCDC form dynamic compartments during
operation, stabilizing the flow pattern and inhibiting high
axial dispersion [32,33]. For application in chemical reac-
tions the hydraulic flow pattern of banded two-phase flow
exhibits small droplet size, providing large mass transfer
area, and narrow residence time distribution. Compared
with the Taylor-Couette reactor the TCDC provides much
higher throughput, and in case of two phase flow the TCDC
can be operated in co-current as well as counter-current
mode. These operation features give access to many applica-
tions in mass transfer as well as chemical reactions con-
ducted in multiphase systems.

3.1 Hydrodynamic Investigation of Three-phase
Flow

By combining continuous physical extraction with chemical
reaction, accelerated by heterogeneous catalysis, the hydro-
dynamic characteristic of three-phase flow has to be accu-
rately investigated. Therefore several experiments in a
TCDC were carried out to determine the flow profiles in
presence of a third solid phase. The extractor used in this
work has the following design specifications: H,.yyve =0.4m,
Aeolumn =0.05m,  depa=0.02m,  diotor=0.035m, and
Hcompartment =0.025m.

Amberlyst®15 was added to the continuous phase at the
top of the column. ShellSol-T was used as dispersed phase
entering at the bottom. First experimental investigations
were carried out without the presence of the dispersed
phase. Results have shown, that for a critical rotor tip veloc-
ity of v. ~ 0.45 ms™, the catalyst particles are trapped in the
vortexes due to the higher drag force of the vortexes com-
pared to the gravity of the particles. The residence time of
catalyst particles in the single compartment was increased
significantly. With increasing rotational speed the catalyst
got increasingly concentrated at the intersection of the tor-
oidal vortexes located at half the height of the single com-
partment height (Fig.4a). The dispersed phase (solvent
phase) is forced into the direction of the rotor discs (Fig. 4b).
Even by operating the reactor with particle loaded continu-

a) b) c)

Figure 4. Flow pattern in the TCDC for rotor tip velocity of
1.7ms". a) Distribution of the catalyst in continuous phase,

b) distribution of dispersed phase, and c) distribution of catalyst
and dispersed phase in three-phase flow application.
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ous phase and dispersed phase at the same time, the par-
ticles as well as the dispersed phase stay within the com-
partments for a reasonable residence time and do not
interfere (Fig.4c). From a hydrodynamic point of view,
these results imply applicability of the TCDC as a three-
phase reactor for reactive extraction by chemical conversion
with phase transfer of the product.

4 Solvent Regeneration

Solvent regeneration is at least as essential as the extraction
step for efficient acid recovery and solvent recycle. A huge
scientific effort has been done to find appropriate extrac-
tant/diluent mixtures for separation [8 - 25], however little
information is available for solvent regeneration. The use of
caustic or acidic solutions, an aqueous volatile base, temper-
ature or diluent swing, distillation and reactive distillation
are reported as possible regeneration technologies.

4.1 Re-extraction with Caustics

Usually an aqueous solution of NaOH is used as the
aqueous phase for re-extraction with good regeneration
results. The main drawbacks of this regeneration method
are the high consumption of base and acid to isolate the
carboxylic acid in its free form and producing equal
amounts of solid waste.

The recovery of PA from TOA in 1-decanol or methyliso-
butyl ketone (MIBK) using NaOH was investigated by
Keshav and Wasewar [34]. 100 % recovery for both diluents
with a slight molar excess of NaOH to acid was achieved for
initial concentrations of PA in the organic phase of 0.334
and 0.374 kmol m™.

4.2 Re-extraction with Acids

By contacting the laden solvent with an acidic aqueous solu-
tion, the stronger acid from the aqueous re-extraction phase
replaces the carboxylic acid in the adduct, formed between
the reactive extractant and the acid in the solvent phase.
Distillation can be used for the removal of the stronger acid
from the solvent phase afterwards. Re-extraction with a
stronger acid leads to formation of undissociated carboxylic
acids in the aqueous phase.

Yabannavar and Wang [35] applied HCI in the aqueous
phase for the recovery of lactic acid from Alamine®336 in
oleyl alcohol. For a solvent load of 28.8 kgm™ lactic acid
best results were obtained with 25kgm™ HCI in aqueous
solution with a volumetric ratio of 1:1 between solvent and
aqueous phase. The experiments led to a recovery of 83 %
but with 5.6 kgm™ HCl remaining in the aqueous phase. A
higher molar amount of HCI than lactic acid was necessary
for recovery of lactic acid because all amine molecules
needed to be saturated.
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4.3 Re-extraction with Volatile Extractant
in the Aqueous Phase

Re-extraction with a volatile aqueous base is applicable,
especially when non-volatile carboxylic acids are extracted.
The laden solvent is contacted with the aqueous solution of
a volatile base and the carboxylic acid is re-extracted to the
aqueous phase. The acid-base salt can be split by thermal
treatment, the vaporous base is reabsorbed in water and the
carboxylic acid is removed as bottom product [36].
Trimethylamine in aqueous phase was examined by
Keshav and Wasewar [34] for PA removal from TOA in
1-decanol or MIBK. A slightly higher ratio than unity
between trimethylamine and the acid enabled 100 % recov-
ery of PA without the drawback of solid waste formation.

4.4 Temperature-swing Re-extraction

By increasing the temperature after the extraction step and
by contacting the laden solvent with fresh water influences
the equilibrium between solvent and aqueous phase and
solvent regeneration is achieved. Due to the temperature
dependency of the liquid-liquid equilibrium, higher concen-
tration of acid in the aqueous re-extraction phase can be
reached compared to the concentration in the original feed
[37].

The recovery of PA from TOA in MIBK, 2-octanol or
1-decanol was investigated by two stage temperature-swing
regeneration of the solvent [34]. At 90 °C re-extraction tem-
perature and the diluent 2-octanol or 1-decanol, the highest
re-extraction yield in the second stage of 35 % and that for
MIBK of 88 % was reported. The authors concluded from
the experimental results that active diluents lead to higher
extraction but re-extraction with temperature-swing is on
average.

Wisniewski and Pierzchalska [38] observed that by
increasing the temperature from 20 to 70 °C the amount of
extracted acids decreases (18 % FA, 15% AA, and 11 % PA),
but phase separation enhances, which is advantageous for
re-extraction.

4.5 Diluent-swing Re-extraction

The composition of the laden solvent phase is changed by
adding or removing a diluent to shift the aqueous solvent
phase equilibrium towards the aqueous phase load. The sol-
vent phase is then contacted with a fresh aqueous phase to
re-extract the solutes. Combination with temperature-swing
re-extraction may be advantageous in terms of higher prod-
uct concentration in the aqueous phase [37].

Admixture of hexane, petroleum ether and toluene was
investigated for solvent regeneration of TOA in 2-octanol,
1-decanol, and MIBK by Keshav and Wasewar [34]. Highest
average recovery of 39.6 % was achieved with the system
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TOA/MIBK by admixing hexane in a volumetric ratio of
1:1 of solvent phase to diluent.

4.6 Solvent Regeneration and Solute Isolation
by Distillation

Distillation for solvent recovery is feasible for highly volatile
solutes.

Golob et al. [39] performed solvent regeneration of a tri-
octylphosphine oxide (TOPO)/kerosene mixture by contin-
uous distillation. The solvent phase contained 2wt% AA
before and 0.18 wt % after distillation. In the distillate prod-
uct 75wt % AA and 25wt % water from co-extraction was
collected.

Ren et al. [40] investigated stripping with hot water and
vacuum evaporation at 95kPa operation pressure for tribu-
tylposphate (TBP) recovery after low molecular weight car-
boxylic acid extraction. Better results were obtained by vac-
uum evaporation at 100°C and at 95kPa operation
pressure, achieving 98.95% stripping efficiency after the
fourth stripping step compared to 66.57 % for re-extraction
with water at 100 °C. Recovery rate of AA was 98.21 % by
combining reactive extraction with TBP and vacuum evapo-
ration for re-extraction.

Cai et al. [41] investigated two phosphate-containing
extractants, TRPO and TBP, for extraction of FA and AA
from aqueous solutions. For recovery of the carboxylic acids
from the laden solvent distillation at a lower pressure of
3 kPa was recommended. Because of co-extraction of water,
the acids are obtained in aqueous solutions with high acid
concentration.

Distillative recovery at 10kPa for carboxylic acid laden
solvent was suggested by Jung et al. [19]. For extraction of
AA and lactic acid the best extractant/diluent mixture was
trihexylamine (THA) in 1-butanol. Because of unfavorable
boiling points in the system AA/1-butanol/THA distillation
is too energy intensive, but for lactic acid recovery it is feasi-
ble. Distillation of the mixture 1-butanol/water/lactic acid/
THA resulted in a distillate fraction of butanol and water
from co-extraction and as bottom product the amine-acid
complex, which can further be treated by re-extraction with
an aqueous ammonia solution, was collected.

Solvent regeneration experiments were performed by
Demesa et al. [24] in a spinning band distillation setup
under vacuum for FA concentrations in the solvent phase
between 5 and 37wt%. For Cyanex”923 regeneration a
vacuum of 3.1 -4.9kPa and a maximum distillation tem-
perature of 195 °C were applied because at elevated temper-
ature thermal decomposition of FA was observed. FA
removal of 75 % was achieved. N,N-dibutylformamide and
Alamine®304 regeneration showed 85 and 88 % FA removal.
Best results for FA removal were achieved with pure
Alamine®336 with 97.6 % however for Alamine®336/toluene
mixtures the regeneration is more complicated because of
the “low” boiling point of toluene (T} am=110.6°C). For
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AA removal from Cyanex®923 a temperature of 150 °C and
2.8 - 4.4kPa were applied, obtaining acid removal of 16 %.
At higher feed concentration of AA the recovery is easier.
2-MTHEF recovery is simple, distillation without high tem-
perature or vacuum is possible because of its low boiling
point of 78 °C.

For combinations of physical extraction and chemical
conversion solvent regeneration can easily be achieved by
distillation.

4.7 Reactive Distillation

Through chemical reactions the solute properties are
changed and thermodynamic limitations like azeotropes
may be overcome. The continuous removal of the reaction
products forces the reaction equilibrium to the product side
enabling complete conversion. For optimal process configu-
ration the boiling point of the reaction products should be
the highest and/or the lowest of the mixture, and the reac-
tion educts shall preferably be intermediate boilers. There-
fore, it is easy to keep the reaction educts in the reactive dis-
tillation column, while the products can be removed via the
distillate and/or bottom product.

Tirronen et al. [42] patented a process, where reactive dis-
tillation is used for solvent regeneration in organic acid
extraction. The preferred aqueous mixture contained C,-Cs
aliphatic carboxylic acids and the preferred extractants were
amines and organophosphorous based. To break the strong
organic acid-extractant complex in the regeneration step,
esterification of the carboxylic acid preferably with metha-
nol (MeOH) or EtOH was performed in a reactor or reac-
tive distillation. Admixture of homogeneous or heterogene-
ous catalysts to the reaction broth is possible. With the
continuous removal of the reaction product, the reaction
equilibrium is forced to the product side and complete sepa-
ration of the acid from the laden solvent becomes feasible. If
the ester is not the desired product, a hydrolysis reaction can
be performed to obtain the carboxylic acid as final product.

To investigate reactive distillation in more detail, batch
experiments for solvent regeneration were performed by
our group for removing AA and FA from Cyanex®923/n-
undecane (70/30 vol %). The carboxylic acids were esterified
with MeOH to form the low boiling esters methyl formate
and methyl acetate. The esters were continuously removed
via the distillate. The solvent load was varied between 1.9
and 13.7wt% FA and 5.6 and 23.8wt% AA. The molar
ratio of MeOH to both acids was chosen between 0.58 and
2. No additional catalyst was used in the experiments. After
reaction time of 90 min the reflux ratio was adjusted from
infinity to 10. High concentrations of methyl formate were
monitored until almost all FA was converted to methyl for-
mate in the reboiler. Then methyl acetate concentrations in
the distillate increased since AA esterification is much slow-
er compared to FA esterification. Concurrently the MeOH
concentration increased in the distillate.
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Best results without a catalyst were obtained with the
highest investigated solvent load and equal molar ratio of
MeOH to both acids. The distillate composition is shown in
Fig. 5. The molar fraction of methyl formate in the distillate
was 83.9 mol% starting to decrease after 3.5h. Methyl
formate is the low boiling component in the mixture and
FA esterification is the fastest step, therefore it was separat-
ed first. With ongoing distillation time, FA concentration in
the reboiler decreased which led to a decrease of methyl for-
mate concentrations in the distillate. The distillate tempera-
ture increased and the higher boiling ester methyl acetate
and some MeOH were collected in the top product. These
experiments enabled a methyl formate yield of 97.8% at
reflux ratio 10 and a methyl acetate yield of 28.2 %. For
higher reflux ratio the methyl formate concentration
increases while MeOH is kept in the reboiler.
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Figure 5. Distillate composition for laden Cyanex®923/n-unde-
cane (70/30 vol %) regeneration with reactive distillation; esteri-
fication of FA (A) and AA (O) with MeOH (*) to methyl formate
(A), methyl acetate (@) and water (x); molar ratio of MeOH/
(AA+FA) =1, cpa0=13.7Wt %, Can0=23.8 Wt %, reflux ratio=10,
at ambient pressure.

An alternative application route for reactive distillation
may be implemented for the distillate after reactive extrac-
tion and distillative solvent regeneration.

Painer et al. [6] performed continuous reactive distillation
experiments with an expected product composition of lig-
uid-liquid extraction plus solvent regeneration by distilla-
tion. The feed mixture contained 62wt % AA, 28 wt% FA,
and 10wt % water. MeOH was used as reactant in three
molar ratios, MeOH/FA =2 and 3 and MeOH/acids = 3. The
experiments were performed without catalyst. The best
results were obtained with a molar ratio of MeOH/FA =3,
with 99.3% of FA and 71.5% of AA being removed from
the aqueous mixture. The distillate composition was
244mol% MeOH, 33.5mol% methyl formate, and
42.1 mol % methyl acetate. No water was detected in the
distillate. The distillate can be further separated by pervapo-
ration into pure constituents. This chemical conversion
produces a mixture with simple separation properties and
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methyl esters with higher market values compared to their
Annika Grafschafter stud-

carboxylic acids.

5 Conclusions

The recovery of carboxylic acids from side streams of bio-
based processes is a representative challenge for implemen-
tation of bulk products from renewable resources on the
market. It is also recommended due to environmental and
economical reasons. Reactive separation methods provide
an appropriate separation tool for dilute, multicomponent
mixtures. Reactive extraction by adduct formation enhances
greatly the distribution coefficients for low molecular
weight carboxylic acids compared to physical extraction.
Literature reports that the best results can be obtained with
amine based solvents. The drawback is the solvent regenera-
tion step, with little information being available in litera-
ture. The most promising method is re-extraction with a
volatile base in aqueous solution followed by reactive and
conventional distillation. Alternatively physical extraction
can be intensified by chemical conversion of the solute, e.g.,
esterification. Due to different solubility of the acids and the
corresponding ester in the aqueous and the solvent phase,
the reaction product can be continuously removed. Applic-
ability of a continuous process of heterogeneous catalytic
reaction with physical extraction of the product in the
TCDC was proven.
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I Symbols used

kmolm™] concentration

c [

d [m] column diameter

D [-] distribution coefficient

E [%] process efficiency

H [m] height

K [-] equilibrium constant

m (kg] mass

n [kmol] mole

S [-] selectivity

t [s] time

1% [ms™] rotor tip velocity

x [-] mole fraction

n [%] extraction efficiency, degree
of extraction, extraction
yield

I Abbreviations

2-MTHF methyltetrahydrofuran
4-DBSA 4-dodecylbenzenesulfonic acid
AA acetic acid

Alamine®304-1 tridodecylamine (> 95 %)

Alamine®336  mixtures of tertiary C8 - C10 alkyl amines
Aliquat®336 trioctyl methyl ammonium chloride
Amberlite®LA-2 N-lauryltrialkyl-methyl amine

BA butyric acid

EtOH ethanol

FA formic acid

MeOH methanol

MIBK methyl isobutyl ketone

PA propionic acid

RDC rotating disc contactor

TBP tributyl phosphate

THA tri-n-hexylamine

TOA trioctylamine (95 - 100 % Alamine®300)
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ABSTRACT: Downstream processing in the biorefinery is often faced with multicomponent
process streams containing carboxylic acids and alcohols. Carboxylic acids may be isolated by
esterification with alcohols. However, uncatalyzed esterification is generally slow at moderate
temperature. In multicomponent mixtures stronger carboxylic acids may act as catalysts for
esterification of weaker carboxylic acids. Single acid esterification of formic acid, acetic acid
and propionic acid with methanol were investigated and a kinetic model was developed

considering the intramolecular catalysis by acid dissociation. With the kinetic constants derived

! This chapter is intended for publication.
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3. Intramolecular Catalysis of the Esterification

from single acid esterification, ester formation in multi-acid esterification was predicted and
verified experimentally with standard deviation of less than 1.7 %. In multi-acid esterification,
the catalytic influence of formic acid on acetic acid and propionic acid esterification was shown.
Due to higher equilibrium constants transesterification from methyl formate to methyl acetate

and methyl propionate is observed.

