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1. Introduction

Recovery and conversion of acetic acid from a
phosphonium phosphinate ionic liquid to enable
valorization of fermented wastewatert

Ehsan Reyhanitash,® Egor Fufachev,” Kaspar D. van Munster,®

Michael B. M. van Beek,? Lisette M. J. Sprakel,® Carmen N. Edelijn,? 7

Bert M. Weckhuysen, @ ® Sascha R. A. Kersten,® Pieter C. A. Bruijnincx & °< and
Boelo Schuur @ *2

Production of volatile fatty acids (VFAs) by fermentation is a potential sustainable alternative for conven-
tional petrochemical routes to VFAs. Due to the low VFA content of fermentation broths, robust and
economical separation technology has to be devised to recover the VFA. Liquid—-liquid extraction of VFAs
with the phosphonium phosphinate ionic liquid (IL) [Psge 14][Phos] allows good VFA extractability. For an
extraction process using [Pgeg 14][Phos] to be green, it is essential to efficiently regenerate the solvent and
recover the VFA. To obtain insight into the (strong) intermolecular interactions between [Pgeg 14][Phos]
and acetic acid, selected as a model VFA, 'H NMR, *!P NMR, FT-IR and isothermal titration calorimetry
(ITC) were applied. The observations were used to interpret operations to recover acetic acid from the IL,
which included evaporation at elevated temperature under vacuum, possibly assisted by nitrogen strip-
ping, in situ esterification and back-extraction with volatile bases. Through evaporative regeneration with
nitrogen stripping, HAc could be removed, but only down to an HAc/IL molar ratio of 1. The remaining
molar equivalent of HAc—IL interacts tightly with the IL by partial proton transfer and strong hydrogen
bonding interactions with the phosphinate anion. Back-extraction of HAc with trimethylamine (TMA) and
subsequent decomposition of the HAc-TMA complexes allowed for successful IL regeneration. This
process uses ten times less amine (TMA) than conventional amine-based extraction processes (e.g. tri-n-
octyl amine), and provides a sustainable process route to obtain pure carboxylic acids from highly diluted
aqueous solutions without generating large streams of byproducts. Further valorization via in-line vapori-
zation/catalytic ketonization or via in-line thermal decomposition and ketonization of the TMA-HACc salt
was also demonstrated, showing the potential of the VFAs as a green platform for bio-based chemicals.

tion can run on wastewater, transforming waste into value-
added VFAs, a true circular economy example.”® However, the

Volatile fatty acids (VFAs) are important chemicals for daily life
with applications ranging from precursors for polymers to
food and feed preservers.'™ Currently, they are mainly
produced through petrochemical routes with a total volume of
about 10’ tonnes per annum.? Fermentation provides a well-
known and green alternative approach to produce VFAs from
renewable resources.>* Next to glucose, anaerobic fermenta-
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limited carbon content of wastewater results in low VFA con-
centrations in the fermentation broth, in turn causing serious
separation challenges. Since VFAs exhibit higher boiling
points than water, it is not economically feasible to obtain
them in high purity from such low VFA concentrations by dis-
tillation techniques. Therefore, alternative techniques have to
be considered. Affinity separation techniques, such as liquid-
liquid extraction (LLX), can selectively recover VFAs from dilute
aqueous solutions.”® The solvent for such a LLX process must
be selective towards VFAs to minimize the energy demand of
further purification. Furthermore, it is essential that the
solvent is regenerated after the extraction to release the
extracted VFAs and allow for solvent reuse.

Conventional solvents for carboxylic acid extraction include
alcohols, ethers, ketones, esters and composite solvents
thereof, often containing organophosphates and aliphatic

Green Chem., 2019, 21, 2023-2034 | 2023


www.rsc.li/greenchem
http://orcid.org/0000-0001-5245-1426
http://orcid.org/0000-0001-8134-0530
http://orcid.org/0000-0001-5169-4311
http://crossmark.crossref.org/dialog/?doi=10.1039/c9gc00725c&domain=pdf&date_stamp=2019-04-09
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9gc00725c
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC021008

Open Access Article. Published on 13 March 2019. Downloaded on 12/6/2025 2:04:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

amines to improve their extraction performance.””"®> When
used for extraction of carboxylic acids from aqueous streams
as dilute as fermented wastewater, these solvents often exhibit
only a moderate extraction capacity and/or selectivity, and
their use may be hindered by a significant solvent loss. In an
attempt to address these limitations, ionic liquids (ILs) have
been proposed for extraction of carboxylic acids.*™*° A poten-
tial advantage of ILs is their low volatility which might facili-
tate their regeneration.”>*' In particular, the highly hydro-
phobic trihexyl(tetradecyl)phosphonium bis-2,4,4-(trimethyl-
pentyl)phosphinate ([Pggs 14][Phos]) has been reported to
exhibit high carboxylic acid extraction capacities.'*'*** In
addition, unlike the molecular extraction solvents based on ali-
phatic amines, [Pgg6 14][Phos] maintains a high extraction per-
formance even at low carboxylic acid concentrations,'*?**?
making it an ideal medium for extraction from dilute streams
such as fermented wastewater.

