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The separation of levulinic acid from aqueous solutions is costly and non-eco-
friendly in many cases. The major concerns are the low concentration of levulinic acid in
fermentation broths and industrial downstreams. In this study, reactive extraction of
levulinic acid from aqueous phase is proposed and its efficacy was investigated. Various
extractants viz. tri-n-butyl phosphate, trioctylamine, and trioctylmethylammonium chlo-
ride along with i-octanol as a diluent were used. The extent of separation was investigat-
ed and various performance parameters like extraction efficiency, distribution coefficient,
equilibrium complexation constant, and loading ratio were estimated. The number of
transfer units, diffusivity, and mass transfer considerations were also discussed in the
reactive separation system. Finally, the conceptual method was provided for the separa-
tion of levulinic acid using efficient reactive separation.
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Introduction

Levulinic acid (LA) is a colorless acid, contain-
ing ketone and carboxylic acid group. It is soluble
in ethanol, diethyl ether, and water.! LA can be
considered a promising building block chemical in
the field of biofuels, pharmaceuticals, food, agricul-
ture, cosmetics, polymers, and chemical solvents.>”’
The demand for LA and its derivatives such as suc-
cinic acid, valerolactone, 2-methyltetrahydrofuran,
a-methylene-y-valerolactone, aminolevulinic acid,
and hydroxyvaleric acid is increasing continuously.
LA finds its major application in the agricultural
and cosmetics industries. Thus, levulinic acid is ef-
fective and safe for application in personal care and
cosmetic products because it controls the bacterial
growth in cosmetic products to increase their shelf
life.! Sodium levulinate, a derivative of levulinic
acid, is commonly used for skin treatment.’ Accord-
ing to the market report, GFBiochemicals Ltd. is
the top company for the production of LA in the
world.!” The other major manufacturing industries
are Hebei Yanuo, Heroy Chemical Industry, Zibo
Changlin Chemical, Hefei TNJ Chemical, Guannan
East Chemical, Langfang Triple Well Chemicals,
Zibo Shuangyu, and Lang Fang Hawk. According
to the Department of Energy of United States, LA is
ranked among the top twelve bio-based chemicals
of the future."™"* As per the New York report, mar-
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ket of LA is likely to touch USD 61.2 million by
2027.1

LA can be produced from agricultural waste
biomass as it contains glucose, fructose, and xylose.
Researchers have used waste biomass like wheat
straw, rice husk, sugarcane bagasse, rice straw, corn
stover, and quercus-mongolica biomass for the pro-
duction of LA.""?2 At industrial scale, LA is pro-
duced directly from biomass through the hydrolysis
process. Therein, the biomass is heated to around
433.15 K, and the acidic medium attacks cellulosic
glycosidic bonds to produce glucose monomers.
Glucose then undergoes acid catalyzed intermolecu-
lar dehydration and is subsequently converted into
5-hydroxymethylfurfural (5-HMF). Further, 5S-HMF
is rehydrated and converted into levulinic acid.?*
LA is commonly found in low concentrations
(<10 %) in fermentation broths and industrial down-
streams.” Various methods are present for separa-
tion of carboxylic acids from aqueous solutions like
distillation, adsorption, evaporation, liquid-liquid
extraction, chromatography, ion exchange, re-
verse-osmosis, absorption, etc.?® All of them are ex-
pensive and time-consuming. On the other hand,
reactive extraction is a cheap, easy, and sustainable
alternative method.”” It has potential for the recu-
peration of value-added acids from fermentation
broths and wastewater.® In this method, the mole-
cules of the reactive component dissolved in the
suitable solvent react with solute at the interface to
form the reversible reaction complex, and the trans-
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fer of acid molecules takes place by the solubiliza-
tion and diffusion mechanisms in the organic phase.
Reactive extraction is one of the process intensifica-
tion methods wherein the separation is enhanced
because of reaction. Researchers have successfully
employed reactive extraction for recovering val-
ue-added chemicals like formic, acetic, picolinic,
levulinic, citric, itaconic, acrylic, propionic, pyru-
vic, malic, succinic, and phenylacetic acid from the
aqueous phase.”38

In the present study, the separation efficiency
of LA was investigated using various extractants
like an organophosphorus compound (tri-n-butyl
phosphate), tertiary amine (trioctylamine), and a
quaternary ammonium salt (trioctylmethylammoni-
um chloride / Aliquat 336). The experimental re-
sults are described in terms of performance parame-
ters like distribution coefficient (K), loading ratio
(2), equilibrium complexation constant (K,), and
extraction efficiency (177). Further, the design con-
siderations were studied by predicting the number
of transfer units, diffusivity, and equilibrium con-
stants using various mathematical approaches.