INTRODUCTION

Esters are important commodity chemicals with a wide applicability as intermediates, solvents,
extractants, fragrances and flavors. Commonly, they are produced via esterification of a
carboxylic acid with an alcohol.' Due to low reaction rate, esterification reactions are normally
catalyzed by mineral acids. Esterification of low molecular weight carboxylic acids with
methanol through homogenous and heterogeneous catalysis is well represented in literature (e.g.

. . . .21 . . . . . 11-1
acetic acid esterification® ', propionic acid esterification''

). In the context of formic acid, the
autocatalytic hydrolysis of methyl formate was mainly investigated'*'®. High purity of the
reactants is in any case favored due to conversion limitation by the chemical equilibrium. Water
as the byproduct shifts the equilibrium towards the reactant side and aqueous reactants thus
hinder a high yield. Complete conversion of equilibrium reactions is obtained by continuous
removal of a product. Exemplarily, the Eastman Kodak process for synthesis of methyl acetate
combines both approaches to achieve high conversion levels. In this process glacial acetic acid
and methanol are fed to a reactive distillation column with continuous methyl acetate removal
via the distillate'’. Continuous removal of reaction products also offers the opportunity to

process dilute reactants as provided in the biorefinery. Reactive distillation was investigated for

the recovery of dilute acetic acid (30 w%) via esterification with n-butanol and iso-amyl alcohol
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3. Intramolecular Catalysis of the Esterification

from Saha et al.'®. With the heterogeneous catalyst Indion 130 acetic acid conversions of 58 %
and 51 % with n-butanol and iso-amyl alcohol were achieved, respectively. In biobased
processes mixtures of several carboxylic acids may be generated, e.g. in pulping, biomass
pyrolysis or fermentation. During pulping between 14-20 w% of the processed wood is
converted to carboxylic acids and hydroxycarboxylic acids, depending on the process and type of
wood'’. Bio-oils may have an appreciable acid content, e.g. for straw oil 10.8 w%, mainly
mixtures of acetic acid (7.41 w%), propionic acid (0.50 w%) and formic acid (1.85 W%)ZO’ZI. In
the succinic acid production via fermentation from glucose a product mixture with ethanol, lactic

acid, acetic acid and formic acid as byproducts is generated*.

In bio-oil upgrading the acid content must be reduced to raise the stability of the oil. Li et al.”>
investigated simultaneous esterification of carboxylic acids and acetalization of aldehydes with
methanol of bio-oil from mallee biomass with the heterogeneous catalysts Amberlyst-70. Besides
acetic acid conversion of 90 % they found methyl formate and methyl propionate in the product
mixture. Several catalysts and alcohols were tested for upgrading of bio-oil via esterification

reducing the total acid content™*.

Black liquor evaporation after pulping generates a condensate with low concentration of acetic
acid and formic acid. Removal of the acids from the wastewater is recommended for
environmental reasons. Isolation of the high-boiling acids from water by distillation is not
feasible due to the huge energy demand and the formation of a high-boiling azeotrope between
formic acid and water and a ternary saddle point azeotrope. To simplify isolation, the carboxylic
acids can be converted into their low-boiling esters and directly separated from water in a
reactive distillation column. The azeotropes in the acidic wastewater are overcome in the course

of this by changing the substance properties. Complete usage of the biobased feedstock by
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implementing efficient downstream processing routines may render biobased processes
economically more feasible and avoid loss of valuable bulk products because of incineration.
After separation of carboxylic acids from dilute aqueous feed by solvent extraction, a state of the
art unit operation, Painer et al.? suggested esterification with methanol by reactive distillation.
Without additional catalysts, 99.3 % of formic acid and 71.5 % of acetic acid were converted to

methyl esters and isolated in the distillate.

To the best of our knowledge almost no literature data is available for the modeling of
simultaneous esterification of two or more carboxylic acids, except the esterification kinetics of
succinic acid/acetic acid mixtures from fermentation broths with the heterogeneous catalyst
Amberlyst 70, investigated by Orjuela et al.”®. An acidic catalyst suppresses intramolecular
catalysis and interactions between different acids when several acids are esterified

simultaneously.

The reaction kinetics of multi-acid esterification is necessary for modeling of uncatalyzed
reactive distillation of two or more carboxylic acids. Likewise the reactivity and therefore
stability of multi-acid mixtures with alcohols is of importance for storage in tanks, e.g. during
maintenance, or at elevated temperature in heat exchangers. Due to the lack of multi-acid
esterification data in literature, a kinetic model for simultaneous multi-acid esterification was
developed based on single acid experiments by considering intramolecular catalytic activity and
interactions between acids of different acid strength. With the resulting reaction rate constants
we are able to predict multi-acid esterification with interaction of low molecular weight
carboxylic acids. Temperature dependency, dilute mixtures as also equilibrium conversion and

transesterification are considered.
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MATERIALS AND METHODS

Chemicals

Formic acid (98-100 %, ChemLab), acetic acid (99-100 %, ChemLab), propionic acid (99.5%,
Sigma Aldrich) and methanol (99.8 % ChemLab) were used without further purification. For
experiments with specified initial water content aqueous formic acid (85 %, Brenntag) and

deionized water were used.

Methods

For investigation of the intramolecular catalysis single acid esterification experiments were
examined with different initial concentrations and temperatures. Eq. 1-3 show the stoichiometric
equations for formic acid, acetic acid and propionic acid esterification with methanol,
respectively. In simultaneous esterification of two or three carboxylic acids, the mutual influence
of acids on the reaction rate was investigated. A detailed overview of experiments is given in

Table 1 for single acid esterification and in Table 2 for simultaneous multi-acid esterification.

H+
HCOOH + CH;0H «— HCOOCH; + H,0 (1)
H+
CH5;COOH + CH;0H «— CH;COOCH; + H,0 @)
H+
CH5CH,COOH + CH;0H «— CH5CH,COOCH; + H,0 3)

Table 1: Summary of experiments of single acid esterification (formic acid (FA), acetic acid
(AA), propionic acid (PA) with different molar ratios of methanol (MeOH) to acid, at various

temperatures (7) and initial water concentrations (Cwater0))-
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Acid

FA
FA
AA

AA
PA
PA
PA

MeOH:Acid
[mol:mol]

1:1

1:1

1:1

0.65:1

0.65:1

1:1

0.5:1

2:1

CwWater,0

[w%]

14

T
[°C]

30, 35, 40
30, 35, 40
30, 40, 50, 60, 70
40, 50, 60, 70
40, 50, 60, 70
40, 60, 80
30, 40
40, 60

Table 2: Summary of experiments of multi-acid esterification (formic acid (FA), acetic acid

(AA), propionic acid (PA) with different molar ratios of methanol (MeOH), at various

temperatures (7) and initial water content (Cwater,0))-

Acids

FA/AA
FA/AA
FA/AA
FA/AA
FA/PA
FA/PA
FA/AA/PA

CAcid,0
[W%0]
30/60
30/45
43/57
43/57
50/50
40/40
33.3/33.3/33.3

MeOH:Acid  cwatero T
[mol:mol] [Ww%] [°C]
1:1/- 10 30, 50, 60

1:1.2/- 25 30
1:1/- 30
1:1/1:1 30
1:1/1:1 - 30, 40
1:1/1:1 20 30, 40
1:1/1:1/1:1 - 30
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Depending on the reaction rates, the experiments were performed in a three-necked flask with
continuous sampling when higher reaction rates were expected, and for low rate of reaction as
also equilibrium determination experiments were performed in closed test tubes in a temperature

controlled shaking bath.
Experimental setup and procedure

Short-time experiments were performed in a temperature controlled 500 cm® three-necked
flask connected to a reflux condenser to avoid loss of the volatile components. The condenser
was cooled to 5 °C with a Lauda E200 cryostat. The temperature was measured in the reaction
broth and controlled via a Heidolph heating plate combined with a magnetic stirrer. The stirrer
speed was 500 rpm to assure provision of a homogenous mixture. The acid or acid/water
mixtures were preheated prior to starting the experiments. After thermal equilibration of the
acid/water mixtures, methanol of ambient temperature was admixed to start the esterification
reaction. To avoid deviation of the start temperature from the selected reaction temperature,
acetic acid and propionic acid were preheated to a higher temperature than the selected reaction
temperature. Formic acid had to be preheated to a lower temperature due its fast initial reaction
rate and the slightly exothermic behavior of the reaction. The first sample was taken after one
minute of fast stirring (1000 rpm) of the reaction broth. Then the speed of stirring was reduced to
500 rpm. Samples were taken via a syringe, immediately cooled in an ice-water bath to quench
the reaction, and then analyzed by gas chromatography (GC). Sampling intervals of 25 min had
to be adjusted according to the analyzing time of one GC run. To check reproducibility and to
obtain detailed data on reaction progress experiments were executed repeatedly with different

sampling intervals.
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Long-time experiments were executed to investigate slow reactions over a longer time period,
and for experimental determination of the chemical equilibrium. The reaction mixture was filled
in test tubes, tightly closed and shaken in a temperature controlled water bath (GLF 1083). The
test tubes were used once only to avoid loss of volatile components by opening a test tube
several times. Long-term experiments over 40 days were performed without loss. For
determination of kinetics samples were continuously taken, whereas for equilibrium data
determination samples were taken after the expected time period for equilibrium adjustment, the

latter was controlled by comparison of results after different time spans.
Analysis

GC analysis (Shimadzu 2010 Plus) was performed with a Supel-Q™ plot fused silica capillary
column (30 m x 0.53 mm x 30 pm). Samples were analyzed with two detectors with a split ratio
of 30:1, operating at 250 °C. A thermal conductivity detector was used for water and formic acid
detection with a current of 70 mA, and a flame ionization detector was used for analysis of the
esters, methanol, acetic acid and propionic acid. Helium was used as carrier gas. The injection
port temperature was 240 °C. The samples were stored at 5 °C in the sample tray of the auto

sampler AOC-20s-i. Further details are given elsewhere”’.

MODELING

Modeling of kinetics was based on application of the first order contribution of each
constituent to the equilibrium reaction rate. Intramolecular catalysis was included in the kinetic

model by considering the conversion dependent of H'-concentration according to the
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dissociation of carboxylic acids (Eq. 4). The catalytic activity decreased with reaction progress

due to loss of acids by conversion.

Xp+ = /KpissAcid * @Acid 4)

In Eq. 5 the kinetic model is shown, where the sum of Kpjss acid © @acia over all acids displays
the concentration of the H'-ions squared in the reaction mixture. Popken et al.” investigated
acetic acid esterification and also found that the intramolecular catalytic effect of the H'-ions
influences the reaction rates squared. The forward reaction is described with the forward reaction
rate constant kr multiplied with the activity of the reactants carboxylic acid and methanol. The
reverse reaction is represented by the ratio of the forward reaction rate constant and the
equilibrium constant Kt at operation temperature multiplied by the activity of the reaction
products methyl ester and water. The activity coefficients were calculated by UNIFAC. For
derivation of the reactant concentration ¢; from activity, all constituents of the reaction mixture
were considered in the overall concentration (V/ V)3total according to (Eq. 6). This describes the

ratio of total moles of the initial feed mixture to the overall volume of constituents.

dca N3 k¢
A= —— = (_) : ZAcids(KDiss,Acid “acid) * (Kt * Qacid * @alcohol — 7 * QEster * Awater)
de V/total KT
(5)
N
O :
! V/total ! ( )

The rate expression was solved with the explicit Runge-Kutta (4,5) formula®®. To fit the

forward reaction rate constant, the error between the calculated and the experimental mole
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fractions of the methyl ester was minimized (Eq. 7). The minimum search was executed with the

simplex search method based on the Nelder-Mead algorithm?’.

2
Znsample (xESter,eXp_xEster,calc)

Error =

()

Nsample

With the Arrhenius equation (Eq. 8) the activation energy Ea and the frequency factor kp ; were

determined from the reaction rate constants k;; at different temperatures.

ki = kio, exp (- 22) ()

R-T

Single acid esterification was modeled by determining the forward reaction rate constant at
different temperatures. The reverse reaction rate constant was calculated with the reaction
equilibrium constant. Multi-acid esterification was modeled with the total H'-ion concentration
of the mixture using these reaction rate constants of the esterification reactions of different single

acids.
Reaction equilibrium

The standard Gibbs free energy of reaction (AGR”) was obtained with standard Gibbs free
energy of formation (G¢’) from literature'****' and with the computer tool HSC 8.2.0 (Table 3).
Methanol and water were assumed in the liquid state and carboxylic acid and corresponding
methyl ester in an aqueous mixture. With Equation 9 the standard Gibbs free energy of reaction
was converted to the equilibrium constant Ks o«c. With the Van’t Hoff equation (Eq. 10) the
temperature influence on the equilibrium constant was considered. The standard enthalpies of
formation (H;") were also taken from literature and the standard enthalpies of reaction (AHR") for

formic acid, acetic acid and propionic acid esterification with methanol were computed (Table
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3). The Gibbs free energy of formation of methyl formate was calculated from the gaseous
phase'® while for methyl acetate and methyl propionate were calculated with a second-order
group additivity method for condensed phase®'. Due to the differences in literature data and data
obtained with HSC, the calculated equilibrium constants were compared with equilibrium
constants listed in the literature and equilibrium constants derived from experimental results (Eq.

11).

For formic acid esterification the thermodynamic equilibrium constant (K,s -c =6.7 calculated
with Eq. 9) is lower compared to the literature (K5 «c=29.4 calculated with experimental results
from Indu et al.** with Eq. 11 using UNIFAC for activity coefficients). For calculation of the
enthalpy of reaction, our experimental data at 30, 35 and 40 °C were extended with the results
from Indu et al.*? at 25 °C resulting in AHR exp=-13.5 kJ mol™. When comparing the reaction
enthalpy of esterification with the reaction enthalpy of hydrolysis of methyl formate (AHr=16.3

kJ mol™)*® the absolute value is in the same order of magnitude.

The equilibrium constant for acetic acid esterification obtained with the Gibbs free energy of
reaction (K,sec=37.7) is in good agreement with the experimental results from Pépken et al.?,

who found the value 38.7 for the equilibrium constant by linear regression.

For propionic acid esterification the thermodynamic equilibrium constant (Kjs.c=167.7)
appears to be too high compared with literature. Ali"> published activity based equilibrium
constants for propionic acid esterification with methanol in the range of 35.2 to 36.5 between 25
to 55 °C, respectively. The enthalpy of reaction was determined with 0.9 kJ mol”, which

indicates a slightly endothermic reaction behavior while the computed enthalpy of reaction from
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the literature data shows a marginally exothermic behavior. The influence of temperature on the

equilibrium is negligible due to the small values of the enthalpy of reaction.

The experimental values were preferred when differences between calculated and experimental

data were apparent, because of the strong influence of slight deviations in the standard Gibbs free

energy of reaction on the equilibrium constant due to its exponential function. For formic acid

and propionic acid esterification the equilibrium constants obtained with experimental data were

used, while for acetic acid esterification the equilibrium constant based on the standard Gibbs

free energy of reaction was implemented in the model.

Table 3: Standard enthalpies of formation (H¢’) and standard Gibbs free energies of formation

(Gfo) as also standard enthalpies of reaction (AHRO) and standard Gibbs free energies of reaction

(AGR®) for formic acid, acetic acid and propionic acid esterification at 25 °C.

Formic acid Acetic acid Propionic acid
esterification esterification esterification
HY Gy HY Gy HY Gy
[kImol'] [kImol'] [kImol'] [kImol'] [kImol'] [kJmol']
Acid -425% 36140 -484.3% -389.9°  .510.77°  -381.6°
Methanol ~ -239.2%  -166.6°  -239.2% -166.6° 2392 -166.6"°
Ester -386.1°° 2956 -4459%° 328.4°"  -464.8%" 32387
Water 2858  237.1° 2858 23717 28580  -237.1°°
AHR’ AGR’ AHR’ AGR’ AHR’ AGR’
[kJmol'] [kImol'] [kImol'] [kImol'] [kJmol'] [kJmol']
Eq. 8 1.7 4.7 8.2 9 0.7 -12.7
HSC -11.2 7.1 -14.8 6.4 -13.6 6.0
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Kr, = exp (— Agio) )

k= e, exp (2 (2 1)) (10)

Ky =1aj% (11)
RESULTS AND DISCUSSION

Single acid esterification

Single acid esterification experiments were performed with formic acid, acetic acid and
propionic acid to investigate the intramolecular catalytic effect of the carboxylic acid on
esterification. Methanol was chosen as the esterifying agent. Different molar ratios (methanol to
acid of 0.5-2), temperatures between 30 to 80 °C and with or without water present in the initial

reaction mixture were investigated.