Unfortunately, most studies only report on extraction with
an IL and do not cover subsequent regeneration of the IL. The
number of studies proposing an efficient and practical regen-
eration method for [Peee 14][Phos] that yields the actual car-
boxylic acids rather than their carboxylate salts is even more
limited. Back-extraction of extracted carboxylic acids from
[Pses,14][Phos] with a strong base (e.g. NaOH) is so successful
that it has been the standard analytical method for determi-
nation of its carboxylic acid content.">'®?22% However, the
product is an aqueous carboxylate salt of the alkali metal
rather than the highly concentrated free carboxylic acid stream
required for further industrial processing. Blahusiak et al. have
proposed molecular distillation as a regeneration strategy for
[Pess,14][Phos] that can deliver a free VFA stream.*>* Although
elegant and proven to work at higher carboxylic acid concen-
trations, the required deep vacuum may hinder scale-up and it
remains to be demonstrated whether this procedure can yield
a [Pess,14)[Phos] phase that is essentially free of carboxylic
acids. Since the non-volatile nature of [Pgee 14][Phos] will
largely determine the evaporation temperature of the mixtures
at low carboxylic acid contents, deep recovery of carboxylic
acids may be cumbersome due to a strongly increasing temp-
erature even at low pressures. Incomplete evaporation of car-
boxylic acids from the [Pgg,14][Phos] phase may not limit the
extraction process when they are extracted from concentrated
aqueous solutions. However, when [Pges 14][Phos] should
extract carboxylic acids from diluted aqueous solutions such
as fermented wastewater, deep regeneration is essential for
effective extraction. To aid the evaporation of acids, a strip gas
or sweep gas may be applied to reduce the acid fraction in the
vapor phase, and maintain a driving force even at low acid
activity in the liquid phase.

Strategies previously studied for the recovery of carboxylic
acids from conventional solvents,**" are here investigated for
the regeneration of [Pgee,14][Phos], using acetic acid (HAc) as the
model VFA. The regeneration strategies include evaporation of
HAc from a [Pege,14][Phos]-HAc solution under vacuum, possibly
assisted with a nitrogen sweep gas stream to reduce the gas
phase HAc activity, esterification of HAc under reactive distilla-
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tion, and reactive back-extraction of HAc with aqueous solutions
of the volatile bases NH; and trimethylamine (TMA). According
to the patent literature, the complexes of these volatile bases
with carboxylic acids can be thermally decomposed to release
the carboxylic acids and the volatile bases.”®**' This prevents
the formation of large salt streams as byproduct, which is essen-
tial for sustainable production of bio-based VFAs.

[Pses,14][Phos]-HAc solutions with various HAc contents
were characterized with 'H NMR, *'P NMR, FT-IR and isother-
mal titration calorimetry (ITC) to gain insight into the nature
of the (strong) [Pees14][Phos]-HAc interactions. Furthermore,
the effect of hexadecane as diluent was investigated. Dodecane
was previously used to reduce the viscosity of [Pses14][PhoOS]
and prevent emulsification.”* In addition, the presence of an
inert diluent next to a reactive solvent has been shown to
weaken the solvent—carboxylic acid interactions, thus facilitat-
ing solvent regeneration.?®>* The higher boiling point of hexa-
decane in our studies avoids significant co-evaporation of the
diluent with the HAc.

To demonstrate the value of VFAs as green bio-based plat-
form chemicals, regeneration of [Psesq4][Phos] was coupled
with gas-phase catalytic conversion of the liberated HAc, be it
directly or from TMA-HAc, over a TiO,-based catalyst into a
mixture of ketones, which are valuable chemical building
blocks, e.g. for the production of alkylated aromatics.

2. Experimental

2.1. Chemicals

Acetic acid (HAc, >99.7%), ammonium acetate (NH,Ac,
>99%), ammonium hydroxide (NH,OH, 28.0-30.0%), methyl
acetate (MeAc, >99.8%), dodecane (DoD, >99%) and hexade-
cane (HexD, >99%), titanium dioxide P25 (Aeroxide, Evonik)
were purchased from Sigma-Aldrich. Methanol (MeOH,
>99.9%) and potassium hydroxide (KOH, 1 m) were supplied
by Merck. [Pegs,14][Phos] (IL, Cyphos® IL104, >95%) was pur-
chased from io-li-tec. Cyanex 272 (H[Phos]) was kindly pro-
vided by CYTEC Industries France SARL. Aqueous TMA solu-
tion (45 wt%) was purchased from Alfa Aesar.

2.2. Acid loading and characterization of acid-loaded IL phases

The IL-HAc solutions were prepared by adding various
amounts of HAc to a fixed amount of IL to achieve the desired
HAc : IL molar ratios (Z, defined in eqn (1)). To prepare the IL-
HAc-HexD and IL-HAc-DoD solutions, various amounts of
HAc were added to a fixed amount of a IL-HexD or IL-DoD
solution with a IL : HexD or IL : DoD mass ratio of 70 : 30.

~_mol HAc (1)
mol IL
For the *'P NMR and FT-IR studies, IL-HAc solutions with
0.25 < Z < 40 were prepared. Pure H[Phos] was included as the
reference point for the protonated anion ([Phos]™) of the IL.
ITC was performed on a IL-HexD solution with 70 wt% IL
by a TA Instruments TAM III Microcalorimeter operated with a
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measurement principle based on dynamic correction. The
titration syringe was filled with 300 pL HAc. The 4 mL sample
vial contained about 2.7 mL of the IL-HexD solution. A certain
amount of water with an equal heat capacity to that of the IL-
HexD solution was transferred into the reference cell. The
stirrer speed was set at 80 rpm and the temperature at 25 °C.
The injection volume was 10 pL for the first 26 injections and
20 pL for the following injections. The injection interval was
85 min to ensure that the signal was back at the baseline level
before the following injection.