Materials and methods
Chemicals

Levulinic acid (>98 %, Sigma-Aldrich), trioc-
tylamine (>95 %, Spectrochem Pvt. Ltd.), tri-n-bu-
tyl phosphate (>99 %, Spectrochem Pvt. Ltd.),
trioctylmethylammonium chloride (>88 %, Loba
Chemie Pvt. Ltd.), and i-octanol (2-ethylhexan-1-ol,
>99 %, Loba Chemie Pvt. Ltd.) were purchased.
NaOH was supplied by Merck Specialities Pvt. Ltd.
The phenolphthalein indicator was supplied by
Fisher Scientific (India) and used for acid-base ti-
trations at pH 8-10. Oxalic acid was supplied by
SD Fine Chem Ltd., and used for the standardiza-
tion of NaOH solutions. Model solutions of aque-
ous LA were prepared with distilled water. A fresh
solution of sodium hydroxide was prepared every
time and standardized with oxalic acid solution. All

the chemicals were used with no further treatment
and their properties are described in Table 1.

Experimental method

To perform reactive extraction experiments,
0.441 mol kg concentration of LA was dissolved
in distilled water to prepare an aqueous solution.
Selected for this study was a 0.441 mol kg™ con-
centration of LA, based on our previous study.*
Various extractants: tri-i-butyl phosphate (TBP),
trioctylamine (TOA), and trioctylmethylammonium
chloride (Aliquat 336) were diluted in i-octanol
(20-100 vol%) for preparation of the organic phase.
The volumetric ratio of 1:1 of both solutions was
mixed in a conical flask and shaken in incubator
(Model: S-24BL, Made: REMI India) with 200 rpm
for 4 h at 298.15 K. The duration of 4 h for shaking
was considered as sufficient to achieve the equilib-
rium between the phases.”” After shaking, samples
were centrifuged (4000 rpm for 5 min) for phase
settling. The aqueous phase pH was measured by a
pH meter (IKA® EDS-D6) before and after the
phase equilibration experiment. The acid phase
solution was titrated by 0.1 N NaOH solutions with
the phenolphthalein indicator to determine LA con-
centration in the aqueous phase, and organic phase
concentration was calculated from the material bal-
ance. The experimental process diagram is shown in
Fig. 1.

Experimental uncertainty

All experiments were repeated and analyzed
three times for the uncertainty analysis and found to
fall within £ 2 % interval with an uncertainty anal-
ysis error below £5 %. The following equation can
be used to obtain experimental uncertainty X within
+ 0.001.%

P

X, - X
u(X)= Z(N—_l) M

where X, and N are the mean values of the experi-
ment and the number of performed experiments.

Table 1 — List of various chemicals and solvents used in the experiments

Reagent name CAS number (masIs)ufrria:Ztion) Vi(s;aozi)ty glj(znrsnlgy)
Levulinic acid 123-76-2 0.98 - 1.140
i-Octanol 111-87-5 0.99 10.6-10° 833
Trioctylamine (TOA) 1116-76-3 0.95 7.862:10°3 809
Tri-n-butylphosphate (TBP) 126-73-8 0.99 3.39-10° 975
Trioctylmethylammonium chloride (Aliquat 336) 5137-55-3 0.88 1.45 884
Sodium hydroxide 1310-73-2 _ _ 213
Phenolphthalein 77-09-8 1.00 190
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Fig. 1 — Block diagram of the experimental procedure for the separation of levulinic acid

Results and discussion

Various extractants like tri-n-butyl phosphate,
trioctylamine, and trioctylmethylammonium chlo-
ride with i-octanol were used to form the organic
phase for the extraction of LA from the aqueous
phase of the 0.441 mol kg' LA concentration. Ac-
cording to the results, pure i-octanol cannot be con-
sidered as a good option because it provides low
extraction efficiency of 17 % and distribution coef-
ficient of 0.211. Generally, the separation efficiency
depends on the physical properties of extractants
like solubility, molecular weight, polarity, viscosity,
dielectric constant, etc.*” To improve the physical
properties, i-octanol was used as solvent for various
extractants like TBP, TOA, and Aliquat 336. The
pH range of 3.21-3.59 was observed in the aqueous
phase before the equilibrium experiment with TBP,
TOA, and Aliquat 336; particular values are listed
in Table 2.