Figure 1 a), b) and c) compare the reaction kinetics at 40 °C of formic acid, acetic acid and
propionic acid esterification respectively. The experimental data points are illustrated with
symbols while the model is shown as a full line. Formic acid esterification (Figure 1 a)) shows
the highest reaction rate. This may be attributed to the small inductive effect and negligible steric
hindrance of the carboxylic acid that possesses the shortest chain length. The intramolecular
catalytic effect of formic acid is pronounced because of its pK4 value of 3.75°°. The number of
available H'-ions in the reaction mixture is one order of magnitude higher than for acetic acid
and propionic acid and therefore formic acid esterification shows the highest reaction rate

without additional catalyst. The reaction equilibrium of formic acid esterification at 40 °C was
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obtained within four hours. Compared to formic acid, acetic acid esterification (Figure 1 b)) is
much slower. According to the literature data the esterification of acetic acid with methanol at 40
°C takes more than 40 days to reach the equilibrium’. This fact is due to the lower acidity of
acetic acid (pK,=4.756"") and the increase of its steric hindrance. With an increasing alkyl chain
the positive inductive effect of the alkyl group increases and therefore the tendency for
dissociation decreases. The negative charge at the carbon atom of the carboxyl group facilitates
the protonation but impedes the nucleophilic attack of the alcohol which retards esterification. In
acid catalyzed esterification the steric hindrance is considered as the more significant influence
than the inductive effect’®. In uncatalyzed esterification the lack of dissociation has a more
distinct effect on reaction rate. This is also observed in propionic acid esterification (Figure 1 c)).
The steric hindrance due to the propyl group and the inductive effect both rise compared to acetic
acid, despite the acidities being comparable (pKa propionic acid=4.873 0). A decrease in reaction rate
from acetic acid to propionic acid esterification is evident but not as distinct as the drop in
reaction rate between formic acid and acetic acid esterification. These results suggest that the
intramolecular catalytic effect based on the acidity of the carboxylic acid has the strongest
influence on reaction rate. In Table 3 the frequency factors .y and the activation energies E5 for
the forward and reverse reaction of formic acid, acetic acid and propionic acid esterification are
compared. Figure 2 shows the Arrhenius plot for the forward reaction rate constants k. The
similarity in reaction rate of acetic acid and propionic acid esterification is confirmed by the
activation energy and frequency factor for the forward reaction, which are in the same range of
magnitude. By comparison here, the frequency factor of formic acid esterification for the
forward reaction is five orders of magnitude higher. The activation energy for propionic acid

esterification is in parallel with the endothermic behavior with a decrease from forward to
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reverse reaction. For formic acid and acetic acid esterification the opposite effect is observed.
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Figure 1: Esterification of carboxylic acids with methanol (m) to the corresponding methyl esters
and water (x) at 40 °C; a) formic acid (A) to methyl formate (A); b) acetic acid (0) to methyl

acetate (#); ¢) propionic acid (o) to methyl propionate (®); kinetic model (full line).

Table 3: Frequency factor ky and the activation energy Ea for the forward and reverse reaction of

formic acid, acetic acid and propionic acid esterification.

Acid Forward reaction Reverse reaction
ko Eny R’ kro Ea; R’
m®h! mol™ kJ mol™! m®h! mol™ kJ mol™!
Formic acid ~ 5.47 - 10" 82.63 0.93 439107  96.17 0.95
Acetic acid 3.15-10° 60.13 0.99 228 - 10° 68.33 0.99
Propionic acid  4.80 - 10° 62.29 0.99 9.22 - 10* 61.33 0.99
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Figure 2: Arrhenius plot of the forward reaction rate constant k¢ of formic acid (A), acetic acid

(0) and propionic acid (o) esterification with methanol.

Multi-acid esterification

First, simultaneous esterification experiments of formic acid and acetic acid esterification were
performed at different temperatures (30-60 °C), molar ratios (equimolar to formic acid or to both
acids), varying initial water concentration (0-25 w%) and reaction time. In Figure 3 a) the
detailed reaction progress of the simultaneous esterification of acetic acid (60 w%) and formic
acid (30 w%) with an initial water content (10 w%) and a molar ratio of methanol to formic acid
of one at 50 °C is plotted for the first five hours. Figure 3 b) shows esterification of acetic acid
(45 w%) and formic acid (30 w%) with an initial water content (25 w%) and a molar ratio of

methanol to formic acid of 1.2 at 30 °C over a period of 720 hours. The difference in initial
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reaction rate between formic acid and acetic acid esterification is shown in Figure 3 a). The
concentration of methyl formate was almost constant after two hours with a formic acid
conversion of 66.8 %. The acetic acid conversion was 9 % after two hours. The frequency factors
and activation energies from single acid esterification were used for modeling. Catalytic
acceleration was implemented via the total concentration of H'-ion from formic acid and acetic
acid dissociation. The model is able to predict the concentration of all reactants during
simultaneous esterification of formic acid and acetic acid with adequate precision of max. 1.6 %,
at initial reaction conditions as also after 720 hours. Due to the competitive reaction of formic
acid and acetic acid with methanol both reaction equilibria are influenced. The fast formic acid
esterification reaches the chemical equilibrium within four hours, while acetic acid continues to
react with methanol. The methanol concentration thus decreases further, which consequently
influences the formic acid conversion. Accordingly, the hydrolysis reaction of methyl formate is
enhanced and methyl formate serves as methanol donor. After five hours reaction time the
transesterification of methyl formate with acetic acid to methyl acetate is marginally
recognizable. The standard deviation between the experimental and calculated data for methyl
formate and methyl acetate in short term experiments are 0.5 % and 0.3 %, respectively. The
reaction period was increased to 720 hours to validate the model for predictability of
transesterification. In Figure 3 b) transesterification is clearly noticeable in the depletion of
methyl formate and the increase of formic acid after the initial reaction period of 35 hours. The
transesterification occurs due to the higher equilibrium constant of acetic acid esterification
(K30°c=35.6) compared with formic acid esterification (Kj3p-c=26.8). Because of the faster
reaction rate of formic acid esterification, methyl formate is generated in the initial reaction

period. With ongoing reaction progress methyl formate is transesterified to methyl acetate. After
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35 hours reaction time the selectivity of methanol towards methyl formate formation is 72 % and
towards methyl acetate formation 28 %, respectively. After 720 hours the selectivity shifts to 29
% for methyl formate and 71 % for methyl acetate, respectively. The standard deviation for the
long term experiment for methyl formate and methyl acetate are 1.2 % and 1.6 %, respectively.
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Figure 3: Simultaneous esterification of formic acid (A) and acetic acid (¢) with methanol (m) to
methyl formate (A ), methyl acetate (¢#) and water (x); kinetic model (full line) a) molar ratio of
methanol:formic acid=1 at 50 °C over 5 h; b) molar ratio of methanol:formic acid=1.2 at 30 °C

over 720 h.

To test the model for different carboxylic acids, the simultaneous esterification of formic acid,
acetic acid and propionic acid with methanol at 30 °C was investigated (Figure 4). For better
readability the reaction profiles were split into reactants (Figure 4 a)) and reaction products
(Figure 4 b)). In this ternary carboxylic acid mixture the fast formic acid esterification proceeds
within the first 70 hours followed by slow transesterification to methyl acetate and methyl

propionate. The similar reaction rate of acetic acid and propionic acid esterifications, as derived
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from single acid esterification experiments, is also confirmed in simultaneous esterification. The
model is able to predict all concentrations with a standard deviation for methyl formate of 1.7 %,

for methyl acetate of 0.5 % and for methyl propionate of 0.8 % respectively.
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Figure 4: Simultaneous esterification of formic acid (A), acetic acid (¢) and propionic acid (0)
with methanol (m) to methyl formate (A ), methyl acetate (¢),methyl propionate (®) and water (x)
at 30 °C with a molar ratio of methanol:(formic acid+acetic acid+propionic acid)=1; kinetic

model (full line) a) reaction educts; b) reaction products.

SUMMARY

Single acid esterification and simultaneous esterification of formic acid, acetic acid and
propionic acid with methanol without a catalyst were investigated. A kinetic model for single
acid esterification was developed taking the intramolecular catalytic action of the carboxylic acid
into consideration. The model was successfully applied for the prediction of multi-acid

esterification and transesterification. The total concentration of H'-ions from carboxylic acid
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dissociation was implemented in the model to account for the catalyst concentration.
Transesterification of methyl formate with acetic acid and propionic acid to methyl acetate and

methyl propionate, as suggested by thermodynamics, was confirmed experimentally.

Multi-acid mixtures are commonly generated in several biobased processes. The knowledge
and predictability of the reactivity of multicomponent mixtures and interaction between
carboxylic acids and alcohols without catalysts is important for storage purposes or at increased
residence times in heat exchanger. Catalyzed or uncatalyzed reactive separations open a huge

toolbox for process intensification in downstream processing.

AUTHOR INFORMATION

Corresponding Author

* E-mail: d.painer@tugraz.at. Phone: +43 316 873 7474

ACKNOWLEDGEMENT

The authors acknowledge the financial support of NAWI Graz. The authors also appreciate
support of Candela Campos-Dominguez, Christoph Almer, Armin Ehrenhofer and Pei Shi Lam

for executing the experiments.

ABBREVIATIONS

AA  Acetic acid
FA Formic acid

GC  Gas chromatograph

37



3. Intramolecular Catalysis of the Esterification

MeOH Methanol

PA

Propionic acid

a; [-]

Ci [w%]

En [kJ mol™]
G [k mol]
AGR"  [kJ mol™]
H?  [KJmol]
AHR"  [kJ mol™]

K [-]

Kpiss  [-]

ke [m®h™' mol?]
ke [m® h' mol?]
kro [m® h™ mol?]
R [J mol” K]
-ra [mol m™h']
T [K]

Xi (-]

v [-]
REFERENCES

Activity of component i

Concentration of component i
Activation energy

Standard Gibbs free energy of formation
Standard Gibbs free energy of reaction
Standard enthalpy of formation
Standard enthalpy of reaction

Equilibrium constant
Equilibrium constant of dissociation

Frequency factor for the forward reaction
Reaction rate constant

Frequency factor for the reverse reaction
Gas constant

reaction rate of the acid

Temperature

Mole fraction of component i

stoichiometric coefficient

(1) Wilhelm Riemenschneider; Hermann M. Bolt. Esters, Organic.

(2) Popken, T.; Gotze, L.; Gmehling, J. Reaction Kinetics and Chemical Equilibrium of
Homogeneously and Heterogeneously Catalyzed Acetic Acid Esterification with Methanol and
Methyl Acetate Hydrolysis. Ind. Eng. Chem. Res. 2000, 39, 2601-2611.

38



3. Intramolecular Catalysis of the Esterification

(3) JagadeeshBabu, P. E.; Sandesh, K.; Saidutta, M. B. Kinetics of Esterification of Acetic Acid
with Methanol in the Presence of lon Exchange Resin Catalysts. Ind. Eng. Chem. Res. 2011, 50,
7155-7160.

(4) Liu, Y.; Lotero, E.; Goodwin, J. G. A comparison of the esterification of acetic acid with
methanol using heterogeneous versus homogeneous acid catalysis. Journal of Catalysis 2006,
242, 278-286.

(5) Mekala, M.; Goli, V. R. Kinetics of esterification of methanol and acetic acid with mineral
homogeneous acid catalyst. Chinese Journal of Chemical Engineering 2015, 23, 100-105.

(6) Tsai, Y.-T.; Lin, H.-m.; Lee, M.-J. Kinetics behavior of esterification of acetic acid with
methanol over Amberlyst 36. Chemical Engineering Journal 2011, 171, 1367-1372.

(7) Xu, Z. P.; Chuang, K. T. Kinetics of acetic acid esterification over ion exchange catalysts.
Can. J. Chem. Eng. 1996, 74, 493-500.

(8) Yu, W.; Hidajat, K.; Ray, A. K. Determination of adsorption and kinetic parameters for
methyl acetate esterification and hydrolysis reaction catalyzed by Amberlyst 15. Applied
Catalysis A: General 2004, 260, 191-205.

(9) Rénnback, R.; Salmi, T.; Vuori, A.; Haario, H.; Lehtonen, J.; Sundqvist, A.; Tirronen, E.
Development of a kinetic model for the esterification of acetic acid with methanol in the
presence of a homogeneous acid catalyst. Chemical Engineering Science 1997, 52, 3369-3381.

(10) Lux, S.; Winkler, T.; Siebenhofer, M. Synthesis and Isolation of Methyl Acetate through
Heterogeneous Catalysis with Liquid—Liquid Extraction. /nd. Eng. Chem. Res. 2010, 49, 10274—
10278.

(11) Lilja, J.; Aumo, J.; Salmi, T.; Murzin, D.; Méki-Arvela, P.; Sundell, M.; Ekman, K.;
Peltonen, R.; Vainio, H. Kinetics of esterification of propanoic acid with methanol over a fibrous
polymer-supported sulphonic acid catalyst. Applied Catalysis A: General 2002, 228, 253-267.
(12) Lilja, J.; Murzin, D.; Salmi, T.; Aumo, J.; Méki-Arvela, P.; Sundell, M. Esterification of
different acids over heterogeneous and homogeneous catalysts and correlation with the Taft
equation. Journal of Molecular Catalysis A: Chemical 2002, 182-183, 555-563.

(13) Ali, S. H. Kinetics of catalytic esterification of propionic acid with different alcohols over
Amberlyst 15. Int. J. Chem. Kinet. 2009, 41, 432-448.

(14) Jogunola, O.; Salmi, T.; Erdnen, K.; Wéarn4, J.; Kangas, M.; Mikkola, J.-P. Reversible
Autocatalytic Hydrolysis of Alkyl Formate: Kinetic and Reactor Modeling. Ind. Eng. Chem. Res.
2010, 49, 4099-4106.

(15) Jogunola, O.; Salmi, T.; Wirna, J.; Mikkola, J.-P.; Tirronen, E. Kinetics of Methyl Formate
Hydrolysis in the Absence and Presence of a Complexing Agent. Ind. Eng. Chem. Res. 2011, 50,
267-276.

(16) Mai, P. T.; Vu, T. D.; Mai, K. X.; Seidel-Morgenstern, A. Analysis of Heterogeneously
Catalyzed Ester Hydrolysis Performed in a Chromatographic Reactor and in a Reaction
Calorimeter. Ind. Eng. Chem. Res. 2004, 43, 4691-4702.

(17) Agreda, V. H.; Partin, L. R. Reactive distillation process for the production of methyl
acetate.

(18) Saha, B.; Chopade, S. P.; Mahajani, S. M. Recovery of dilute acetic acid through
esterification in a reactive distillation column. Catalysis Today 2000, 60, 147—-157.

(19) Hundt, M. Der AlkaPolp-Prozess als Ausgangspunkt fiir eine lignocellulosebasierte
Bioraffinerie. Dissertation, Technische Universitdt Cottbus-Senftenberg, 2015.

39



3. Intramolecular Catalysis of the Esterification

(20) Garcia-Perez, M.; Wang, S.; Shen, J.; Rhodes, M.; Lee, W. J.; Li, C.-Z. Effects of
Temperature on the Formation of Lignin-Derived Oligomers during the Fast Pyrolysis of Mallee
Woody Biomass. Energy Fuels 2008, 22, 2022-2032.

(21) Sipilé, K.; Kuoppala, E.; Fagernis, L.; Oasmaa, A. Characterization of biomass-based flash
pyrolysis oils. Biomass and Bioenergy 1998, 14, 103—113.

(22) Zeikus, J. G.; Jain, M. K.; Elankovan, P. Biotechnology of succinic acid production and
markets for derived industrial products. Applied Microbiology and Biotechnology 1999, 51, 545—
552.

(23) Li, X.; Gunawan, R.; Lievens, C.; Wang, Y.; Mourant, D.; Wang, S.; Wu, H.; Garcia-Perez,
M.; Li, C.-Z. Simultaneous catalytic esterification of carboxylic acids and acetalisation of
aldehydes in a fast pyrolysis bio-oil from mallee biomass. Fuel 2011, 90, 2530-2537.

(24) Hu, X.; Gunawan, R.; Mourant, D.; Hasan, M. M.; Wu, L.; Song, Y.; Lievens, C.; Li, C.-Z.
Upgrading of bio-oil via acid-catalyzed reactions in alcohols — A mini review. Fuel Processing
Technology 2017, 155, 2—19.

(25) Painer, D.; Lux, S.; Siebenhofer, M. Reaktive Trennung von
Essigsdure/Ameisensdure/Wasser-Gemischen aus der Bioraffinerie. Chemie Ingenieur Technik
2015, 87, 843-847.