2.3. Experimental procedures

2.3.1. Regeneration by vacuum evaporation of HAc.
Typically, about 20 g of either a binary IL-HAc solution or a
ternary IL-HAc-HexD solution was transferred into a glass
flask equipped with a magnetic stirrer and a thermometer,
and connected to a vacuum pump (vacuubrand PC 3001
VARIOP™). The experiments were started by heating the solu-
tion to the temperature set point of 130 °C. After 130 °C was
reached, the vacuum pump was turned on to reduce the
pressure to 40 mbar. An N, flow of about 0.2 L min™" was let
into the flask while maintaining the reduced pressure at
40 mbar. Any contact between the N, line and the IL-HAc or
IL-HAc-HexD solution was avoided to prevent formation of
aerosols potentially harmful to the vacuum pump. A schematic
representation of the experimental apparatus is shown in
Fig. S1 in the ESLf After operating the apparatus at the set
temperature and pressure for 1 h, the system was first brought
back to ambient pressure, and then the heater was turned off
to let the residue cool down to room temperature. A sample
was then taken from the residue, and it was brought in contact
with 1 M KOH solution at a KOH solution : residue mass ratio
of 10:1 which was sufficient to extract all the remaining HAc
into the alkali phase. The alkali phase was then neutralized
with H,SO, and analyzed with IC to quantify the unevaporated
HAc and assess the efficiency of regeneration.

2.3.2. Reactive regeneration by esterification. Two IL-HAc
solutions with Z = 6.7 and 1.7 were prepared and about 25 g of
the solutions was transferred into a glass flask equipped with
a magnetic stirrer and a thermometer. Amberlyst 15 wet (cata-
lyst) was then added at the fresh catalyst: HAc mass ratio of
about 20 : 80 to the solution with Z = 6.7, and about 50: 50 to
the solution with Z = 1.7. The mixtures were then heated to
50 °C at ambient pressure while being stirred. At 50 °C, MeOH
was added to the solution with Z = 6.7 at a MeOH : HAc molar
ratio of 1:1, and to the solution with Z = 1.7 at a MeOH : HAc
molar ratio of 1.85:1. Several samples were taken from the
liquids over time and analyzed for their water content with a
Karl Fischer titrator to calculate the conversion. The esterifica-
tion equilibrium reaction is given in eqn (2). Fig. S2 in the
ESIt shows a schematic view of the experimental setup.

HAc + MeOH = MeAc + H,0 (2)

2.3.3. Reactive back-extraction with aqueous NH; or TMA
solutions. Back-extraction of HAc with an aqueous solution of
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a volatile base was examined by multi-stage cross-current
extraction experiments with a 4.4 wt% HAc in IL solution and
a 1 M aqueous NH; or TMA solution as the back-extracting
solvent at a mass ratio of 1:1. The two phases were contacted
for 1 h (sufficient to reach equilibrium) at room temperature.
Afterwards, the alkali phase (back-extract) was separated from
the IL phase (raffinate), and after taking a sample for analysis,
without further treatment contacted with a fresh IL-HAc solu-
tion at the same mass ratio. Subsequent back-extraction stages
were carried out until the composition of the alkali phase did
not change anymore, implying that it was in equilibrium with
the 4.4 wt% HAc in IL solution. Both the loading of HAc and
the concentration of NH3/TMA in the alkali phases were deter-
mined by ion chromatography (IC). The amounts of NH;/TMA
leaching into the IL phase was calculated based on the differ-
ence between their initial and final amounts.

2.3.4. Thermal decomposition of acetic acid-volatile base
pairs. Two aqueous solutions were prepared by either dissol-
ving ammonium acetate (NH,Ac) in water at a salt : water mass
ratio of 50:50, or by adding HAc to a 25 wt% aqueous TMA
solution to reach the HAc:TMA molar ratio of 1:1.
Approximately 20 g of an HAc-containing aqueous solution of
the volatile base was loaded into a three-neck flask. The flask,
equipped with a thermocouple and stirring magnet, was
placed on a heater/stirrer. A flow of N, was let into the liquid
to facilitate evaporation of HAc and the volatile base. The
temperature set point was set 150 °C, higher than all the
boiling points. The liquid loss over time was monitored visu-
ally. After either fully evaporating/decomposing the contents of
the flask or obtaining a visually unchanging residue, the flask
was cooled down to room temperature and weighed to deter-
mine the mass loss. A sample was then taken from the residue
to be analyzed with IC. A schematic view of the experimental
apparatus is shown in Fig. S3 in the ESL{