The distribution coefficient can be defined as:*!

conc. of LA in organic phase-volume of organic phase

Table 2 illustrates the maximum distribution
coefficient of 2.173 with 100 % TBP, and 2.938
with 100 % Aliquat 336. However, the maximum
distribution coefficient of 4.011 was achieved with
40 % TOA, and afterwards, K, was found to de-
crease continuously with the increase of TOA con-
centration. TBP (organophosphorus compound),
Aliquat 336 (quaternary ammonium salt), and i-oc-
tanol exhibit relatively high viscosity (3.39-10°
Pas, 1.45 Pa s, and 10.6-107 Pa s), which may pose
the resistance for the transfer of acid molecules
from aqueous phase to organic phase and decrease
mass transfer rate. To accelerate the extractive reac-
tion, a low-viscosity diluent can be used with TBP
and Aliquat 336 instead of i-octanol. However, this
is the kinetic effect and thus it should not affect the
distribution coefficient as a thermodynamic proper-
ty if true equilibrium is reached. Thus, the increase
in K, with decreasing the concentration of highly
viscous i-octanol cannot be attributed to the increas-

LAl v,

K, =

conc. of LA in aqueous phase-volume of aqueous phase

KD - [LA]W VW (2)

where [LA], and [LA], are the concentrations of LA in the aqueous phase and organic phase, respectively,
and V/V, is the volume ratio of organic to aqueous phase.
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Table 2 — Various parameters of reactive separation of levulinic acid of 0.441 mol kg™’ concentration from aqueous solution using

TOA, TBP, and Aliquat 336 with i-octanol at 298.15 + K"

Extractant E LA LA pH of
[E] (v[ol]% (rrEol k]g‘) (m[ol k]goﬂ Ko e SR ol B "
TBP 20 0.344 0.097 0.282 22.00 0.130 3.59 0.114 0.670
40 0.29 0.151 0.521 34.24 0.101 3.47
60 0.264 0.177 0.670 40.14 0.079 3.41
80 0.209 0.232 1.110 52.61 0.078 3.36
100 0.139 0.302 2.173 68.48 0.081 3.29
Aliquat 336 20 0.339 0.102 0.301 23.13 0.234 3.52 0.180 0.688
40 0.271 0.17 0.627 38.55 0.195 3.48
60 0.24 0.201 0.838 45.58 0.154 3.45
80 0.189 0.252 1.333 57.14 0.144 3.39
100 0.112 0.329 2.938 74.60 0.151 3.35
TOA 20 0.118 0.323 2.737 73.24 0.600 3.55 0.388 0.490
40 0.088 0.353 4.011 80.05 0.328 3.49
60 0.101 0.34 3.366 77.10 0.211 343
80 0.175 0.266 1.520 60.32 0.124 3.33
100 0.213 0.228 1.070 51.70 0.085 3.21

*Standard uncertainties (¢) are u(C) =+ 0.001 mol kg™, u(7) =+ 1 K.

ing transfer rate. The behavior of TOA as an ex-
tractant is significantly different in comparison to
TBP and Aliquat 336. It is based on the acid-amine
neutralization reaction coupled with the solvation of
the amine-acid complex based on dipole-dipole in-
teraction. Thus, amines are known to form 2:1 and
3:1 complexes with acids in the organic phase.*?

Fig. 2 shows the concentration of LA trans-
ferred to the organic phase at equilibrium using
TBP, TOA, and Aliquat 336 with i-octanol. With
increasing volume (20—100 %) of TBP and Aliquat
336, the concentration of organic phase LA also in-
creases. In the case of TOA after 40 %, the concen-
tration of organic phase LA continuously decreases.
The distribution coefficient was found in the range
of 0.282-2.170, 1.070-4.011, and 0.301-2.938 us-
ing TBP, TOA, and Aliquat 336 in i-octanol, respec-

tively. The strong amine and acid complexes form
in the organic phase and provide higher distribution
coefficient.”® Thus, TOA was found to be the best
reactive extractant among the extractants studied
here in i-octanol solutions for the separation of LA.

The extraction efficiency (77) can be calculated
using the following equation:

’7%2( Ky j-lOO 3)
1+ K,

The highest extraction efficiency of 80.05 %
was observed with 40 % TOA in i-octanol as com-
pared to the TBP and Aliquat 336 (Fig. 3).