(26) Orjuela, A.; Yanez, A. J.; Santhanakrishnan, A.; Lira, C. T.; Miller, D. J. Kinetics of mixed
succinic acid/acetic acid esterification with Amberlyst 70 ion exchange resin as catalyst.
Chemical Engineering Journal 2012, 188, 98—107.

(27) Painer, D.; Lux, S.; Siebenhofer, M. Recovery of Formic Acid and Acetic Acid from Waste
Water Using Reactive Distillation. Separations Science and Technology 2015, 2930-2936.

(28) Dormand, J. R.; Prince, P. J. A family of embedded Runge-Kutta formulae. Journal of
Computational and Applied Mathematics 1980, 6, 19-26.

(29) Lagarias, J. C.; Reeds, J. A.; Wright, M. H.; Wright, P. E. Convergence Properties of the
Nelder--Mead Simplex Method in Low Dimensions. SIAM J. Optim. 1998, 9, 112—147.

(30) CRC Handbook of Chemistry and Physics, David R. Lide (Ed.), Ed., 84th edition; CRC
Press, 2003-2004.

(31) Domalski, E. S.; Hearing, E. D. Estimation of the Thermodynamic Properties of C-H-N-O-
S-Halogen Compounds at 298.15 K. J. Phys. Chem. Ref- Data 1993, 22.

(32) Indu, B.; Ernst, W. R.; Gelbaum, L. T. Methanol-Formic acid esterification equilibrium in
sulfuric acid solutions: Influence of sodium salts. Ind. Eng. Chem. Res. 1993, 981-985.

(33) Werner Reutemann; Heinz Kieczka. Formic acid. In Ullmann's Encyclopedia of Industrial
Chemistry; Elvers, B., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany,
2000; pp 14-33.

(34) Liu, Y.; Lotero, E.; Goodwin, J. G. Effect of carbon chain length on esterification of
carboxylic acids with methanol using acid catalysis. Journal of Catalysis 2006, 243, 221-228.

40



Recovery of Formic Acid and
Acetic Acid from Waste Water
Using Reactive Distillation



4. Recovery of Formic Acid and Acetic Acid from Waste Water

Separation Science and Technology, 50: 2930-2936, 2015
Copyright © Taylor & Francis Group, LLC

ISSN: 0149-6395 print / 1520-5754 online

DOI: 10.1080/01496395.2015.1085407

Taylor &Francis
Taylor & Francis Group

Recovery of Formic Acid and Acetic Acid from Waste Water Using

Reactive Distillation

Daniela Painer, Susanne Lux, and Matthius Siebenhofer
Graz University of Technology, Institute of Chemical Engineering and Environmental Technology, NAWI Graz, Graz, Austria

Processing of biobased feedstock materials may lead to formation
of multicomponent azeotropic mixtures. Reactive separations provide
an opportunity to circumvent azeotropes by changing the substance
properties through chemical reactions. Exemplarily several effluents
from black liquor processing contain aqueous mixtures of low mole-
cular weight fatty acids such as formic acid and acetic acid. These
mixtures form inseparable azeotropes. Separation of the system for-
mic acid-acetic acid—water by esterification with methanol was inves-
tigated. Reactive distillation experiments in batch and continuous
mode confirmed complete removal of formic acid in a first step. Acetic
acid may then be isolated by distillation or by reactive distillation.

Keywords reactive distillation; azeotrope; esterification; acetic acid;

formic acid; fatty acid

INTRODUCTION

Implementation of biobased materials, a traditional feedstock
in pulping, in the chemical industry is expected to increase
rapidly in near future. Product broths and side streams from
processing of biobased feed are often multicomponent mixtures,
rarely with appropriate concentrations of the valuable constitu-
ents, but with distinct tendency to form azeotropes (1, 2). Pulp
processing for instance produces a dilute condensate effluent that
contains mainly formic acid (HFo, HCOOH) and acetic acid
(HAc, CH3COOH) (3). This aqueous mixture faces both a binary
high boiling azeotrope (51 mol% formic acid and 49 mol% water
at T = 105.6°C and P = 950 mbar) and a ternary saddle point
azeotrope (49.8 mol% formic acid, 11.2 mol% acetic acid, 39.0
mol% water at T = 105.2°C and P = 950 mbar) (4).

For separation, the literature suggests several energy-con-
suming processes such as azeotropic distillation (5, 6), extrac-
tion combined with distillation (7), or catalytic decomposition
of formic acid prior to isolation of acetic acid (8). In case of
decomposition, actually the valuable constituent formic acid is
destroyed in an energy consuming process step.
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Reactive distillation provides an alternative approach for
separation of multicomponent azeotropic mixtures. By chan-
ging substance properties through chemical reaction with
appropriate reactants, thermodynamic limitations like azeo-
trope formation can be avoided. So far only two patents have
been published, both in the early 1970s, using reactive distilla-
tion for the separation of this ternary system (9, 10). In both
proposals distillation columns with high reflux ratios were
recommended. These patents show the huge potential of reac-
tive distillation for application in multicomponent separation.
Detailed process data have not been published yet.

In the last decades, reactive distillation has established in
process intensification. Reactive distillation has been indust-
rially applied in improving conversions of equilibrium reactions
or in waste water treatment (11, 12). The recovery of dilute
acetic acid via esterification in a reactive distillation column
was examined by Saha et al. (13). They carried out the ester-
ification with n-butanol and iso-amyl alcohol in an aqueous
solution of 30% acetic acid and the catalyst Indion 130, a cation
exchange resin. Acetic acid conversion of 58% was reported.
The molar ratio of acetic acid to n-butanol was 1:2. However,
investigation of the influence of formic acid on the separation
efficiency of acetic acid has not been considered. Catalyst deac-
tivation of the cation exchange resin by fouling and precipitation
of nonspecific matrix constituents, like contaminations in the
waste water at elevated temperature is a major process
constraint.

The simultaneous esterification of formic acid and acetic
acid with cyclohexene in a batch distillation column was inves-
tigated by Saha and Sharma (14). The feed contained equal
molar amounts of acetic acid and formic acid without water.
Experiments at a molar ratio of 1:1.1 of the acids to cyclohex-
ene resulted in cyclohexene conversion of 85%. Selectivities of
64% cyclohexyl formate and 30% cyclohexyl acetate were
recorded. For application of esterification in aqueous effluents,
the influence of water on esterification reactions is an important
boundary in process development since water shifts the reaction
equilibrium composition to the reactant side. With these con-
straints in mind the target of this project has been the identifica-
tion and selection of a technology sufficing the needs of
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successful isolation of formic acid and acetic acid from dilute
aqueous effluents.

MATERIALS AND METHODS
Chemicals

Methanol (> 99%, MeOH, CH3;0OH) and formic acid with
98% grade were provided by Roth, Karlsruhe, Germany and
acetic acid (99-100%) by Merck, Wien, Austria. Formic acid of
85% grade was purchased from Brenntag, Wien, Austria. Deio-
nized water was used for the preparation of aqueous solutions.
All chemicals were used as supplied.

Method

Reactive distillation is an appropriate tool for the separation
of azeotropic mixtures as thermodynamic limitations are easily
overcome by changing the substance properties via chemical
reaction. The fatty acids acetic acid and formic acid for example
may be esterified with methanol (Equation 1 and 2) and the low
boiling products methyl formate (MeFo, HCOOCH;, Ty, =
31.7°C) and methyl acetate (MeAc, CH;COOCH;, T, =
56.87°C) (15) are continuously removed in the distillate. There-
fore, the reaction equilibrium is forced to complete conversion
of reactants. Hydrolysis reactions of the esters in the distillate
fraction do not need attention since carryover of water is not
significant.

HCOOH + CH;0H *5 HCOOCH; + H,O )

+
CH;COOH + CH;0H £ CH;COOCH; + H,0 @)

Formic acid esterification is faster than acetic acid esterification
due to the inductive effect and the lower steric hindrance of
formic acid (16). Additionally, formic acid (pK,pur, = 3.75
(15)) is a stronger acid than acetic acid (pK,pac = 4.756
(15)). Therefore, its intramolecular catalytic effect is more
distinctive. In simultaneous esterification of both acids, formic
acid acts as a catalyst for acetic acid esterification, giving
access to esterification without catalysts.

Batch Reactive Distillation

Batch reactive distillation experiments were carried out in a
20 mm inner diameter glass column in laboratory scale. The
reboiler was a 500 cm® three-neck flask, equipped with a
heating plate and a magnetic stirrer from Heidolph. A 30 cm
vigreux column was connected to the reboiler. For insulation
the column was wrapped with a polyethylene foam sleeve. For
condensation of the vaporous distillate the top condenser was
cooled to 5°C by a Lauda cryostat. The reflux was maintained
by a magnetic reflux splitter with a Lab.-Kybernet (Brand)
controller. The distillate was collected in a funnel, which was
cooled to 5°C. The temperature in the reboiler and on top of the
vigreux column just below the condenser was recorded.

2931

Experiments were started through mixing aqueous fatty acid
feed solutions with methanol in the reboiler and heating at total
reflux until boiling. Reboiler samples were taken every 20
minutes. After constant temperature in the reboiler was
obtained and kept constant for 20 minutes, the reflux ratio r =
R/D (R...reflux, D.. .distillate) was set to 10 and distillate
samples were taken every hour. For replication sample taking
time was varied for a more detailed concentration profile.
Boiling conditions in the reboiler were maintained by manual
control. Mean duration of experiments was 5.5 hours.

Four different feed mixtures of acetic acid, formic acid, and
water (60/30/10, 30/65/5, 10/80/10, and 10/60/30), represent-
ing specific compositions of the four distillation areas of this
ternary system, were investigated. Methanol was applied in
stoichiometric amount with respect to formic acid and in a
molar ratio of 2.4 with respect to formic acid.

Continuous Reactive Distillation

Continuous reactive distillation experiments were performed
in a 2 m rectification column (DN 35) filled with 6 mm
Raschig rings. The aqueous acetic acid—formic acid feed mix-
ture and the methanol feed were metered separately to the
reboiler with an Ismatec Reglo ICC pump. The reboiler acted
as the reaction vessel of the distillation column. In Fig. 1 a
schematic drawing of the experimental setup is shown. The
fatty acid-water mixture contained 28 wt% formic acid,
62 wt% acetic acid, and 10 wt% water, according to a repre-
sentative mixture of acids obtained from extractive isolation.
The total feed flow rate was 0.12 dm® h™'. The reboiler was
heated by electrical heating elements with 250 W power. The
reflux ratio was set to 10. The condenser was cooled to 5°C by
a RCS LAUDA cryostat to ensure total condensation of methyl
formate. Additionally, the distillate was cooled to 1°C in the
product cooler with a LAUDA ecoline Staredition RE 300
cryostat filled with isopropanol.

The temperature in the reboiler, in the middle of the column
and at the top of the column and the pressure were recorded
continuously. Every hour, samples of the bottom product and
the distillate were taken, cooled, and analyzed immediately.
Experiments were performed with different methanol to acid
ratios. Methanol was used in double and triple molar amount
with respect to formic acid and in double molar ratio with
respect to both fatty acids.

Analytics

Samples were analyzed by gas chromatography. The gas
chromatograph (Shimadzu 2010 Plus) was equipped with a ther-
mal conductivity detector (TCD) and a flame ionization detector
(FID). Acetic acid, methanol, methyl acetate, and methyl formate
were quantified with FID. For quantification of the components
formic acid and water, the TCD was used. The TCD worked with
70 mA and Helium as carrier gas. The column was a Supel-Q™
plot fused silica capillary column (30 m % 0.53 mm X 30 pum).
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FIG. 1. Schematic drawing of the experimental setup for continuous reactive distillation experiments (4).
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The auto injector AOC-20i was operated in split mode with a
ratio of 30:1 at an injection temperature of 240°C. The tray of the
auto sampler AOC-20s was cooled to 5°C by a Lauda Thermo-
stat guaranteeing a constant sample temperature and suppressing
further reaction in the sample vials. The total analyzing time was
17.7 min; starting at 40°C for 2 min, ramping up to 150°C with a
heating rate of 15°C min!, a hold at 150°C for 5.7 min, and
ramping up to 200°C, afterwards with a heating rate of 30°C
min~' and a hold at 200°C for 1 min.

RESULTS AND DISCUSSION
Batch Reactive Distillation

In order to investigate the separation efficiency of reactive
distillation via esterification of formic acid and acetic acid with
methanol batch experiments were performed with various feed
compositions. The molar ratio of methanol to formic acid was
varied between 1 and 2.4. Fatty acid compositions (in wt%) in
the aqueous feed mixture were 30-60-10, 65-30-5, 80-10-10,
and 60-10-30 for formic acid—acetic acid—water, respectively.
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Complete separation of formic acid with methanol in a molar ratio
of 2.4 with respect to formic acid for all starting compositions was
possible.

Figure 2 and Fig. 3 show the composition of the reboiler
phase and the distillate phase for a feed mixture of 65 wt%
formic acid, 30 wt% acetic acid, and 5 wt% water and stoichio-
metric admixture of methanol with respect to formic acid. The
batch rectification column was operated at total reflux for one
hour to provide sufficient reaction time for the esterification of
formic acid and acetic acid. Then a reflux ratio of 10 was
adjusted. During the reaction phase at total reflux increasing
concentration of methyl formate and methyl acetate in the
reboiler was recorded, followed by steady depletion due to
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distillate removal at a reflux ratio of 10. The water fraction in
the bottom mixture steadily increased due to loss of the lower
boiling substances methyl formate, methyl acetate, and metha-
nol plus water was formed during the reaction.

During the first 120 minutes of distillate collection a methyl
formate grade of 95 mol% was achieved. Methanol molar frac-
tion was complementary lower than 5%. With ongoing operation
the concentration of methyl formate in the distillate decreased
due to depleting formic acid concentration in the reaction section.
Methanol and methyl acetate concentrations in the distillate
increased with ongoing process. When methanol was almost
consumed, methy] acetate concentrations in the distillate dropped
drastically and water breakthrough was observed.
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FIG. 2.

Reboiler composition during batch reactive distillation of formic acid—acetic acid—water mixtures (65 wt% formic acid, 30 wt% acetic acid, 5 wt% water)

with methanol; molar ratio of methanol to formic acid = 1, total reflux for 60 min, then reflux ratio r = 10, ambient pressure.
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Distillate composition during batch reactive distillation of formic acid—acetic acid—water mixtures (65 wt% formic acid, 30 wt% acetic acid, 5 wt% water)

with methanol; molar ratio of methanol to formic acid = 1, total reflux for 60 min, then reflux ratio r = 10, ambient pressure.
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TABLE 1
Formic acid (HFo) and acetic acid (HAc) conversions and final compositions of the bottom phase for batch reactive distillation
experiments with different feed compositions and methanol to formic acid ratios of 1 and 2.4, reflux ratio r = 10, ambient pressure

Feed Bottom phase Conversion
Molar ratio [wt%] [wt%] [%]
MeOH:HFo HFo/HAc¢/H,O H,0 MeOH MeFo HFo MeAc HAc HFo HAc
1:1 30/60/10 26.0 - - 8.6 0.1 65.3 76.8 16.4
65/30/5 47.3 - - 11.5 - 41.2 87.7 21.1
80/10/10 75.3 - - 11.2 - 13.5 91.7 29.1
60/10/30 80.3 - - 9.1 - 10.6 89.0 25.8
2.4:1 30/60/10 42.7 0.2 - - - 57.1 100.0 443
65/30/5 59.9 0.1 - - - 40.0 100.0 40.7
80/10/10 88.0 - - - - 12.0 100.0 32.1
60/10/30 89.9 - - - - 10.1 100.0 48.9

It has to be outlined that the setup for batch reactive distilla-
tion was bench scale equipment with very limited mass transfer
height. Against this experimental background the results of the
batch experiment shown in Fig. 2 and Fig. 3 confirm low separa-
tion demand because of the high purity of methyl formate in the
distillate at the beginning of the experiments.

In Table 1 the results for formic acid and acetic acid conversion
and the final composition of the bottom phase for the different
experimental conditions are summarized. In general, high conver-
sion of formic acid was confirmed. These results are in good
agreement with the study performed by Saha and Sharma (14).

Experiments carried out with stoichiometric amounts of
methanol and formic acid confirmed significant reduction of
formic acid. Methanol conversions of 93.7 to 97.6% and for-
mic acid conversions of 76.8 to 91.7% were monitored.
Because of the stronger acidity of formic acid and its lower
inductive effect formic acid esterification is faster than acetic
acid esterification. Therefore, conversion of acetic acid (16.4 to
29.1%) was suppressed. At the end of a reactive distillation
run, the composition of constituents in the reboiler shifted to
nearly unaffected acetic acid concentrations due to loss of
product, negligible formic acid concentration, and the complete
amount of water of the feed plus water formed during reaction.
The distillate consisted of highly pure methyl formate (94.9 to
96.2 mol%) with retarded increase of methyl acetate and
methanol content according to the progress of conversion.