2.3.5. In line catalytic gas-phase ketonization of HAc recov-
ered from IL by evaporation. IL was purified by stripping with
nitrogen®® for 24 h at a flow rate of 150 mL min~" at 155 °C to
eliminate or minimize the influence of impurities present in
commercial IL (>95%) on the reaction. In a typical experiment,
6.6 g of the purified IL was transferred into a glass flask con-
nected to an in-line fixed bed reactor. The purified IL was then
dried at 130 °C to remove water, which is known to inhibit the
ketonization reaction.*® The borosilicate reactor (i.d. 8 mm)
was packed with 0.3 g of TiO, (212-150 pm sieve fraction)
mixed with two volumes of silicon carbide. First, the catalyst
was dried for 1 h at 425 °C under an N, flow of 100 mL min™"
after which it was cooled down to the reaction temperature of
375 °C. HAc was then added to the dried and purified IL to
achieve a Z of 6.7. The resulting IL-HAc solution was then
purged with N, at 130 °C at a flow rate of 100 mL min™" for
1 h. The purge gas was led through the preheated reactor. All
the lines between the glass flask and the reactor were
equipped with heat tracing to prevent condensation. A liquid
nitrogen cold trap was used to collect any remaining substrate
and the reaction products. The experimental setup is schemati-
cally shown in Fig. S4 in the ESL.}
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2.3.6. 1In line catalytic gas-phase ketonization of HAc from
TMA-HAc. TMA-HAc was prepared by addition of HAc to an
aqueous TMA solution to obtain a 1:1 TMA : HAc molar ratio.
In a typical experiment, 2 mL of the ag. TMA-HAc solution
was transferred into a round bottomed flask connected to an
in-line fixed bed reactor. The borosilicate reactor (i.d. 8§ mm)
was loaded with 80 mg of TiO, P25 (212-150 pm sieve fraction)
mixed with two volumes of silicon carbide. Prior to desorption,
the catalyst was dried at 425 °C for 1 h under a N, flow of
100 mL min~". The ketonization reaction was done at 375 °C.
Prior to reaction the solution was kept at 100 °C for 30 min to
remove water. Finally, thermal decomposition of HAc-TMA
was performed at 150 °C under N,-flow (100 mL min~"). All
lines between the glass flask and the reactor were heat traced
to prevent condensation. Products were collected in a liquid
nitrogen cold trap. 0.8 mL of aqueous HCI (37%) was added to
the trap to retain TMA. The experimental setup is the same as
in Fig. S4+.

2.4. Analysis

HAc concentrations were determined with IC (using a Grom
Resin H' IEX column, 8 pm, 250 x 8 mm, 1 mM H,SO, solu-
tion as mobile phase, a column temperature of 45 °C, and a
flow rate of 0.6 mL min™", on a Metrohm 850 Professional IC).
NH," concentrations were measured with IC as well (Metrosep
C6 - 150/4.0 column, 1.7 mM HNO; + 1.7 mM dipicolinic acid
solution as mobile phase, column temperature of 20 + 1 °C,
flow rate of 1.0 mL min~!, Metrohm 850 Professional IC).
Water contents of IL phases were quantified with Karl-Fischer
titration (Metrohm 787 KF Titrano). The pH was measured
with a Metrohm pH probe (6.0234.100) connected to a
Metrohm 780 pH meter.

*'P NMR and 'H NMR spectra were recorded on an Agilent
400-MR 400 MHz NMR spectrometer. The chemical shifts in
the *'P NMR were referenced to an external standard of 85%
H;PO,. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was performed using a Thermo
Nicolet iS5 FT-IR Spectrometer equipped with a diamond ATR
crystal iD5 accessory. All the measurements were conducted
under ambient conditions in air. For each spectrum, 24 scans
were recorded with a resolution of 4.0 cm™.

Product analysis for ketonization of HAc recovered from IL
by evaporation was performed with HPLC (Shimadzu
Prominence equipped with a RID detector, a Bio-Rad Aminex
HPX-87H analytical column and a micro guard H+ column). A
0.5 mM H,SO, solution was used as the mobile phase flowing
at a rate of 0.55 mL min~"' and +BuOH as the internal stan-
dard. The oven temperature was set at 60 °C with a detector
temperature of 40 °C. To analyze the HAc that remained in the
IL after regeneration, the IL-HAc solution was subjected to a
silylation procedure. 0.2 mL of the IL-HAc solution was first
mixed with 1 mL of a silylation agent [a mixture of hexa-
methyldisilazane and trimethylchlorosilane (molar ratio of
2:1)]. The mixture was then heated up to 45 °C, and kept at
45 °C for 30 min. The mixture was subsequently filtered and
analyzed on an Agilent 7890 GC-FID equipped with a Vf-5 ms
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analytical column (30 m x 0.25 mm x 0.25 pm) and a Ret Gap
MPolar guard column (2.5 x 0.32, CP8018). Acetone yields and
HAc conversions were calculated according to eqn (3) and (4),
respectively.

2 x acetone moles
Initial HAc moles

Acetone yield = x 100% (3)
HAc conversion =
Initial HAc moles — remaining HAc moles
Initial HAc moles

x 100%
(4)

Analysis of the reaction products of HAc ketonization from
TMA-HAc was done by 'H NMR with an Agilent 400-MR
400 MHz NMR spectrometer. 0.1 mL of collected product
mixture was dissolved in 0.5 mL of dimethylsulfoxide-ds (99.9
atom %D) in a 5 mm NMR tube. The chemical shifts were
referenced to the residual solvent peak and 1,4-dioxane was
used as internal standard. Acetone yields, HAc conversions
and TMA recovered were calculated according to eqn (3)-(5),
respectively.

Collected TMA moles
Initial TMA moles

TMA recovery = x 100% (5)

3. Results and discussion

3.1. Characterization of HAc-loaded IL phases

It has been known for over ten years that IL phases are micro-
structured,* and that such micro-structuring may affect their
properties. BlahuSiak and Schlosser showed that reversed
micelles can be formed in [Pges,14][Phos] phases.>® Giant vesi-
cles®” and bicontinuous phases with continuous hydrophilic
and hydrophobic domains®® have been reported as well.
Kashin et al. showed that even with an IL miscible in all
ranges with water, at the microscopic level, the system
organizes itself in hydrophilic and hydrophobic domains.?® In
line with these observations, aggregate formation with car-
boxylic acids, thus micro-structuring is expected for
[Pess14][Phos] as well, as suggested by Martdk et al*>*" To
understand the effects of micro-structuring and intermolecular
interactions in the [Pggs14][Phos] phase on the behavior and
recoverability of HAc, IL-HAc mixtures of varying Z were studied
with FT-IR, *'P NMR, and '"H NMR. The degree of proton trans-
fer and hydrogen bonding between HAc and the [Phos]™ anion
were monitored. The *'P NMR and 'H NMR spectra of the IL-
HAc solutions with 0 < Z < 40 are shown in Fig. 1.