The loading ratio (Z) depends on the strength
of the acid-base interaction and the stoichiometry of
the overall extraction equilibrium.*

The Z value was calculated using the following equation:

Loading ratio (Z ) =

_ Concentration of levulinic acid in organic phase [LA]org

“4)

Initial concentration of extractant in organic phase N [E]

org
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Fig. 2 — Equilibrium concentration of levulinic acid (LA)
transferred in organic phase using TBP, Aliquat 336, and TOA
with i-octanol using initial acid concentration of 0.441 mol kg™’

The loading ratio decreases with the increase of
extractant concentration in the organic phase. Table
2 shows the loading ratio values lower than 0.5 for
the cases of TBP and Aliquat 336 in i-octanol. Thus,
it seems that there is a possibility for forming 1:1
acid-extractant complexes only. In the case of TOA,
a loading factor higher than 0.5 was found in one
case, and hence the acid-extractant complexes of
1:1 and 2:1 could be formed in the organic phase.*’
The loading ratio decreases with TOA concentration
because the solvent becomes a less favorable sol-
vating medium and because of the abundance of

90
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80 ~

s

Efficiency (%)

Extractant (%)

Fig. 3 — Effect of the type of extractant and its volume % in
the mixtures with i-octanol diluent on the extraction efficiency
of levulinic acid

TOA molecules.® The probable reaction mechanism
of reactive separation of LA using extractant is dis-
played in Fig. 4.

The acid-extractant complex formation in the
organic phase is as follows:

LA +mE_, = LA.(E),,, 5)

[LAEL, 6

. [LAE] ©)

where m is the solvation number, and EOrg is the ex-

tractant in the organic phase.
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Fig. 4 — Complex formation (a) LA with TBP in the organic phase, (b) LA with Aliquat 336, (c) LA with TOA
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Aqueous phase acid ionization can be written as:

LA<=H+LA-
LA 7
P 7SI
[LA]

where, K, is the dissociation constant.
The distribution coefficient can be expressed as:

_ [LA],, _ [LAE,]
P [LA] [LA]+[LAT]

aq

@®)

where [L.AES]Org denotes the concentration of the
complex between acid and extractant in the organic
phase.

Equations (6), (7), and (8) can be combined
and expressed as:

K, [LA][E]
® [LA]+K,,[LA]/[H'] ©)
R KE[E]:)nrg (10)

14K, /[H]
Equation (10) can be rewritten as:

logk,, +log(1+ K, / [H ]) =logK,, +mlog[E],, (11)

The values of m and K were calculated using
the plot between logK  + log(1 + K, ,/[H']) vs log
[El,, which should yield a straight line with the
slope of m and an intercept of log K, (Fig. 5).
(Please note that [H*] can be calculated from pH
value in equilibrium.) In case of TOA, the straight
line gave the negative slope because the extraction
efficiency continuously decreased with increasing
TOA concentration above 40 %. Thus, only the part
of concentration range giving the physically mean-
ingful positive slope was taken into account. The K,
value is related to the extraction of acid; K, <1 in-
dicates the low extraction efficiency, and K, > 1 de-
fines the good extraction efficiency of the acid.”
The values of K, and m were found as 0.114 and
0.670 for TBP, 0.180 and 0.688 for Aliquat 336, and
0.388 and 0.490 for TOA. The low values (0.49 to
0.688) for the used extractant confirmed that 1.5—
2.0 molecules of LA were attached with one mole-
cule of reactive extractant (TBP, Aliquat 336, and
TOA) to form the acid-extractant complex.

The solubility of TOA in water is very low
(0.039 mg L);* TOA provided a higher extraction
efficiency and distribution coefficient as compared
to TBP and Aliquat 336. Amines, and in particular
tertiary amines, are stable in contact with water
during reactive extraction and they are capable of
complexing more than one acid molecule at a time
(e.g., 2:1 complex),’! which depends on the concen-
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Fig. 5 — KE values evaluated for the extraction of levulinic
acid using TBP, Aliquat 336, and TOA

tration of TOA in diluent and acid in the aqueous
phase. Therefore, TOA can be considered as a good
reactive extractant for the separation of LA as com-
pared to TBP and Aliquat 336.

For a better understanding of the reactive ex-
traction of acids, it is essential to estimate the inter-
phase diffusion coefficient as it relates to the physi-
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cochemical properties of the diluents. It is mainly
dependent on pressure and temperature. The inter-
phase diffusion coefficient indicates the mass trans-
fer of acid molecules within organic phase. For cal-
culating the interphase diffusion coefficient in liquid
systems various equations can be used.”> Those
equations correlate various parameters, such as M,
molecular weight of solvent; u, solvent viscosity; 7,
temperature; v, molar volume of solute; v, molar
volume of solvent, etc.3

The interphase diffusion coefficient (D, () of
LA in organic solvents like i-octanol, tri-n-butyl
phosphate, trioctylamine, and trioctylmethylammo-
nium chloride at 298.15 = 1 K can be estimated us-
ing the following equations.