In all bench scale experiments with a molar ratio of metha-
nol to formic acid of 2.4 complete conversion of formic acid in
the reboiler was confirmed. Figure 4 shows the basic distilla-
tion map of the ternary system with the four distillation fields
separated by the binary azeotrope formic acid—water and the
ternary saddle azeotrope. A feed composition was chosen in
each distillation field and the bottom product at the end of each
experiment was added. Because of total removal of the light
boiling components methyl formate, methyl acetate, and
methanol during the experiments, it is possible to show the

results in a ternary map. As shown in Fig. 4, the binary system
acetic acid—water was obtained as bottom product due to com-
plete conversion of formic acid. Depending on the operation
conditions acetic acid can either be left in the reboiler or
isolated in the distillate via esterification. In bench scale higher
conversions of acetic acid of 32.1 to even 48.9% were achieved
with sufficient methanol surplus in the reboiler. The methanol
content in the distillate phase depends on the separation cap-
ability of the column and the reflux ratio. In the distillate phase
water was only detected at the end of experiments after com-
plete conversion of formic acid and lack of methanol.

Water

01

0.2

0.3 0.4 0.5 06

W., [9/0]

0.8 0.9

Formic
acid

Acetic
acid
FIG. 4. Batch reactive distillation of different feed mixtures (F1 to F4) of
acetic acid, formic acid and water through esterification with methanol with
their final bottom product composition; molar ratio of methanol:formic acid =
2.4:1, reflux ratio r = 10; ambient pressure (F...Feed, B...Bottom product).
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Continuous Reactive Distillation

Separability of constituents by reactive distillation was con-
firmed in batch experiments. For process validation purposes,
reactive distillation experiments of the ternary system acetic
acid—formic acid—water were also performed in continuous
mode. A representative feed composition of 28 wt% formic acid,
62 wt% acetic acid and 10 wt% water was chosen. In order to
examine the effect of different methanol admixture, the molar ratio
of methanol with respect to formic acid was varied between 2 and
3. Experiments were also carried out with a molar feed ratio of
methanol with respect to both formic acid and acetic acid of 2.

Temperature profiles along the rectification column were com-
parable for all experiments. Increasing methanol concentration in
the feed resulted in decreasing temperatures in the reboiler and
increasing temperatures in the middle section and at the top of the
column. The temperature in the reboiler decreased from 81.4°C
(MeOH:HFo = 2) to 76.2°C (MeOH:(HFo+HAc) = 2). The tem-
perature in the middle section of the column increased with
increasing amount of methanol in the feed from 50.2°C to 61.3°
C, whereas the top temperatures increased from 43.6°C to 48.7°C.
The temperature readings clearly indicate the effect of surplus
methanol on product composition in the distillate. When the tem-
perature increases in the distillate product with increasing amount
of methanol in the feed, the purity of methyl formate (T, =31.7°C
(15)) and methyl acetate (Ty, = 56.87°C (15)) will decrease because
the methanol (T, = 64.6°C (15)) is also removed to the distillate.

Figure 5 shows the composition of the bottom product in
comparison to the feed composition for different methanol ratios
in the feed. Distillate compositions and conversions of acetic acid
and formic acid are summarized in Table 2. Almost complete
separation of formic acid (98%) was possible with methanol
applied in double molar ratio with respect to formic acid in the
feed. Acetic acid conversion of 60.8% was observed too. The molar

0.8

mFeed
0.7 1 OBottom (MeOH:FA=2)
064 m Bottom (MeOH:FA=3)
—_ mBottom (MeOH:(FA+AA)=2)
1
= 051
c
o
§ 041
o
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0.0 [
Formic acid Acetic acid ~ Water Methanol Methyl Methyl
(HFo) (HAc) formate acetate
FIG. 5. Comparison of the bottom product composition for different molar

ratios of methanol (MeOH) to the acids in the continuous reactive distillation of
aqueous formic acid (HFo)-acetic acid (HAc) effluents (reflux ratio r = 10,
ambient pressure) (4).
© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced by permission of
Wiley-VCH Verlag GmbH & Co. KGaA. Permission to reuse must be obtained
from the rightsholder.
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TABLE 2
Distillate compositions, formic acid (HFo) and acetic acid
(HAc) conversions obtained from continuous reactive distilla-
tion of aqueous acetic acid and formic acid effluents (28 wt%
formic acid, 62 wt% acetic acid, 10 wt% water) for different
molar ratios of methanol (MeOH) with respect to the feed
concentrations of acids, reflux ratio r = 10, ambient pressure (4)

MeOH:HFo MeOH:HFo MeOH:(HFo
=2 =3 +HAc) =2

Distillate composition (mol%)
Methanol 20.4 24.4 46.0
Methyl formate 41.6 335 27.6
Methyl acetate 38.0 42.1 26.2
Conversion (%)
Formic acid 98.0 99.3 98.7
Acetic acid 60.8 71.5 64.4

fractions of acetic acid in the bottom product were 12.3% and 9.4%,
when methanol with a molar ratio of 3 with respect to formic acid
and methanol with a molar ratio of 2 with respect to both acids was
fed. Continuous withdrawal of the esters with the distillate resulted
in ester contents in the bottom product of less than 3.3 mol%.
As expected, the water content in the bottom product decreased
with increasing feed methanol concentration due to dilution.

CONCLUSIONS

Reactive distillation of aqueous formic acid—acetic acid mix-
tures through esterification with methanol was investigated in
batch mode and continuous mode for different feed compositions
according to the distillation fields of the ternary system. The effect
of methanol on conversion and product composition was quanti-
fied. The major finding of the project was that complete separation
of formic acid from the ternary feed is possible. For separation and
isolation of acetic acid either esterification or alternatively dis-
tillative separation may be applied. Process economics rather
prefer esterification of acetic acid too. Isolation of methyl formate
in the distillate with any appropriate quality is possible. In con-
clusion, reactive distillation has proven applicable in separating
and isolating valuable constituents from complex broths and may
therefore well contribute to biorefinery.

NOMENCLATURE

[m®h™!] distillate
P [bar] pressure
r [-] reflux ratio
R [m®h™!] reflux
T [°C] temperature
Ty [°C] boiling point
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ABSTRACT

Biomass converting processes often struggle with downstream processing of dilute multicompo-
nent mixtures. Liquid-liquid extraction is perfectly suited for removing carboxylic acids from
aqueous streams, but solvent recovery is still energy intensive. Solvent recovery is simplified by
reactive distillation, whereas the carboxylic acids are directly converted into their corresponding
methyl esters. A process concept on the basis of formic acid and acetic acid isolation was
evaluated and discussed for uncatalyzed and catalyzed batch reactive distillation with the acid
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laden solvent Cyanex® 923. 4-Dodecylbenzenesulfonic acid was used as catalyst. Catalytic conver-
sion yielded 100% methyl formate and 88% methyl acetate formation.

Introduction

Sustainable production of chemicals and “waste to value”
approaches is gaining increasing global interest. In the
bio-based industry, complete utilization of the biomass
feedstock is expected to sustainably contribute to the
substitution of oil-based bulk products. Aqueous effluents
from the biorefinery may contain several by-products.
However, isolating pure constituents from dilute multi-
component mixtures is challenging, especially when the
constituents tend to form azeotropes. Consequently,
many side streams are rather disposed of than exploited.
The pulping industry, for instance, focuses on the produc-
tion of cellulose fibers, while the by-products lignins,
hemicellulose, and volatile and non-volatile carboxylic
acids are only considered as a source for thermal energy.
However, carboxylic acids and their esters are base che-
micals with a huge variety of application. Sjostrom!"!
evaluated the annual production of carboxylic acids
from a Kraft pulp plant to be 75,500 t a™* given a plant
output of 200,000 t a~' birch pulp. The main volatile
carboxylic acids are formic acid (HCOOH, HFo) and
acetic acid (CH;COOH, HAc) with an annual production
of 9100 t a~' and 21,800 t a™, respectively. Type and
amount of by-products are strongly dependent on the
used wood and process.”) Before incineration of the
spent pulping liquor, water must be removed by evapora-
tion. During evaporation, the volatile constituents are also
removed from the spent liquor and collected in the con-
densate, producing an aqueous effluent laden with formic

acid and acetic acid. This ternary mixture forms a binary
high boiling azeotrope of formic acid and water (T 11ro-
H20=105.6°C at 0.95 bar) and also a ternary saddle point
azeotrope (T Hro-HAc-H20=105.2°C at 0.95 bar).”®! State-
of-the-art wastewater treatment is liquid-liquid extrac-
tion combined with distillation for solvent recovery and
entrainer distillation for azeotrope separation.*! For
extraction of carboxylic acids from aqueous effluents,
organophosphorus-based solvents (e.g., trialkylphosphine
oxide, tributyl phosphate) or aliphatic tertiary amines
(e.g., trioctylamine, tri-n-hexylamine) are preferably
used.™® For recovery of the acetic acid laden tributyl
phosphate, Cai et al.”! used distillation at 0.003 MPa
and 120°C. Acetic acid recovery was more than 90 wt.%.
Ren et al.'® recommended vacuum evaporation instead of
hot water re-extraction for solvent recovery. Operation
conditions were 100°C and 0.095 MPa for vacuum eva-
poration for tributyl phosphate regeneration. A stripping
efficiency of 89.62% for acetic acid was achieved. Demesa
et al””! achieved 75 wt.% removal of formic acid from
Cyanex® 923 at 3.1-4.9 kPa and 195°C in a spinning band
distillation column. About 97.6 wt.% of formic acid was
stripped from the solvent Alamine® 336 at 173°C and a
vacuum pressure of 4.1-6.8 kPa. Due to co-extraction of
water, the distillate from solvent recovery again contains
the ternary mixture acetic acid (about 60 wt.%)/formic
acid (about 30 wt.%)/water. For downstream processing
of these azeotropic distillate mixtures, dewatering by dis-

tillation with an entrainer (e.g., di-n-propylether® or

CONTACT Daniela Painer @ d.painer@tugraz.at e Institute of Chemical Engineering and Environmental Technology, Graz University of Technology,

Inffeldgasse 25¢, 8010 Graz, Austria.
© 2017 Taylor & Francis
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ethyl-n-butylether®'®)) followed by catalytic decomposi-
tion of formic acid (with e.g,, alumina catalystsm]) or
reactive distillation!">"'*! is suggested. However, distilla-
tion with an entrainer is generally energy intensive, and
catalytic decomposition destroys a valuable component.
Reactive distillation offers an elegant separation route by
transforming the substance properties and separation
properties via chemical reaction. Besides simplifying the
separation task, the value of the side products and the
process efficiency may be increased with a properly cho-
sen chemical conversion.

Painer et al.'* demonstrated a feasible application
of reactive distillation for the separation of acetic acid/
formic acid/water mixtures by esterification with
methanol (CH;OH, MeOH) in batch and continuous
operation mode. Without any additional catalyst, for-
mic acid was completely converted and removed as
methyl formate. Acetic acid was partly esterified
owing to the slower reaction rate. Conversions between
32.4 and 48.9% were achieved with a methanol to for-
mic acid ratio of 2.4 depending on the initial acid
concentration in batch reactive distillation experiments.
The difference in reaction rates was also used by Saha
et all™ to selectively esterify formic acid with cyclo-
hexene from acetic acid in a distillation column. With a
molar ratio of acids to cyclohexene of 1:1.1, a selectivity
to cyclohexyl formate of 64% and to cyclohexyl acetate
of 30% was realized. Reactive distillation for removal of
acetic acid (up to 30 wt.%) from aqueous effluents was
generally done using heterogeneous catalysts to
increase reaction rates. Saha et al'® used the ion-
exchange resin Indion 130 for the catalytic esterifica-
tion of an aqueous mixture of acetic acid (30 wt.%)
with n-butanol or iso-amyl alcohol. An acetic acid
conversion of 58% for n-butanol and 51% for iso-amyl
alcohol was achieved at a molar ratio of 1:2. Xu et al.l'”!

Wastewater
<60 g L' Acetic acid
<30gL" Formic acid

>

Laden solvent

Recovered solvent
Cyanex®923

investigated catalytic reactive distillation to recover
aqueous acetic acid (2.6-9.9 wt.%) with methanol
using the catalyst Amberlyst® 15. The conversion of
acetic acid was between 20 and 60% depending on the
location of the aqueous acetic acid feed, reflux ratio and
the top product rate. Singh et al.l'®!
distillation experiments and simulation of the esterifi-
cation of aqueous mixtures of acetic acid (11-30 wt.%)
with methanol using Amberlyst-CSP2. The best result
was 81.9% conversion of acetic acid at a molar ratio of
methanol to acetic acid of 12.14. High water content
hinders acetic acid esterification because water is also a
reaction product. Therefore, high acetic acid conver-
sion was difficult to achieve.

With the conventional wastewater treatment of the
pulping process in mind—liquid-liquid extraction, solvent
recovery, separation of the azeotropic mixture—solvent
recovery via reactive distillation is a promising approach
for process intensification (Figure 1). To the best of our
knowledge, this combination was only mentioned in a
patent of 2013,/ missing systematic investigation as well
as examination of catalyzed esterification in reactive distil-
lation. Fast reaction rates are essential for suitable applica-
tion of reactive distillation in solvent recovery due to the
direct impact on equipment size. However, the use of acidic
catalysts in combination with reactive extractants with a
distinct tendency to form adducts with strong acids (e.g.,
organophosphorus compounds) leads to a deactivation of
the catalyst and a decrease in extraction efficiency. This
paper discusses the feasibility of solvent recovery via batch
reactive distillation using the example of acetic acid and
formic acid esterification with methanol in a solvent phase
of Cyanex® 923/n-undecane. The focus is on the applicabil-
ity of the homogeneous catalyst 4-dodecylbenzenesulfonic
acid (4-DBSA) for reactive distillation and its influence on
liquid-liquid extraction. 4-DBSA was chosen due to its

examined reactive

Reactive
distillation

Raffinate

—l

<1gL” Acetic acid
<1gL"' Formic acid

Figure 1. Reactive process concept for formic acid and acetic acid recovery from aqueous effluents through reactive extraction and

an intensified solvent recovery step.
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excellent performance in esterification of oleic acid with
methanol®” as well as in transesterification of rape seed oil
with ethanol.*!! Additionally, 4-DBSA, with its long alkyl
chain, is mainly present in the solvent phase where the
reaction is also expected due to the higher carboxylic acid
content in contrast to the aqueous phase. Besides acidity,
4-DBSA also has surface active properties. This may lead to
undesired emulsion formation in liquid-liquid extraction.
Despite its excellent catalytic performance in transesterifi-
cation of rape seed oil, the surface active properties of
4-DBSA hindered separation of the biphasic product
stream and industrial application were not recommended.-
21} Combining Cyanex® 923 and 4-DBSA in the solvent
phase causes adduct formation between 4-DBSA and
Cyanex® 923 due to the preference of Cyanex® 923, a
Lewis base, to strong acids. Thereby a part of Cyanex® 923
is blocked with 4-DBSA in the extraction step, but emulsi-
fication is prevented. The 4-DBSA/Cyanex® 923 adduct can
be broken at elevated temperatures, and free 4-DBSA may
provide catalytic activity in reactive distillation. After hav-
ing left the rectification column via the bottoms, the solvent
phase is cooled down, and the adduct between Cyanex® 923
and 4-DBSA is formed again.

Due to the expected influence of 4-DBSA on the
extraction efficiency, the liquid-liquid equilibrium of
simultaneous extraction of acetic acid and formic acid
with and without 4-DBSA was investigated and com-
pared with single acid extraction.

Materials and methods
Chemicals

Formic acid (98-100%), acetic acid (99-100%), and
methanol (99,8%) were provided by ChemLab,
Belgium. 4-Dodecylbenzenesulfonic acid (= 95%) and
n-undecane (99%) were purchased from Sigma-Aldrich,
Germany and Cyanex® 923 (93%) from Cytec, France.
All chemicals were used as supplied.