At Z = 0, the *'P NMR spectrum shows the two expected
peaks at 26.7 ppm and 34.3 ppm for the anion and cation of
IL, respectively. Minor amounts of organophosphorus impuri-
ties were detected in the IL as well.*> Upon addition of HAc to
IL, a considerable downfield shift is seen for the anion signal
with a concomitant change in peak shape, whereas the cation
peak remains unchanged. Cholico-Gonzalez et al. previously
attributed an opposite shift to partial deprotonation of the

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) 3'P NMR spectra obtained for IL—HAc solutions at various Z values; (b) *H NMR spectra for the same solutions. The inset shows the evol-

ution of the signal shape.

conjugate acid of [Phos]” (H[Phos] or Cyanex 272).*> Here, the
gradual downfield shift can then be attributed to an increasing
degree of protonation of [Phos]™ upon addition of more HAc.
With the equilibrium being dynamic and proton exchange fast
on the NMR timescale, a weighted average chemical shift was
thus observed. If it would be assumed that the weighted
average chemical shift is only due to protonation of the anion
[Phos]™ and deprotonation of HAc, then based on the compari-
son with the chemical shift of pure H[Phos], full protonation
of the anion of IL-104 would occur between 10 < Z < 20.

In addition to the shift of the signal, the signal also shar-
pened and split upon increasing Z, giving a peak shape similar
to pure H[Phos] at Z = 10. The origin of this doublet for H
[Phos] and the IL-HAc with Z = 10 is unclear, as singlets were
expected for the *'P{"H} spectra.”>** Upon addition of HAc
beyond Z = 10 the signal broadened again and shifted beyond
the H[Phos] position. A similar shift was observed upon
adding 20 equivalents HAc to H[Phos], suggesting in both
cases an additional strong interaction of HAc with H[Phos].
Strong hydrogen bonding and possibly formation of clusters is
expected at these HAc loadings,*® also possibly explaining the
shoulder in the "H NMR spectrum at Z > 20. Apparently, at
high loadings, protons can be present in different types of
clusters that have a slightly different chemical shift, and
exchange relatively slowly between different clusters.

The infrared spectra of IL-HAc solutions with various Z are
shown in Fig. 2 with peak assignments listed in Table 1.°7*

This journal is © The Royal Society of Chemistry 2019

The shift of the phosphoryl group, a strong proton accep-
tor,*® suggests its involvement in strong hydrogen bonds with
HAc, decreasing the double-bond character of the phosphoryl
group, thereby lowering the frequency and broadening the
band.>® Indicative of the strength of the hydrogen bonding in
the IL-HAc solutions are the broad characteristic A, B and C
bands in the ranges of 2800-2400 cm ™", 2400-1900 cm™" and
1900-1600 cm™"', respectively.’’ Appearance of the band
around 1910 cm™" at Z > 1 indicates that the hydrogen bonds
formed are very strong, significantly stronger than those
between carboxylic acid dimers.>" The significant shift of the
out of plane OH deformation from 930 to 950 cm™" is in line
with such strong hydrogen bonding.”> Upon addition of HAc,
already at Z = 0.25, a small band appeared at 1583 cm™*
assigned to the asymmetric COO™ stretching vibration of car-
boxylates,””*®*° which confirms the interpretation of the
NMR-results, i.e. that next to the strong hydrogen bonds, also
deprotonation of HAc occurs according to eqn (6).

CH;COOH + R,POO "= CH;CO0™ + R,POOH

(6)

Taken together, the NMR and IR data show that both
partial protonation and strong hydrogen bonding contribute
to the tight HAc-IL interactions, as shown in Fig. 3. A similar
interaction was previously proposed,* but it did not consider
protonation of the anion [Phos]".
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Fig. 2 FT-IR spectra of IL—HAc solutions with varying Z. Bands in A, B and C regions are indicative of the strength of hydrogen bonding in IL—HAc

solutions.

Table 1 List of infrared bands associated with [Pggg 14][Phos], HAc and H[Phos]

Assignment Assignment Assignment

H[Phos]
[Ps66,14][Phos] Wavenumber (cm ™) HAc Wavenumber (cm™") (Cyanex 272) Wavenumber (cm™*)
C-H str 2953 (s) O-H 3000-2500 (m, w) C-H str 2948 (s)
C-H str 2925 (s) C=0 stI(asym) 1702 (s) C-H str 2898 (s)
C-H str 2861 (s) C-O str coupled with 1407 (s) & 1288 (s) C-H str 2869 (m)

OH def(infplane)

CH,/CH; bend 1465 (s) C-O str 1230 (s) O-H str 2589 (w)
PO, Stlagm) 1168 (s) OH O def{outof plane) 930 (s) O-H str 2245 (w)
PO, Str(gm) 1050 (s) & 1025 (s) OH def 1683 (w, br)
C-C skeletal 806 (s) CH,/CH; bend 1471 (m)
C-H and P-Cstr 720 (s) P=0 str 1166 (s)

P-O str 954 (s)

C-C skeletal 812 (s)

C-H and P-C str 730 (s)
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Fig. 3 Intermolecular interactions between [Phos]™ and HAc.