Wilke-Chang equation is expressed as:*

as = 74107 —XAO{,T (12)
PEAGIN

where x is the association parameter (x = 1 for

non-associated solvents and x = 2.6 for water). Vis-

cosity u is entered in cP (1 cP = 0.001 Pa s), M is

entered in g mol™!, 7 is entered in K, and v, , is mo-

LA
lar volume of levulinic acid entered in cm’® mol™'.

Reddy-Doraiswamy equation can be written as
follows to determine the interphase diffusion coeffi-
cient:*

D,

B (E)MOST

LA-S — Iu(VLAVS )1/3

(13)

All the values are entered with the units de-
fined as before; v_is molar volume of solvent en-
tered in cm® mol™. @ is the the constant which de-
pends on the ratio v ,/v(a =10-10" for v,/ v, <
1.5,and @ = 8.5-10° for v,/ v, > L.5).

With all the values entered with the units de-
fined as before, Scheibel equation is expressed as:>

s 2/3
8210°T| (3w
= — (14)

LA-S — 13
H(viy)

Similarly, Lusis-Ratcliff equation can be writ-
ten as:*

P 1/3
D, =220 T 1.40(V—Sj +(V—S] (15)

LA-S — 13
u(vg) Via Via

The interphase diffusion coefficient was calcu-
lated at various volume % of extractants and sol-
vents. Molar volumes and viscosities of organic
phase (solvent + extractant) were averaged based on
their volume fraction. The results for pure i-octanol
provide the diffusion coefficients in the range of
1.03-107 to 1.48:10° cm? s!, depending on the
equation (Table 3). The Wilke-Chang and Red-
dy-Doraiswamy equations estimate higher values of
interphase diffusion coefficient in TBP, TOA, and
Aliquat 336 as compared to Scheibel and Lusis-Rat-
cliff equations. The lowest interphase diffusion co-
efficient was estimated in Aliquat 336 because of its
highest viscosity.>’

LA

Table 3 — Diffusion coefficient (D, J of levulinic acid in reactive solvent phase from the Wilke-Chang, Reddy-Doraiswamy, Schei-

bel, and Ratcliff equations at 298.15 + 1 K

Solvents Organic phase| D, , , [Wilke-Chang [ D, , ( [Reddy-Doraiswamy | D, , . [Scheibel |D,,  [Lusis-Rateliff
(Volume %) | equation] (cm? s) equation] (cm? s) equation] (cm? s™')| equation] (cm? s™')
i-octanol 100 1.480-10°¢ 1.273-10° 5.514-107 1.035-107
TBP + i-octanol (20 + 80) 1.886:10°° 1.620-10° 6.383-1077 1.198:107
TBP + i-octanol (40 + 60) 2.941-10°¢ 2.527-10°° 9.191-107 1.725-107
TBP + i-octanol (60 + 40) 3.194-10°¢ 2.744-10°¢ 9.317-107 1.748:107
TBP + i-octanol (80 +20) 4.405-10°° 3.785:-10°¢ 1.209-10°¢ 2.270-107
TBP (100) 6.627-10°¢ 5.694-10°¢ 1.724-10°¢ 3.236:107
TOA + i-octanol (20 + 80) 1.811-10°¢ 1.556-10°° 5.814-107 1.091-1077
TOA + i-octanol (40 + 60) 2.146-10°¢ 1.844-10°° 6.149-107 1.154-107
TOA + i-octanol (60 + 40) 2.498:10°¢ 2.147-10°¢ 6.525-1077 1.225-107
TOA + i-octanol (80 +20) 2.877-10°¢ 2.472-10°¢ 6.950-1077 1.304-107
TOA (100) 3.293-10°¢ 2.829-10°¢ 7.435-1077 1.395-107
Aliquat 336 + i-octanol (20 + 80) 5.736:10°8 4.92810°® 1.790-10°% 3.360-10°°
Aliquat 336 + i-octanol (40 + 60) 3.319-10°8 2.851-10°% 9.099-10° 1.708-10°°
Aliquat 336 + i-octanol (60 + 40) 2.466:10°* 2.118-10°% 6.100-10°° 1.145-107°
Aliquat 336 + i-octanol (80 + 20) 2.019-10°% 1.735-10°* 4.587-107 8.612-10°"°
Aliquat 336 (100) 1.740-10°* 1.495-10°% 3.676:10”° 6.901-10°1°
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The feasibility of reactive extraction of LA
with TBP, Aliquat 336, and TOA in i-octanol can be
checked by calculating the solvent to feed ratio
[S/F] ,, and number of theoretical stages (NTS)
proposed for the extraction of LA from water. The
maximum extraction efficiency was found to be
80.05 % with the distribution coefficient (K,) of
4.01 using 40 % TOA in i-octanol. The minimum
separation was limited to 22 % with K of 0.28 us-
ing 20 % TBP in i-octanol.