Methods

The valuable constituents formic acid and acetic acid
are removed from the wastewater via reactive extrac-
tion. Cyanex® 923 is a mixture of four trialkylpho-
sphine oxides (n-hexyl and n-octyl groups) and is
used as the reactive extractant. Due to Lewis acid/
Lewis base interactions, Cyanex® 923 forms adducts
with strong acids. One method to break these adducts
is to raise the temperature of the solvent.!”?! By ester-
ification of the carboxylic acids with methanol
(Egs. (1) and (2)), low boiling methyl esters are
formed. Methyl formate (HCOOCH;, MeFo), the

SEPARATION SCIENCE AND TECHNOLOGY (&) 3

methyl ester of formic acid, is the low boiling com-
ponent in the mixture with a boiling point of 31.7°C
at 1.013 bar.?? Methyl acetate (CH3;COOCHs;,
MeAc), the methyl ester of acetic acid, boils at
56.87°C at 1.013 bar.!”? Esterifications are equili-
brium reactions with an equilibrium constant for
acetic acid esterification with methanol of 6.3 at 40°
C after 49 days®*! and for formic acid esterification
of 4.3 at 25°C.1**) The combination of chemical con-
version with distillation offers three main advantages.
Firstly, the continuous removal of the reaction pro-
ducts methyl formate and methyl acetate forces the
chemical equilibrium to the product side of the reac-
tion. Secondly, the azeotropes are easily overcome by
changing the substance properties through chemical
conversion. And thirdly, due to elevated boiling
points of the solvent phase (T cyanexw923=310°C at
6.67 kPa?®), the temperature in the reboiler is ele-
vated, and therefore, the reaction rates are enhanced.
Generally, formic acid reacts faster with methanol
than acetic acid due to the smaller steric hindrance
and inductive effect.*”)

HCOOH + CH3;0H i HCOOCH; + H,O0,
CHCOOCH; * CH,0

Kuro =
CHCOOH ° CCH;0H

"
CH;COOH + CH;0H BN CH3;COOCH; + H,0

CCH;COOCH; * CH,0

)

Kuac =
CCH;COOH * €CH;0H

Experimental setup and procedure

Liquid-liquid extraction: The liquid-liquid equilibria of
formic acid and/or acetic acid between Cyanex® 923/n-
undecane and water were measured at 25°C with and
without 5 wt.% 4-DBSA in the solvent phase. The
solvent phase contained 70 wt.% Cyanex® 923 and 30
wt.% n-undecane. Acetic acid and formic acid were
admixed to the aqueous phase in a concentration
range from 0 to 0.2 g cm . About 30 cm’ of each
phase was filled in a temperature controlled shaking
flask and was shaken for 30 min for equilibrium adjust-
ment. After phase separation, the mass of each phase
was recorded. Acid concentrations were measured by
gas chromatography, and water content in the solvent
phase was analyzed by Karl-Fischer titration.

Reactive distillation: Batch reactive distillation
experiments were carried out in a 500 cm’ flask
equipped with a 30 cm Vigreux column, a condenser,
and a reflux splitter. The reboiler was heated with a
heating plate (Heidolph) and was stirred steadily. The
temperature was measured and recorded in the reboiler
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and on top of the Vigreux column. The Vigreux col-
umn was insulated with a polyethylene foam sleeve. For
condensation and cooling of the distillate, the conden-
ser and the product funnel were cooled to 5°C with a
Lauda cryostate. The reflux ratio was adjusted with a
Lab.-Kybernet controller from Brand. All experiments
were carried out at ambient pressure.

After mixing the solvent phase (70 wt.% Cyanex® 923
diluted in #-undecane) with the carboxylic acids and
methanol, the laden solvent was heated until boiling.
For the following reaction period of 1.5 h, the setup was
operated with total reflux. This period offered sufficient
time for the esterification of formic acid and acetic acid
to produce the methyl esters. Subsequently, the reflux
ratio was set from infinite to 10:1, and the distillate
product removal was started. Simultaneously, a sample
of the bottom phase was withdrawn. After the adjust-
ment of the reflux ratio to 10:1, samples were taken
from the reboiler every second hour and from the
distillate at intervals of 30 min. All samples were imme-
diately cooled in ice water and analyzed via gas chro-
matography or acid-base and Karl-Fischer titration.
During the experiment, the low boiling components
were constantly removed via the distillate, and there-
fore, the heating plate temperature was increased due to
the increase in the boiling point of the bottoms mix-
ture. The experiment finished when either a biphasic
distillate was collected or similar temperatures were
observed in the reboiler and at the top of the column,
which indicated that complete removal of the low boil-
ing components had been achieved. Experiments were
repeated with varied sampling times for a more detailed
concentration profile and to prove reproducibility.

The yield of methyl esters Yxp in the batch reac-
tive distillation experiments was determined with
the initial carboxylic acid moles nac40 and the
collected moles of the corresponding esters in the
distillate phase #gger Distillate,r after the time ¢ accord-
ing to Eq. (3):

NEster, Distillate,t

YRD[%} = x 100 (3)

NAcid,0

Batch reactive distillation experiments were carried
out with three different solvent loads, denoted with
low, medium, and high (low: 1.9 wt.% formic acid, 5.6
wt.% acetic acid; medium: 6.7 wt.% formic acid, 11.9
wt.% acetic acid; high: 13.5 wt.% formic acid, 23.8 wt.%
acetic acid). The low and high starting concentrations
were gained from reactive extraction experiments from
aqueous mixtures containing 3 to 30 wt.% formic acid
and 6 to 60 wt.% acetic acid. The molar ratio of metha-
nol to both carboxylic acids was chosen with 0.4, 1, 1.5,

and 2. The molar ratio of 0.4 equals a molar ratio of
methanol to formic acid of 1.

Experiments with catalyst were performed in the
same equipment by adding 5 wt.% 4-DBSA to the
solvent phase (70 wt.% Cyanex® 923 diluted in
n-undecane). The procedure was similar, only the
reaction period was omitted because of elevated reac-
tion rates.

Analytics

All aqueous samples were analyzed by gas chromato-
graphy (Shimadzu 2010 Plus) equipped with a ther-
mal conductivity detector for water and formic acid
and a flame jonization detector for acetic acid, metha-
nol, methyl formate, and methyl acetate. The detec-
tors were connected in parallel. For uncatalyzed
reactive distillation experiments, the used column
was a Supel-Q™ plot fused silica capillary column
(length 30 m, inner diameter 0.53 mm, average thick-
ness 30 pm). The auto injector AOC-20i worked in
split mode with a split ratio of 30:1 at 240°C. The
starting temperature of the column oven was set to
40°C, held for 2 min, ramped up to 150°C with a
heating rate of 15°C min~}, held for 5.7 min and
followed by heating to 200°C with 30°C min~', and
a hold for 1 min. Total analyzing time was 17.7 min.
Both detectors worked at 250°C. The thermal con-
ductivity detector operated at 70 mA. Helium was
used as carrier gas.'¥

The samples from the solvent phase were analyzed
by automatic acid-base titration (TitraLab™ sample
station SAM55 with ABU93 Triburette from
Radiometer Copenhagen) with 0.1 and 1 mol L™" potas-
sium hydroxide and Karl-Fischer titration (SI Analytics
TitroLine® 7500 KF) for water quantification.

In catalytic batch reactive distillation experiments,
all samples were analyzed with gas chromatography
using a polar CP-WAX 57CB column from Agilent
(length 50 m, inner diameter 0.32 mm, film thickness
20 um). The temperature program in the oven was
changed to a starting temperature of 50°C, holding
for 3 min, ramping up to 200°C with a heating rate
of 8°C min~" and holding for 4 min.

Results and discussion

To prove the applicability of the reactive process
concept for solvent recovery, simultaneous extraction
of formic acid and acetic acid in the presence and
absence of 4-DBSA was performed followed by unca-
talyzed and catalyzed batch reactive distillation
experiments.
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Influence of acid strength on the liquid-liquid
equilibrium

Extraction of carboxylic acids is commonly performed
with reactive extractants to improve extraction effi-
ciency and selectivity. Cyanex® 923 prefers adduct for-
mation with strong acids. Therefore, acid extraction
efficiency is strongly influenced by acid strength. To
evaluate the influence of multicomponent mixtures and
4-DBSA on the extraction efficiency, liquid-liquid
equilibrium experiments were executed.

Modeling of liquid-liquid equilibrium behavior is
needed for process design. Stoichiometry of the adducts
formed between Cyanex® 923 and acids is effected by the
acid concentration. With increasing acid concentration,
the number of acid molecules attached to one molecule
of trialkylphosphine oxide increases. Eqs. (4) and (5)
show the liquid-liquid equilibrium constants K, ; and
Ka, for different stoichiometries in adduct formation
where A depicts the carboxylic acid and S the reactive
extractant. Cai et al.”) proposed a model for calculating
the equilibrium concentrations of carboxylic acids ca org
in the solvent phase where two types of adduct forma-
tion were considered, with stoichiometries of 1:1 and 2:1
between acid A and Cyanex® 923 (Eq. (6). It is assumed
that at low acid concentration in the aqueous phase, 1:1
adducts are formed and with increasing acid concentra-
tion the adduct changes to 2:1 stoichiometry. This equa-
tion was extended for a second acid B for predicting
extraction behavior of multicomponent liquid-liquid
equilibrium using equilibrium constants from single
acid extraction (Eq. (7)). Therefore, multicomponent
extraction can be modeled with single acid equilibrium
data.

ClASorg
Aaq + Sorg - [A . S]org KA"l T cs (4)
ClALy * ClSlorg
ClA28],,
2Aaq + Sorg — [Az : S}org Kap = 24 (%)
Talug " “TSlog
Ka1 - caag+2 Kao - chag) “ Csorg (6)
CA, = ’
org 1+ Kag- CAaq T Kaz- C12\,aq
CA,org

<KA,1 “CAaq T2 KA,zfmq> * €S.0rg
1+ Kag-Caaqt+Kap- Clzmq + Kg1 - cpag+Kp - C%,aq
@)
Figure 2a shows the single and multicomponent
liquid-liquid equilibria of formic acid and acetic acid
between Cyanex® 923/n-undecane and water. Results

from single acid extraction were similar for both car-
boxylic acids; no significant influence of the acid
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Figure 2. (a) Single and multicomponent liquid-liquid equilibria
of formic acid and acetic acid between Cyanex®923 (70 wt.%)/
n-undecane and water at 25 °C (markers represent the experi-
mental data, lines show the model); (b) Influence of 5 wt.% of
4-DBSA on the multicomponent liquid-liquid equilibrium
(experimental data).

strength on constituent distribution was observed. In
particular, at low acid concentration in the aqueous
phase, high equilibrium concentration in the solvent
phase was obtained. This fact makes reactive extraction
perfectly suited for recovery of carboxylic acids from
low-grade wastewater. The equilibrium constants were
calculated with these experimental data sets and sum-
marized in Table 1. Average deviation between

Table 1. Equilibrium constants Ka; and Ka, for formic acid and
acetic acid extraction between Cyanex® 923 (70 wt.%)/nundecane
and water at 25°C.

Ka1 Ka2 average deviationgingie acid (%)
Formic acid 3.8 0.46 44
Acetic acid 25 0.64 2.8

54



5. Solvent recovery via reactive distillation

6 D. PAINER ET AL.

experimental data and model was calculated with Eq.
(8). Model and experimental data accord well, average
deviation was 4.4% and 2.8% for formic acid and acetic
acid extraction, respectively. For simultaneous extrac-
tion, both acids were present in the aqueous feed at the
same concentration. Generally, a lower equilibrium
concentration was observed for both acids compared
to single acid extraction due to competitive extraction.
Equilibrium concentration of formic acid in the solvent
phase was constantly higher compared to acetic acid,
due to its higher acidity and the affinity of Cyanex® 923
to stronger acids. At low acid concentration in the
aqueous phase, good extraction performance for both
acids was still observed. The model for simultaneous
extraction is able to predict very accurately the liquid-
liquid equilibrium behavior of formic acid at high
concentration. Acetic acid equilibrium is slightly over-
estimated. At a lower acid concentration in the aqueous
phase, the model underestimates the equilibrium con-
centration for both acids. This may be due to earlier
adduct formation with stoichiometry of 2:1 because the
total acid amount is higher, which was not considered
in the model. The simultaneous extraction of both
carboxylic acids already shows the strong influence of
acid strength on equilibrium concentration.

To evaluate the influence of 4-DBSA on simultaneous
extraction of acetic acid and formic acid from water, 5 wt.
% 4-DBSA was added to the solvent phase (Figure 2b).
For acetic acid extraction, no significant difference was
observed between the solvent with and without 4-DBSA.
Formic acid extraction clearly decreased when 4-DBSA
was added to the solvent phase. In simultaneous extrac-
tion of both acids in absence of 4-DBSA, formic acid was
preferred by Cyanex® 923. With 4-DBSA in the solvent
phase, the preference of Cyanex® 923 shifted to 4-DBSA.
This leads to decreased formic acid extraction. To coun-
teract the loss in extraction efficiency, the Cyanex®923
concentration in the solvent phase could be increased.
Furthermore, the catalyst load needs to be optimized in
terms of reaction rates and loss in extraction efficiency.

Average Deviation

1 fexp |Corg,exp — Corg,model

— E e g,p—g| .100% (8)
Hexp <=1 ¢

p org,exp

Batch reactive distillation without catalysis

Uncatalyzed batch reactive distillation experiments of
the solvent phase show generally higher conversion of
formic acid and limited acetic acid conversion due to
higher reaction rates of formic acid esterification.*?!

1.0
r=o= r=10:1
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0.8 A, i
A A A "
08 e
3
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02 o o B o 5 g * s
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+ i *
0.0 .
0 1 2 3 4 5 ] 7
th]
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Figure 3. Distillate composition in batch reactive distillation of
the laden solvent phase containing formic acid and acetic acid;
esterification with equimolar ratio of methanol to both acids;
solvent phase: 70 wt.% Cyanex®923 diluted in n-undecane;
medium solvent load: 6.7 wt.% formic acid, 11.9 wt.% acetic
acid; total reflux for 1.5 h and reflux ratio r = 10:1 afterwards;
ambient pressure.

Figure 3 shows the distillate composition for recov-
ery of a laden solvent with 6.7 wt.% formic acid and
11.9 wt.% acetic acid with a molar ratio of methanol to
both acids of 1. After a reaction period of 1.5 h, the
reflux ratio was changed from infinite to 10:1. In this
time, the boiling point of the bottom phase reduced
from 84.1°C to 76.2°C which indicated the generation
of the low boiling reaction products methyl formate
and methyl acetate. In the first 3 hours of distillate
removal, the concentration of methyl formate in the
distillate phase decreased slightly from 80 mol% to 73
mol%. As long as sufficient formic acid was present in
the bottom phase, the concentration of methyl formate
in the distillate remained almost constant. Due to the
higher reaction rate of formic acid esterification com-
pared to acetic acid esterification and the lower boiling
point of methyl formate, formic acid was consumed
and removed first. Furthermore, when formic acid
was almost depleted in the bottom phase, the concen-
tration of methyl formate in the distillate decreased and
the top temperature increased. The concentration of
methyl acetate in the distillate phase increased slightly
and reached 18 mol% after 5 hours due to the limited
conversion of acetic acid. With the increase in the top
temperature, the methanol concentration increased in
the distillate product. No water and acids were detected
in the distillate, although methyl acetate and water
form a low boiling azeotrope (Tpaeac.20=55.9°C at
1.013 bar®!), This may be due to the modifier perfor-
mance of methyl formate, which also has the ability to
suppress azeotrope formation.'*
methanol to the distillate can easily be circumvented

! Continuous loss of
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Figure 4. Yield of methyl formate and methyl acetate in batch
reactive distillation of laden solvent phase containing formic acid
and acetic acid with a varying molar ratio of methanol to both
acids of 0.4, 1, 1.5 and 2 (number in brackets); solvent phase: 70
wt.% Cyanex©®923 diluted in n-undecane; medium solvent load: 6.7
wt.% formic acid, 11.9 wt.% acetic acid; total reflux for 1.5 h and
reflux ratio = 10:1 afterwards; ambient pressure.

by increasing the reflux ratio or by a higher separation
efficiency of the rectification column.

The total acid concentration in the solvent phase
decreased from 3.20 mol kg™' to 2.06 mol kg™".