To study the effect of dilution with an apolar co-solvent on
the HAc-IL interactions, the FT-IR and *'P NMR spectra were
also measured for several IL-HAc-DoD solutions with varying
Z. The results are given in Fig. 4, and are very similar to those
given in Fig. 1 and 2 for the undiluted mixtures. For instance,
the *'P chemical shifts for [Phos], indicative of the equili-
brium shown in Fig. 3, are at 39.4 ppm and 39.3 ppm for
undiluted and diluted solutions with Z = 2.5 respectively.
Overall, the IR and NMR spectra suggest that the ionic and
hydrogen bonding HAc-IL interactions stay unchanged upon
dilution with dodecane, contrary to earlier observations for
other systems where the diluent weakened solvent-carboxylic
acid interactions.*®*¢ Similar behavior is expected for hexade-
cane, the diluent that was used as well in this study because of
its higher boiling point.

The thermodynamics of HAc-IL interactions were also
studied by ITC, measuring the energy released upon HAc
addition to a IL-HexD mixture over time. The injections were
stopped when the energy released was not significant anymore
implying that no further changes in complexation between
HAc and IL was taking place. The obtained values over the
injection intervals are shown in Fig. 5.

Fig. 5 shows that when approaching Z = 5, the energy
release becomes negligible, suggesting at average loadings of
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Fig. 5 Energy released from sequential injections of HAc into 70 wt% IL
IL—HexD solution using ITC. Symbols: measured data, line: fit.

more than five molecules HAc per IL ion pair, the heat of inter-
action due to formation of higher order IL-HAc complexes
becomes insignificant. The fitted line corresponds to an
average complex stoichiometry of Z = 2. Previously, an overall
complexation stoichiometry of Z = 8 was estimated for IL : butyric
acid based on biphasic equilibrium data, and complexes with
an stoichiometry of up to Z = 11 were applied in a model pre-
dicting the distribution of butyric acid in IL-butyric acid
solutions.”® That higher loadings have been observed for
butyric acid than with HAc may be due to the larger hydro-
phobic hydrocarbon tail of butyric acid. From the shape of the
curve in Fig. 5 it follows that at higher HAc loading, there was
a much smaller heat effect than for the first stoichiometric
acid : IL pairs, indicating that solvation at higher loading less

il
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Fig. 4 FT-IR (a) and 3*P NMR (b) spectra obtained for IL-HAc—DoD solutions with varying Z.
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strongly affects the chemistry in the system than it does at
lower loading.

3.2. Regeneration by VFA evaporation under vacuum

Evaporation of HAc from IL-HAc and IL-HAc-HexD solutions
under vacuum was studied to investigate whether HAc evapor-
ation would be affected by the diluent or not (Fig. 6).>***

For any initial HAc loading of Z > 1, evaporation lowered
the HAc loading in the solutions down to Z = 1, but not any
lower. Repeating the same experiments without the stripping
gas showed no further reduction in Z than Z = 2.5. Blahusiak
et al. showed that under very reduced pressures as low as
5 mbar, and prolonged time, the initial Z of an IL-butyric acid
solution can be lowered down to 0.1.>* Our observations indi-
cate that the activity of a VFA in IL is very low. Even under

5
4
e
4
4
4
4
4 K
1 //
ot e
p—
g g
d
\o 3 e ’
< ’
'_‘I //
o ’
= ,’
—_ 2' ,
Ei .’
= ’
7
N A An A N
1 7 =
/7
e
e
4
4
0 T T T T
0 1 2 3 4 5
initial [mOIHAc/mOIIL]
Fig. 6 IL regeneration by vacuum evaporation with a nitrogen sweep

gas stream. Displayed is the final loading versus the initial loading of HAc
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reduced pressure and in the presence of a sweep gas, the first
equivalent of HAc could not be removed, suggesting a very
strong affinity between [Phos]™ and the first HAc equivalent.
As the lowest Z that could be obtained in the systems diluted
with HexD was approximately 1 as well, it seems that, in these
systems as well as in the systems with only IL and HAc, higher
order complexes that formed at Z > 1 due to hydrogen bonding
and proton transfer are upon evaporation of HAc reduced to 1:1
complexes in which HAc or Ac™ tightly binds to H[Phos] or
[Phos]™. The strong hydrogen bonds observed with FT-IR support
this hypothesis. Since the VFA loading of the saturated IL after
LLX from fermented wastewater is below or at best around
one,"®** unfortunately, for this application regime, regeneration
of IL by VFA evaporation under vacuum is not feasible. With
physical removal of HAc from the IL phase thus not being poss-
ible, the IL phase has to be exposed to chemical regeneration.

3.3. Reactive regeneration by esterification

Solvent regeneration by in situ conversion of the carboxyl
group of an extracted organic acid into a chemical functional-
ity for which the solvent has a significantly lower affinity has
been reported in the literature.”?”*® Since [Pges 14][Phos] is
expected to have a much lower affinity for methyl acetate than
HAc, an attempt was made to esterify HAc to methyl acetate.
Two esterification experiments were at Z = 6.7 and Z = 1.7 and
conversion over time is displayed in Fig. 7.