The distribution coefficient can be used to cal-
culate the [S/F] . using the following equation:**

[g} __[La], —[LA],
F min

K, [LA], -[LA],

where [LA] , [LA] , and [LA], are the concentra-
tions of LA in the feed, raffinate, and extract phases,
respectively. As an empirical rule of thumb, actual
solvent to feed ratio, [S/F] , is commonly set to 1.5
times the [S/F] . , because an extraction process is
always associated with the finite number of ex-
traction stages. The number of theoretical stages
(NTS) in the extraction process of counter-current
arrangement can be determined using the modified
Kremser equation. It can be expressed as:>’

o

(16)

_[ral,
Ky
[LA,
Ky

InE

X

[LA]in
o b

E

X

In 1

[LA]W B

X

NTS =

(17)

where E| is calculated by:

S
B[ 7

Table 4 describes the various values of NTS
calculated at the nodes of maximum and minimum
distribution coefficients among the studied points
using TBP, Aliquat 336, and TOA in i-octanol. The
NTS values of 2.10 and 0.81 were found using TBP

(18)

in j-octanol, 2.41 and 0.78 were found for Aliquat
336 in i-octanol, and 2.80 and 1.45 for TOA in i-oc-
tanol at maximum and minimum nodes, respective-
ly. The low values of NTS indicate that the mix-
er-settler is sufficient for the desired extraction of
acid. The overall study suggests that around three
stages are enough to achieve the sufficient separa-
tion of LA using TOA as extractant. The stages can
be used in series to achieve higher separation of LA
using TBP and Aliquat 336. The higher NTS leads
to increased contact time between the solute and
solvent phase, thus providing increased mass trans-
fer in the solvent phase. Therefore, the flow rate of
feed needs to be decreased to improve the separa-
tion of LA if TBP and Aliquat 336 are to be used as
extractants.

Conclusion

The various extractants: TOA, TBP, and Ali-
quat 336 dissolved in i-octanol were employed for
the extraction of LA from aqueous solution. The ef-
fect of various performance parameters was dis-
cussed. The separation efficiency of LA was found
to decrease in the order of TOA > Aliquat 336 >
TBP for all concentrations of extractants in i-octanol.
The extreme extraction efficiency (1) of 80.05 %
was observed with 40 % TOA in i-octanol, whereas
68.48 % and 74.60 % was obtained with 100 % of
TBP and Aliquat 336, respectively. Thus, 40 %
TOA provided higher separation of LA as compared
to pure TBP and Aliquat 336. The equilibrium com-
plexation constant (K,) and solvation number (1)
were evaluated based on the assumption of complex
1:1 acid-extractant formation in TBP and Aliquat
336. In the case of TOA, it was evaluated based on
1:1 and 2:1 acid-extractant complex formation. The
column design calculations were attempted and the
number of three theoretical plates (NTS) was found
necessary for TOA in i-octanol case. The data pre-
sented can be useful for the successful commercial
implementation of reactive separation of levulinic
acid.

Table 4 — Calculation of minimum solvent-to-feed ratio (S/F) and number of theoretical stages (NTS) for the maximum and mini-
mum separation of LA with initial concentration of 0.441 mol kg™’

Extractants Separation of LA [LAL, [LAL K (SIF) NTS
(mol kg ™) (mol kg™) P o

TBP Maximum 0.441 0.139 2.173 0.316 2.10
Minimum 0.441 0.344 0.282 0.112 0.81

Aliquat 336 Maximum 0.441 0.112 2.938 0.255 2.41
Minimum 0.441 0.339 0.301 0.079 0.78

TOA Maximum 0.441 0.088 4.011 0.200 2.80
Minimum 0.441 0.213 1.070 0.129 1.45
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