A comparison of the yield of methyl formate and
methyl acetate in batch reactive distillation with dif-
ferent molar ratios of methanol to both acids for
medium solvent load is shown in Figure 4. The
difference in reaction rates between formic acid and
acetic acid and the removal of methyl formate in a
first step can be seen. The yield of methyl formate
increased immediately at the beginning of distillate
removal. Methyl acetate yield rose slowly because of
the low reaction rate of acetic acid. The lowest yield
of methyl acetate was obtained for the substoichio-
metric ratio of methanol to both acids of 0.4, which
equals an equimolar admixture of methanol with
respect to formic acid. In this experiment, a yield of
62% of methyl formate and a yield of 10% of methyl
acetate were reached. For selective removal of formic
acid, the difference in reaction rates of formic acid
and acetic acid is not sufficient. Therefore, methanol
partially reacted with acetic acid. In experiments with
an equimolar ratio of methanol to both acids, the
yield for both methyl esters increased. The vyield
was 89% for methyl formate and 15% for methyl
acetate. The difference in the yield between a molar
ratio of 1.5 and 2 for both esters was insignificant.
The yields of methyl formate and methyl acetate were
95% and 19%, respectively. Sufficient methanol was
present for esterification of both acids, and the excess
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Table 2. Summary of methyl formate and methyl acetate yield
of batch reactive distillation with low solvent load (1.9 wt.%
formic acid, 5.6 wt.% acetic acid), medium solvent load (6.7 wt.
% formic acid, 11.9 wt.% acetic acid), and high solvent load
(13.5 wt.% formic acid, 23.8 wt.% acetic acid); molar ratio of
methanol to both acids was 0.4, 1, 1.5 and 2; total reflux for 1.5
h, then reflux ratio r = 10:1; ambient pressure.

low solvent medium

load solvent load  high solvent load
Molar ratio of YmeFo  YMeac  YMeFo  YMeac
MeOH:Acids %] (%] (%] %]  Ywerol%] Yweac%]
0.4 62.1 96 70.7 134
1 40.5 52 888 146 97.8[22] 282 [22]
15 577 72 955 186 959 27.0
2 56.2 69 947 189 972 28.0

Table 3. Summary of initial boiling point (T,o) and boiling
temperature after reaction period (T,g) in the bottom phase
of batch reactive distillation with low solvent load (1.9 wt.%
formic acid, 5.6 wt.% acetic acid), medium solvent load (6.7 wt.
% formic acid, 11.9 wt.% acetic acid), and high solvent load
(13.5 wt.% formic acid, 23.8 wt.% acetic acid); molar ratio of
methanol to both acids was 0.4, 1, 1.5 and 2; total reflux for 1.5
h, then reflux ratio r = 10:1; ambient pressure.

medium solvent high solvent
low solvent load load load

Molar ratio
of MeOH:Acids Ty ol°Cl Tpgl’Cl  Tpol°Cl  Torl°Cl  Tpol°Cl  Tpgl°Cl
0.4 96.8 88.0 88.8 72.7
1 105.1 98.9 84.1 76.2 79.7 65.8
15 95.2 91.2 79.7 729 757 64.3
2 88.7 86.7 76.9 71.0 735 63.4

methanol was separated in the distillate. Therefore, a
high surplus is not beneficial.

Table 2 summarizes the yield of methyl formate
and methyl acetate for all investigated solvent loads
and molar ratios of methanol to both acids.
Generally, the yield increased with increasing solvent
load. The slight decrease in the yield at higher molar
ratios may be explained by the decrease in the boiling
temperature of the bottom phase with increasing
methanol supply. In Table 3, an overview is given
of the initial boiling point after mixing all compo-
nents Ty, and of the boiling temperature after the
reaction period T, . With an increasing supply of
methanol, the boiling temperature of the bottom
phase decreased due to the low boiling point of
methanol. Reduction in boiling temperature was
also observable with increased solvent load.

Batch reactive distillation with homogeneous
catalysis

Formic acid esterification showed high conversion in

uncatalyzed reactive distillation experiments. In
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Figure 5. Yield of methyl formate and methyl acetate in homo-
geneous catalytic batch reactive distillation of laden solvent
phase containing formic acid and acetic acid with a varying
molar ratio of methanol to both acids between 1 and 2 (num-
ber in brackets) catalyzed with 5 wt.% 4-DBSA; solvent phase:
70 wt.% Cyanex®923 diluted in n-undecane; medium solvent
load: 6.7 wt.% formic acid, 11.9 wt.% acetic acid, reflux ratio r =
10:1; ambient pressure.

comparison, acetic acid esterification is much slower,
yielding low conversion during the reaction period. To
enhance acetic acid esterification 5 wt.%, 4-DBSA for
catalysis was added to the solvent phase.

Figure 5 compares methyl formate and methyl acet-
ate yield for different molar ratios of methanol to both
acids in batch reactive distillation experiments with
5 wt% 4-DBSA in the solvent phase at medium solvent
load. Yield of methyl formate shows similar behavior in
non-catalytic and catalytic batch reactive distillation
experiments. This can be explained by the high reaction
rate of formic acid esterification, also in uncatalyzed
experiments. A greatly improved yield of methyl acetate
was observed. For an equimolar ratio of methanol to
both acids, the yield of methyl acetate increased from
14.6% in uncatalyzed experiments to 54.4% with
4-DBSA. With an excess of methanol, conversion of
acetic acid increased continuously. A molar ratio of
methanol to both acids of 1.5 enabled a methyl acetate
yield of 78.6%. With a double molar ratio of methanol
to both acids, complete conversion of formic acid and a
methyl acetate yield of 88.2% was achieved. This sig-
nificant increase in acetic acid conversion confirms that
the adduct between 4-DBSA and Cyanex® 923 was
cleaved at elevated temperature to let 4-DBSA act as
catalyst.

Summary

Batch reactive distillation was proven to be applicable
for solvent regeneration in liquid-liquid extraction of

carboxylic acids with Cyanex® 923. Uncatalyzed ester-
ification of acetic acid and formic acid with methanol
combined with distillation showed a high yield of 97%
for methyl formate, while the yield for acetic acid
methyl ester was only 28%. By adding 4-DBSA, a
homogeneous catalyst for esterification reactions, the
yield was improved to 100% and 88% for methyl for-
mate and methyl acetate, respectively. 4-DBSA in the
solvent phase diminished slightly the extraction effi-
ciency of Cyanex® 923.

Therefore, solvent recovery via reactive distillation
offers a promising opportunity for process intensifica-
tion in wastewater treatment. By changing the proper-
ties of the target constituents via an appropriate
chemical reaction, the separation step can be simplified,
and the market value of the components will increase.

-] mole fraction
-] yield

Nomenclature
0 [-] initial condition
c [mol kg™'] concentration
K [-] equilibrium constant
n [mol] number of moles
Nexp [-] Nnumber of experimental data points
r [-] reflux ratio (reflux/distillate)
R [h] reaction period
t [h] time
T [°C] temperature
T, [°C] boiling point
[
[
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6. Summary and Future Directions

In biorefineries downstream processing is a challenge. In these processes di-
lute multicomponent mixtures are produced with valuable components at low
concentration and a high tendency of azeotrope formation. A representative ex-
ample is an aqueous mixtures of formic acid and acetic acid, as produced dur-
ing pulping, by fermentation or in fast pyrolysis of biomass. The recovery of
carboxylic acids from water is commonly performed via reactive liquid-liquid
extraction combined with distillation for solvent regeneration. Solvent regenera-
tion and product isolation are still energy intensive state of the art processes.

The task of this PhD-Thesis was the development of processes and process
combinations for the isolation of carboxylic acids (formic acid and acetic acid)
from dilute aqueous feed broths targeting industrial implementation under eco-
nomically feasible conditions. The approach of changing the substance properties
combined with changing the physical state based on TIPS suggestions for sepa-
rating azeotropic mixtures was investigated. The carboxylic acids were converted
with methanol to the low-boiling methyl esters, which can be easily removed in
reactive distillation.

The basis for reactive distillation design is the knowledge of the reaction rates.
Therefore, the reaction kinetics were investigated for formic acid, acetic acid and
propionic acid esterification in single acid and multi-acid experiments without
additional catalysts. Interactions in multi-acid esterification due to differences
in acid strengths have significant influence on the individual rates. A model was
developed based on single acid esterification data including intramolecular catal-
ysis by the HT-ion concentration from acid dissociation. This model is capable
of predicting multi-acid esterification with the catalytic effect of the stronger acid
on the weaker acid esterification with standard deviations less than 1.7 %. Trans-
esterification of methyl formate with acetic acid and propionic acid to methyl
acetate and methyl propionate is also represented by the model.

To validate reactive separations for the ternary mixture acetic acid, formic acid
and water, reactive distillation was performed in batch and continuous opera-
tion mode with methanol as esterifying agent in absence of additional catalysts.
As kinetics suggest, formic acid esterification showed high conversion in reactive
distillation (99 %) according to the fast reaction rate, while uncatalyzed esteri-
fication of acetic acid is slow. The highest acetic acid conversion was found to
be 71 % at a molar ratio of methanol to formic acid of 3 in continuous operation
mode. In the distillate the ternary mixture methyl formate, methyl acetate and
the excess of methanol was obtained. For further isolation pervaporation could
be used to break the methyl acetate/methanol azeotrope. High methanol sur-
plus is not helpful because of dilution of HT-ion concentration for catalysis, low
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/ Wastewater \/Methanol \
<60 g/L Acetic acid
<30 g/L Formic acid B N
_{ ) Distillate
Methyl formate
1 Methyl acetate
- | Methanol
- Laden solvent %
- | Recovered solvent
L Cyanex®923
Reactive Reactive distillation
extraction for solvent regeneration
\_ N 5 J

Figure 6.1: Recovery of low molecular weight carboxylic acids via reactive extrac-
tion and intensified solvent regeneration by reactive distillation

boiling temperature of the mixture as well as increased heat duty is required by
excess methanol removal. A future task is to find the optimum between methanol
surplus, heat duty, reflux ratio etc. via process simulation. With the kinetic model
of multi-acid mixtures the base is established for reactive distillation simulation.

For further improvement of solvent regeneration and product isolation, solvent
regeneration by reactive distillation as displayed in Figure 6.1 was investigated.
Solvent regeneration with reactive distillation reduces energy and apparatus de-
mand. Uncatalyzed batch reactive distillation has confirmed high formic acid
conversion of 97 % like in aqueous reactive distillation but acetic acid conver-
sions reached only 28 %. High regeneration efficiency is essential for an economic
extraction process. Admixture of 5 wt.% 4-dodecylbenzenesulfonic acid for catal-
ysis leads to complete formic acid conversion and 88 % yield of methyl acetate.
Catalyst recovery from the solvent phase is not mandatory with the homogenous
catalyst 4-dodecylbenzenesulfonic acid due to the extractive interaction between
Cyanex®923 and the catalyst at extraction temperature. Therefore the catalyst is
kept in the solvent phase during extraction by adduct formation with the extrac-
tant. In reactive distillation it is cleaved due to adduct breakage at elevated tem-
perature. Optimization between catalyst concentration needed for appropriate
reaction rates and decrease in extraction efficiency due to blockage of extractant
by adduct formation with the catalyst is a future task.

Future investigation could make use of methyl formate as entrainer for sepa-
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ration of the methyl acetate/methanol azeotrope. The entrainer properties were
already observed in reactive distillation due to the absence of water in the dis-
tillate, although methyl acetate forms a low-boiling azeotrope with water. For
simplifying the separation of the distillate product, methyl formate can be recy-
cled. The methyl esters show an excellent vapor-liquid equilibrium behavior for
product isolation by simple distillation.

For industrial application of process intensification, process simulation needs
to be performed for the final design of the intensified process with reactive distil-
lation.
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Die Verarbeitung von Biomasse als Rohstoff in industriellen Prozessen kann zur Bildung von Multikomponentengemi-
schen fiihren, die bei der destillativen Trennung zur Azeotropbildung neigen. Das ternire Gemisch Essigsaure/Ameisen-
saure/Wasser ist dafiir ein reprasentatives Beispiel. Eine vielversprechende Losungsstrategie fiir die Auftrennung azeo-
troper Gemische bieten reaktive Trennverfahren, wie beispielsweise die Reaktivdestillation. Durch die Veresterung beider
Fettsduren und die gleichzeitige Abtrennung der leichter siedenden Ester mittels Destillation konnen die Azeotrope um-

gangen und eine Isolierung der Reinstoffe erméglicht werden.
Schlagworter: Fettsduren, Reaktivdestillation, Veresterung
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Reactive Separation of Acetic Acid/Formic Acid/Water Mixtures from Biorefinery

Processing of biomass may lead to the formation of multicomponent mixtures, which tend to forming azeotropes in distil-
lative separation. The ternary mixture acetic acid/formic acid/water is a representative example for an azeotropic mixture
from the pulp and paper industry. Reactive separations provide an alternative solution strategy, especially reactive distilla-
tion. Esterification of both fatty acids may change the separation properties to avoid formation of azeotropes and to reduce

the energy demand for isolation of the pure components.

Keywords: Esterification, Fatty acids, Reactive distillation

1 Einleitung

Durch den zunehmenden Einsatz von Biomasse als Aus-
gangsstoff fiir verschiedene Prozesse verdndern sich die An-
forderungen an die Isolierung von Nebenprodukten und die
Aufbereitung von Abwasserstromen. Der Aufreinigungs-
schritt von wissrigen Prozessstromen wird oft durch die
Bildung von Multikomponentengemischen, durch die ge-
ringen Konzentrationen der wertvollen Nebenprodukte
und/oder durch das Auftreten von Azeotropen erschwert.
Das Briidenkondensat aus dem Papier- und Zellstoffprozess
beispielsweise enthdlt Essigsdure (CH;COOH, HAc) und
Ameisensdure (CHOOH, HFo) in geringen Konzentratio-
nen. Die Aufkonzentrierung von wissrigen Losungen
niedermolekularer Fettsduren wie Essigsdure und Ameisen-
sdure mittels Extraktion mit phosphanoxidbasierten Extrak-
tionsmitteln und anschlieflender Losungsmittelregeneration
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durch Strippen ist Stand der Technik [1]. Diese Verfahren
haben jedoch lediglich eine Aufkonzentrierung der ver-
diinnten, wissrigen Losungen zur Folge und resultieren
wieder im Dreistoffgemisch Essigsaure/Ameisensaure/
Wasser.

Das terndre System Essigsiure/Ameisensdaure/Wasser
weist ein bindres Hochsiedeazeotrop zwischen Ameisensiu-
re und Wasser und ein terndres Sattelpunktazeotrop auf
(Abb. 1). Diese Azeotrope sind zwar in der Literatur doku-
mentiert, allerdings weichen die Angaben zur Lage von-
einander ab. Aristovich et al. [2] fanden das Sattelpunkt-
azeotrop bei einem Druck von 1,013 bar (760 mmHg) bei
einer Zusammensetzung von 49,1 Mol-% Ameisensdure,
35,5 Mol-% Wasser und 15,4 Mol-% Essigsdure mit einem
Siedepunkt von 107,05 °C. Zwei Jahre spiter veréffentlich-
ten Aristovich et al. [3] wieder Studien zur Lage des Sattel-
punktazeotrops und berichteten von einer Zusammenset-
zung von 48,2Mol-% Ameisensdure, 39,3 Mol-% Wasser
und 12,5 Mol-% Essigsdure. Wisniak und Tamir [4] tiber-
priiften diese Werte und kamen zum Ergebnis, dass das
Azeotrop bei 46,9 Mol-% Ameisensédure, 36,3 Mol-% Wasser
und 16,8 Mol-% Essigsdure bei 1,013 bar (760 mmHg) liegt.
Aufgrund dieser teils widerspriichlichen Ergebnisse in der

Wiley Online Library
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Abbildung 1. Siedeflache des ternédren Systems Essigsaure/
Ameisensaure/Wasser bei 950 mbar. Bindres Hochsiedeazeotrop:
105,6 °C, ternéres Sattelpunktazeotrop: 105,2 °C.

Literatur wurde die Lage des Sattelpunktazeotrops im Zuge
dieses Projektes erneut untersucht. Bei einem Druck von
950 mbar wurde das Sattelpunktazeotrop bei einer Zusam-
mensetzung von 49,8 Mol-% Ameisensdure, 39,0 Mol-%
Wasser und 11,2 Mol-% Essigsdure und einer Siedetempera-
tur von 105,2°C ermittelt. Die Messgenauigkeit betrug
+2%. In Abb. 1 ist die Siedefliche dieses terniren Systems
bei 950 mbar gezeigt.

Auch die Bindrsysteme stellen fiir die destillative Auftren-
nung eine Herausforderung dar. Das binire System Essig-
sdure/Ameisensdure weist eine geringe relative Fliichtigkeit
iber den gesamten Konzentrationsbereich auf und das
System Essigsdure/Wasser zeigt bei hohen Wasserkonzen-
trationen ein azeotropdhnliches Verhalten. Die Isolierung
der Reinstoffe ist daher mit einfacher Destillation nicht
moglich.

In der Literatur werden zur Auftrennung des terniren
Gemisches unter anderem die Azeotropdestillation [5,6],
Extraktion mit anschliefender Destillation [7,8] oder die
katalytische Zersetzung der Ameisensdure [9] vorgeschla-
gen. Bei diesen Verfahren ist entweder der Energieaufwand
enorm oder eine wertvolle Komponente wird zerstort.

Die Reaktivdestillation bietet sich als Alternative fiir diese
Trennaufgabe an. Durch die Veresterung der Fettsduren mit
einem kurzkettigen Alkohol wie Methanol (MeOH,
CH;0H) werden die Stoffeigenschaften gezielt verdndert
und Azeotrope konnen umgangen werden. Die Fettsdure-
methylester haben einen niedrigeren Siedepunkt als die
Fettsduren und konnen daher kontinuierlich {iber das Des-
tillat aus dem System entfernt werden. Dadurch wird das
Reaktionsgleichgewicht der Veresterung auf die Seite der
Produkte verschoben und ein vollstindiger Umsatz der
Séuren wird moglich.