As can be seen in Fig. 7a, when Z was 6.7, an equilibrium
conversion of around 0.50 was achieved. An equilibrium con-
version of around 0.65 was previously observed for esterifica-
tion of pure HAc with MeOH at 50 °C when the HAc: MeOH
molar ratio was 1:1.°* Thus, the conversion in the presence of
IL is in line with the reported value in the literature on esterifi-
cation without IL. At the lower Z of 1.7 (see Fig. 7b), no conver-
sion was observed at all, most likely due to the limited reactiv-
ity of HAc in the IL phase induced by IL: HAc complex for-
mation. This implies that esterification is not possible at HAc
loadings achievable when HAc is extracted from dilute
aqueous solutions such as artificial fermented wastewater.”?
Therefore it is concluded that in situ esterification of HAc is
not practical for regeneration of IL, and that another chemical
regeneration method has to be found that reduces the chemi-
cal interaction of HAc with the IL.
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Fig. 7 Esterification of HAc in IL—HAc solutions with MeOH. (a) Z;nitial = 6.7, molar MeOH : HAc = 1: 1, (b) Zinitial = 1.7, molar MeOH : HAc = 1.85: 1.
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3.4.
base

Regeneration by reactive back-extraction with a volatile

Complete back-extraction of a carboxylic acid from IL with an
aqueous solution of a strong base has been reported in the lit-
erature.">'®?? In this study, aqueous solutions of the volatile
bases NH; and TMA were used to back-extract HAc from IL.
The molar loading of HAc in the basic aqueous solutions at
equilibrium with the 4.4 wt% IL-HAc solution was determined
by multistage cross-current back-extraction experiments. The
obtained results are depicted in Fig. 8.

Fig. 8 shows that for both volatile bases a back-extraction
stoichiometry of approximately unity was achieved after two
cross-current extraction stages. Previously, King et al. reported
that approximately 2 mol TMA is needed to completely recover
1 mol succinic acid (a dicarboxylic acid) from an adsorbent,
pointing  to  straightforward acid-base  chemistry.*'
Approximately 10 wt% of the initial NH; and 2 wt% of the
initial TMA were leached into the HAc-free IL phase after back-
extraction. This suggests that, to prevent losses of the volatile
bases, the back-extracted IL should be stripped to recover the
leached volatile base before it is sent back to the primary
extraction stage. The obtained molar ratio of 1:1 can be used
to determine the required flow rate of a concentrated NH; or
TMA solution for back-extraction, taking into account also the

11
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Fig. 8 Cross-current back-extraction of HAc from 4.4 wt% IL-HAc
solution with aqueous NH3z or TMA solution. Closed symbols represent
NH3 solution and open symbols represent TMA solution. The error bars
are calculated based on a 2% error in analysis.
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leaching of the volatile base into the IL. Aiming at HAc concen-
trations as high as possible after thermal regeneration of the
TMA-HAc complexes, the TMA concentration should be as
high as possible, and when a saturated TMA solution (40 wt%
TMA in water) is applied for back-extraction, calculation shows
that up to 46.9 wt% HAc can be achieved in the back-extract.
By thermal regeneration this can then be converted in a
90 wt% HAc stream with 10 wt% water. These concentrations
are calculated assuming that a 4.4 wt% HAc-IL stream con-
taining also 8.4 wt% water is obtained after extraction of HAc
from fermented wastewater with only 1 wt% HAc,>* and the
regenerated IL stream has a water content of 14.4 wt%."" An
average TMA loss of 1.75 wt% (on initial TMA content basis)
was considered. The compositions of all calculated streams are
listed in Table 2. Other VFAs may be similarly regenerated, as
we observe the same 1:1 stoichiometric acid : base ratio with
TMA that was previously reported in studies with several
different acids.">'®?* It may thus be concluded that the
amount of TMA needed depends only on the amount (and not
the nature) of the VFAs in the broth.

Table 2 shows that an impressive purification step from
1 wt% (ref. 22) to 90 wt% HAc is possible by LLX with
[Pses,14][Phos], back-extraction with TMA and thermal regener-
ation. Comparing the use of TMA with the use of tri-n-octyl
amine (TOA) in traditional solvent systems, the data shows
that with 1.23 kg TMA per kg HAc versus 12 kg TOA per kg
HAc, the approach presented here can reduce the amount of
amine use tenfold. A similar concentration enhancement
would be possible using NH; as volatile base, and because of
the large driving force by the acid-base interaction, this
approach will be applicable for other VFAs as well as mixtures,
independent on their composition.

3.5 Thermal regeneration of volatile base - HAc complexes

To complete the recovery of HAc, the HAc should be recovered
from the aqueous HAc-volatile base complexes obtained after
back-extraction. Thermal decomposition of carboxylic acid-
volatile base complexes has been previously examined in the
literature.”®' An incomplete decomposition of the complexes
is a potential difficulty, indicated by residual liquid with a
high viscosity or a solid residue. Decomposition of NH,Ac and
TMA-HAc was assessed and in the first stage in each decompo-
sition experiment a significant mass loss at 100 + 1 °C was
observed, associated with evaporation of water. After evapor-
ation of water from the solutions at 100 + 1 °C, two relatively

Table 2 Calculated concentrations for back-extraction of a 4.4 wt% HAc—IL solution with a saturated aqueous TMA solution of 40 wt%

Concentration [wt%]

Saturated TMA solution HAc-IL solution to be

TMA solution after

Lean IL solution after Final product stream

Species before back-extraction back-extracted back-extraction back-extraction after TMA removal
TMA 40.0 0.0 47.9 0.1 0.0

Water 60.0 8.4 5.2 14.4 10.0

HAc 0.0 4.4 46.9 0.0 90.0

IL 0.0 87.2 0.0 85.5 0.0

This journal is © The Royal Society of Chemistry 2019
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viscous liquids were obtained that maintained a relatively stable
mass until 140 °C. From 140 °C to 150 °C, the temperature rise
was obviously slower, and the viscous liquids continuously lost
mass. At 150 °C, all the viscous liquids had disappeared, indi-
cating that a complete decomposition was achieved, demon-
strating the feasibility of IL based extraction processes to recover
VFAs from fermented wastewater. When applying this techno-
logy to extract VFAs from fermented wastewater, it should be
considered that butyric acid (HBu) is the main VFA with the
highest loading in the IL."® It is know that ammonium butyrate
converts into butyramide at about 185 °C,>> and based on the
results of this work, the decomposition temperature of
ammonium butyrate is estimated at about 200 °C. The possible
butyramide formation makes ammonia an unfavorable candi-
date for regeneration of IL, and because the tertiary amine TMA
is not prone to amide formation, TMA is the best candidate for
regeneration of volatile fatty acid-containing IL.

A decomposition temperature above the boiling point of
HAc results in a gaseous mixture of HAc and TMA that still
needs to be purified. In a similar situation, Merciér and Kobler
et al. proposed the use of an entrainer in the NH,Ac decompo-
sition that captures HAc while having no interaction with
NH,.*®?° The disadvantage of using the entrainer is the need
for an extra distillation column to separate HAc from the
entrainer. Nevertheless, as these downstream operations are
much smaller in volume than the primary extraction, applying
a TMA solution for back-extraction presents an effective solu-
tion, enabling the use of ILs for extraction of carboxylic acids
from dilute aqueous solutions such as fermented wastewater.
To further boost the performance of the process, extraction of
VFAs may be carried out under pressurized CO,.>* Fig. 9 pre-
sents a schematic view of this process, in which only the main
operations are displayed.

Key to green, sustainable LLX based recovery of VFAs is to
keep the solvents [Pgee,14][Phos] and TMA in the system, for
which in the simplified scheme shown in Fig. 9 no additional
operations are displayed, but should be considered.

View Article Online
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3.6. Regeneration followed by in-line catalytic ketonization

Having established that HAc can be removed from IL down to
a Z of 1 by evaporation, the IL regeneration step can now be
integrated with an in-line further valorization step. VFAs are
valuable platform chemicals that can be converted to, e.g.,
mixed ketones. Gas-phase ketonization is well-established,**
with amphoteric reducible metal oxides, such as TiO,, typically
being used as active and selective ketonization catalysts. The
ketonization experiments were performed with an IL-HAc
solution with Z = 6.6 by passing the liberated gaseous HAc
over a fixed TiO, bed at 375 °C. The catalytic ketonization
results are given in Fig. 10a.

Fig. 10a suggests that HAc evaporation from IL can indeed
be successfully coupled to ketonization, with acetone being
detected at a yield of 35%, based on initial HAc loading in IL. No
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Fig. 10 Ketonization over TiO, P25 at 375 °C of HAc liberated from: (a)
IL-HAc solution with Z = 6.6; (b) a TMA—HACc solution.
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other product was detected. However, given that only 60% of HAc
can be liberated under these conditions, i.e. without vacuum, the
yield based on liberated gaseous HAc is actually 57%.

As demonstrated in section 3.4, back extraction of HAc
using aqueous volatile base allows for complete regeneration
of the IL, making this the most attractive route for VFAs recov-
ery. Therefore, in-line HAc conversion from a TMA-HAc solu-
tion was studied as well. Following the same procedure as in
section 3.4, first, water was removed by evaporation at 100 °C
leaving a viscous TMA-HAc liquid. Upon thermal decompo-
sition at 150 °C liberated HAc and TMA were led over a fixed
bed of TiO, catalyst at 375 °C. The results presented in
Fig. 10b show that around 55% of HAc was successfully con-
verted to acetone at >97% selectivity and, importantly, that
TMA could be completely recovered. These ketonization experi-
ments already demonstrate that further-upgrading of waste-
derived HAc is indeed possible and operating conditions were
not further optimized. Conversion and ketonization yield can
be maximized by changing the residence time over the catalyst,
i.e. by optimization of the N, flow rate.

4. Conclusions

Regeneration of acetic acid (HAc)-containing [Peee 14][Phos]
phases was studied to enable a sustainable extraction process
for dilute aqueous HAc solutions and recover HAc as well as
recycle [Pges,14][Phos] for further extraction cycles. With evapor-
ation of HAc at 130 °C and 40 mbar it was not possible to
lower the HAc:IL molar ratio down to below 1:1. Extensive
analysis with NMR and FT-IR suggested that (partial) deproto-
nation of HAc and very strong hydrogen bonding prevent evap-
oration of HAc below a stoichiometry of 1:1. The very strong
hydrogen bonds also limited the reactive recovery of HAc
through esterification with methanol inside the IL phase, it was
not capable of regenerating the IL to HAc loadings of Z < 1
either. However, back-extraction of HAc from the IL phases with
an aqueous solution of trimethylamine did prove successful,
and complete IL regeneration was possible. Furthermore,
through decomposition of HAc-TMA complexes, free HAc could
be obtained. The amount of amine needed for this IL regener-
ation is tenfold less than the amount of amine required with
traditional amine extractant systems. Calculations showed that
this method can yield highly concentrated streams with up to
90 wt% HAc, while starting with a fermented wastewater as
dilute as 1 wt%. In-line gas-phase catalytic ketonization showed
that a selective conversion of the liberated HAc to acetone is
possible at higher HAc loadings in the IL, providing a potential
route produce higher value VFA-derived chemicals.

Nomenclature

VFAs
HAc
Ac™

Volatile fatty acids
Acetic acid
Acetate

This journal is © The Royal Society of Chemistry 2019
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TOA Trioctylamine
TMA Trimethylamine
[Psss,14][Phos] Trihexyl(tetradecyl)phosphonium bis-2,4,4-(tri-

methylpentyl) phosphinate
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