In den frithen 1970er Jahren wurden zwei Patente zur
Trennung von verunreinigter Essigsdure mit Ameisensaure
und Wasser mittels Reaktivdestillation, mit dem Ziel reine

www.cit-journal.com
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Essigsdure zu erzeugen, angemeldet [10,11]. Allerdings
waren viele Trennstufen und hohe Riicklaufverhiltnisse
notwendig, um eine Auftrennung zu erzielen. In diesen
Patenten wurde zwar das grofle Potenzial der Reaktivdestil-
lation fiir dieses Einsatzgebiet gezeigt, allerdings fehlen eine
systematische Untersuchung sowie eine optimierte Prozess-
konfiguration.

Die Riickgewinnung von Essigsdure aus wissriger Losung
durch Reaktivdestillation mit #-Butanol und Isoamylalko-
hol unter Einsatz des Katalysators Indion 130 wurde von
Saha et al. [12] gepriift. Der Feed bestand aus einer wissri-
gen Losung mit 30 % Essigsdure und wurde mit dem Alko-
hol im molaren Verhiltnis von 1:2 gemischt. Essigsdureum-
sitze von 58 % mit n-Butanol und 51 % mit Isoamylalkohol
konnten erreicht werden.

Die selektive Veresterung von Ameisensdure aus einem
wasserfreien Gemisch von Ameisensdure (Reinheit 98 %)
und Eisessig mit Cyclohexen in einer Batch-Reaktivdestilla-
tion wurde von Saha und Sharma [13] untersucht. Dem
Sduregemisch wurde Cyclohexen im molaren Verhiltnis
1:1,1 zugesetzt, was zu einem Umsatz von 85 % von Cyclo-
hexen fiihrte, wobei die Selektivitit zu Cyclohexylformiat
64 % betrug.

Fiir die Abwasserbehandlung ist der Einfluss von Wasser
im Ausgangsgemisch auf die Reaktivdestillation zur Isolie-
rung niederer Fettsduren von wesentlichem Interesse. Da
das Wasser auch ein Nebenprodukt der Veresterung dar-
stellt, verschiebt es das Reaktionsgleichgewicht in Richtung
der Edukte, wodurch die Entfernung der Fettsduren behin-
dert wird. In dieser Arbeit wird der Einsatz der Reaktiv-
destillation fiir die Trennung wassriger Essigsdure/ Ameisen-
saure-Gemische ohne Verwendung von Katalysatoren
untersucht und ein energieeffizientes Trennungskonzept fiir
Abwasserstrome vorgeschlagen.

2 Experimentelles
2.1 Verwendete Chemikalien

Methanol (> 99 %) wurde von Roth, Essigsdure (99 - 100 %)
von Merck und Ameisensdure (85%) von Brenntag bzw.
Ameisensdure (98 %) von Roth bezogen. Die Chemikalien
wurden ohne weitere Aufreinigung verwendet.

2.2 Analytik

Alle Proben wurden mit einem Gaschromatographen
(Shimadzu 2010 Plus) vermessen, der mit einem Flammen-
ionisationsdetektor (FID) und einem Wirmeleitfahigkeits-
detektor (WLD) ausgestattet war. Fiir die Datenauswertung
wurde fiir Ameisensdure und Wasser der WLD verwendet,
fur alle anderen Komponenten aufgrund der hoheren Em-
pfindlichkeit der FID. Es wurde eine gepackte Quarzglas-
kapillarsdule (SUPEL-Q™ Plot) mit einer Linge von 30 m

Chem. Ing. Tech. 2015, 87, No. 6, 843-847
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und einem Innendurchmesser von 0,53 mm eingesetzt. Der
Autoinjektor AOC-20i arbeitete im Split-Modus im Verhalt-
nis von 30:1 bei einer Injektionstemperatur von 240 °C. Das
Temperaturprogramm im Ofen startete bei 40 °C fiir 2 min,
heizte anschlieBend mit einer Aufheizrate von 15°Cmin™
auf 150°C fiir 5,7 min auf und danach mit 30°Cmin™" auf
200 °C fur 1 min.

2.3 Reaktivdestillation

In der Reaktivdestillation werden die Fettsauren mit Metha-
nol verestert und gleichzeitig die leichtsiedenden Methyles-
ter im Destillat der Kolonne abgefiihrt. Wenn Methanol im
Uberschuss zugegeben wird, wird das bei der Reaktion nicht
verbrauchte Methanol ebenfalls iiber das Destillat abge-
fihrt.

Ziel der chemischen Reaktion ist die Verinderung der
Stoffeigenschaften, um die Azeotrope im Gemisch Essig-
sdure/Ameisensdure/Wasser zu umgehen. Weiterhin kann
der spezifische Energiebedarf gesenkt werden, da die Siede-
temperaturen der Produkte geringer sind und das Wasser
nicht verdampft werden muss. In Tab. 1 sind die Stoffdaten
der Edukte und Produkte gegeniibergestellt. Aus diesen
Stoffdaten ist zu erkennen, dass Methanol nicht in hohem
Uberschuss verwendet werden soll, da die Verdampfungsen-
thalpie von Methanol relativ hoch ist und das tiberschiissige
Methanol iiber das Destillat entfernt wird.

Tabelle 1. Stoffeigenschaften der betrachteten Komponenten
[15].

AH, [kJ mol™] Gl mol K] Siedepunkt [°C]

T%,1,013bar  T=20°C 1,013 bar
Wasser 40,65 70 100
Ameisensdure 22,69 99 101
Essigsdure 23,70 123,3 117,9
Methanol 35,21 81,1 64,6
Methylformiat 27,92 119,1 31,7
Methylacetat 30,32 141,9 56,87

Die Veresterung ist eine reversible Reaktion, die sauer
katalysiert ablduft. In Gl. (1) und (2) sind die Veresterungs-
reaktionen von Ameisensdure und Essigsdure mit Methanol
dargestellt.

HCOOH + CH;0H &% HCOOCH; + H,0 1)
CH,COOH + CH;OH <% CH,COOCH, + H,0 @)

Die Ameisensdureveresterung verlduft im Vergleich zur
Essigsdureveresterung aufgrund der geringeren sterischen

Chem. Ing. Tech. 2015, 87, No. 6, 843-847
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Hinderung und dem geringeren induktiven Effekt [14]
schneller. Auflerdem ist die intramolekulare Katalyse bei
der Ameisensdureveresterung stiarker ausgeprigt, da Amei-
sensdure die stirkere Sdure ist (pKsyp,=3,75 pKsgac=
4,756 [15]). Ronnbeck et al. [16] untersuchten die Essigsdu-
reveresterung bei 40 °C mit 4quimolaren Mengen an Eduk-
ten und keinen Produkten im Ausgangsgemisch. Sie erhiel-
ten nach 49 Tagen eine Gleichgewichtskonstante K von 6,3
was einem Umsatz der Essigsdure von 71,5 % entspricht. Im
Vergleich dazu wurde bei der experimentellen Unter-
suchung der Ameisensdureveresterung bei 40 °C und 4qui-
molarem Edukteinsatz ein Gleichgewichtsumsatz von 57 %
nach ca. 250 Minuten erreicht.

Die Reaktivdestillationsversuche wurden in einer 2m
hohen Fiillkérperkolonne (DN 35) mit einem silberverspie-
gelten Vakuummantel ausgefiihrt, die mit Raschig-Ringen
(d = 6 mm) bestiickt war. Der gesamte Feedstrom war fiir
alle Versuchsliufe 120 cm’h™ und wurde der Kolonne im
Sumpf zugefiihrt, wobei das wissrige Essigsdure/Ameisen-
saure-Gemisch getrennt von Methanol zugefithrt wurde
(Pumpe Ismatec Reglo ICC). Dadurch wurde der Sumpf
mit einem Fassungsvermdgen von 1,2dm’ zur Reaktions-
zone der Destillationskolonne.

In Abb.2 ist der Versuchsaufbau schematisch dargestellt.
Die elektrischen Heizelemente des Sumpfverdampfers wur-

( ;;:' ) Kopf-

Kondensator

Kopfprodukt

/ere ™ Destillat-
LR/ Kijhler

4
Feedpumpe 1

Elektrische
Heizelemente

R

\Sumpt aus/

Sumpfprodukt

Sumpfprodukt-
Kiihler

Abbildung 2. Schematische Darstellung des Versuchsaufbaus
der kontinuierlichen Reaktivdestillation.
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den mit 250 W betrieben. Das Riicklaufverhalt- 80
nis wurde auf 10 eingestellt. Uber das Prozess-
leitsystem wurden die Temperaturverldufe im 70
Sumpf, in der Mitte und im Kopf der Kolonne a0
kontinuierlich aufgezeichnet. Um das leicht-
fliichtige Methylformiat vollstindig zu konden- g 50
sieren, wurde der Kopfkondensator auf 5°C mit | § "
einem RCS LAUDA Kryostaten gekiihlt. Des 3
Weiteren wurde das Destillat im Produktkiihler E 30
auf 1°C mit einem LAUDA ecoline Staredition | &
RE 300 Kryostaten mittels Isopropanol gekiihlt. 20
Die Sumpf- und Destillatproben wurden stiind- 10
lich gezogen und sofort mit Eiswasser gekiihlt
und analysiert. 0
Zur Untersuchung des Einflusses der Metha-
nolmenge auf die selektive Abtrennung von

[ |
Ameisen- Essigsaure Wasser  Methanol Methyl- Methyl-
saure (HFo)  (HAc) formiat acetat

mFeed

oSumpf (MeOH:HFo=2)

= Sumpf (MeOH:HFo=3)
@Sumpf (MeOH;: (HFo+HAC)=2)

Ameisensdure aus dem terniren Gemisch
wurden drei verschiedene molare Verhiltnisse
von Methanol zu den Fettsduren verwendet;
Methanol:Ameisensdure = 2 bzw. 3 und
Methanol:(beide Fettsduren) = 2. Der wissrige
Séure-Feed bestand aus 62 Gew.-% Essigsdure, 28 Gew.-%
Ameisensdure und 10 Gew.-% Wasser.

3 Ergebnisse und Diskussion

In der kontinuierlichen Reaktivdestillation wurden das mo-
lare Verhiltnis von Methanol zu Ameisenséure von 2 bzw. 3
sowie das molare Verhiltnis von Methanol zu beiden Fett-
sduren von 2 untersucht, um einen optimalen Betriebsbe-
reich zu bestimmen. Die Temperaturprofile in der Kolonne
waren bei den Versuchen dhnlich, die Sumpftemperatur
sank mit zunehmender Methanolkonzentration von 81,4°C
auf 76,2°C und die Kopftemperatur stieg von 43,6 °C auf
48,7°C. In Tab.2 sind die Temperaturen der Kolonne bei
den unterschiedlichen Methanoleinsatzmengen zusammen-
gefasst. Die Temperaturdnderung zeigt bereits, dass mit
zunehmender Methanolmenge im Feed auch die Methanol-
menge im Destillat aufgrund der steigenden Kopftempera-
tur zunimmt und die Siedetemperatur des Gemisches im
Sumpf abnimmt. In Abb. 3 sind die Feed- und die Sumpf-
produktzusammensetzungen in Abhingigkeit vom molaren
Verhiltnis von Methanol zu den Fettsduren gezeigt. Es ist
ersichtlich, dass bereits mit einem doppelten stéchiometri-
schen Verhiltnis von Methanol zu Ameisensdure 98 % der
Ameisensdure aus dem System entfernt werden konnten

Tabelle 2. Temperaturprofil der Reaktivdestillation flr verschiedene molare Verhalt-
nisse von Methanol (MeOH) zu Ameisensaure (HFo) und Essigsaure (HAC).

Abbildung 3. Vergleich der Sumpfzusammensetzungen bei der Reaktivdestilla-
tion von waéssrigen Essigsdure/Ameisensaure-Mischungen mit Methanol fur
verschiedene molare Verhaltnisse von Methanol (MeOH) zu Ameisensaure (HFo)
und Essigsaure (HAC).

und 39 % der Essigsdure im Sumpfprodukt wiedergefunden
wurden. Weiterhin ist in Abb.3 zu erkennen, dass die
gesamte Konzentration der Methylester im Sumpfprodukt
max. 3,3 Mol-% betrug, da sie kontinuierlich tiber das Des-
tillat abgezogen wurden. Bei den Versuchen mit der gerings-
ten Methanolmenge wurden 60,6gh™ Destillat mit einer
Zusammensetzung von 20,4 Mol-% Methanol, 41,6 Mol-%
Methylformiat und 38 Mol-% Methylacetat produziert.

Die Versuche mit einem molaren Verhaltnis von Metha-
nol zu beiden Sduren von 2 fithrten zu Umsétzen von 99 %
der Ameisensdure und 64 % der Essigsdure und erreichten
die geringste Destillatmenge von 45,8 gh™. Dieses Destillat
enthielt 46 Mol-% Methanol. Das ldsst auf eine langsamere
Reaktion beider Sauren schlieflen. Die Sumpftemperatur
war mit 76,2°C bei diesen Versuchen geringer als bei den
Versuchen mit doppeltem und dreifachem molarem
Verhiltnis von Methanol zu Ameisenséure. Zusdtzlich war
die H'-Ionenkonzentration in der Reaktionszone geringer,
da es zu einer stirkeren Verdiinnung durch die grofle
Methanolmenge kam, wodurch die Reaktion verlangsamt
wurde.

Bei den Versuchen mit einem Verhiltnis von Methanol
zu Ameisensiure von 3 wurden 64,3 gh™ Destillat abgezo-
gen. Dieses Destillat wies eine Zusammensetzung von
24,4Mol-% Methanol, 33,5Mol-% Methylformiat und
42,1 Mol-% Methylacetat auf. Dabei wurden 99,3 % Amei-
sensdure und 71,5 % Essigsdure aus dem
terndren Gemisch entfernt.

Verglichen mit den Gleichgewichtsum-

sdtzen der Veresterungsreaktionen konn-
te in der Reaktivdestillation die Ameisen-

MeOH:HFo=2 MeOH:HFo=3 MeOH:(HFo+HAc) =2
Sumpftemperatur [°C] 81,4 80,8 76,2
Temperatur in der Mitte [°C] 50,2 51,5 61,3
Kopftemperatur [°C] 43,6 45,8 48,7

sdure vollstindig verestert werden und
bei der Essigsdureveresterung wurde ein
vergleichbarer Umsatz bei wesentlich
geringerer Verweilzeit erzielt.
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Das Destillat bestand bei allen Versuchen aus dem terné-
ren Gemisch Methylformiat, Methylacetat und Methanol.
Die Herausforderung bei der Auftrennung dieses Gemisches
liegt im Vorhandensein eines bindren Tiefsiedeazeotrops
zwischen Methanol und Methylacetat. Winkler [17] unter-
suchte die Auftrennung von Methylacetat/Methanol mittels
Pervaporation. Mit hydrophilen Membranen wurde im Be-
reich des Azeotrops die grofite Auftrennung erzielt.

4 Zusammenfassung und Ausblick

Die Riickgewinnung verdiinnter niederer Fettsiuren aus
Abwasserstromen wird oft durch Azeotropbildung er-
schwert. In diesem Projekt wird der Einsatz reaktiver
Trennverfahren fiir die Isolierung von Essigsdure und
Ameisensdure aus einem wissrigen Gemisch untersucht. In
der Reaktivdestillation werden die Fettsiuren mit Methanol
ohne zusitzlichen Katalysator verestert, wobei die Ameisen-
sdureveresterung wesentlich schneller ablduft. Bei einem
molaren Verhiltnis von Methanol zu Ameisensdure von 3
konnen dadurch 99,3 % der Ameisensdure und 71,5% der
Essigsdure aus der terndren Mischung abgetrennt werden.
Das Destillat bestehend aus Methanol, Methylformiat und
Methylacetat kann in einem weiteren Schritt, beispielsweise
mittels Pervaporation, aufgetrennt werden.

Die Autoren bedanken sich bei Raphael Neubauer fiir
das Engagement bei der Durchfithrung seiner studen-
tischen Arbeit im Rahmen dieses Projektes sowie bei
NAWI Graz fiir die finanzielle Unterstiitzung.

I Formelzeichen

G, [Jmol™K™] spezifische Wirmekapazitit

Kc [-] konzentrationsbasierte
Gleichgewichtskonstante

T [°C] Temperatur

T [°C] Siedetemperatur

AH, [kJ mol '] Verdampfungsenthalpie
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I Abkiirzungen

FID Flammenionisationsdetektor
MeOH Methanol

HAc  Essigsdure

HFo Ameisensdure

WLD  Wirmeleitfihigkeitsdetektor
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