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ABSTRACT: Antioxidants neutralize reactive oxygen species in
excess in animal bodies, ensuring a proper reduced state of the cells
and avoiding the appearance of diseases. Since antioxidants are

very reactive, they are heavily affected by changes in pH, which pH influence on
may influence partition and hamper solute quantification due to riboflavin's mean
chemical structure and conformation modification. Natural electrical charge

antioxidants are present, for example, in fruit pomaces, and
could be extracted for food supplementing purposes, contributing
to a more circular economy. Aqueous Two-Phase Systems (ATPS)
constitute a liquid—liquid extraction technique which has been
applied with success in the recovery of bioproducts due to its sustainability and biocompatibility. Ethyl lactate and organic salts-
based ATPS are considered very eco-friendly because of their high biodegradability and low toxicity. In this work, the extraction of
riboflavin (vitamin B2) was successfully performed in the ATPS {ethyl lactate (1) + sodium citrate (2) + water (3)} at 298.15 K and
0.1 MPa. This was accomplished after a careful study of the influence of pH in the UV—vis spectra and allowed to obtain a maximum
partition coefficient (K) of 6.61 and a maximum extraction efficiency (%E) of 87.6% for the longest tie-line (TLL = 69.68) with
antioxidant losses below 3%.

1. INTRODUCTION alcohol-based ATPS are a very cheap technology, but most
The purification and recovery of biomaterials such as proteins, proteirzlsl Zand enzymes are not compatible with an alcohol-rich
antibodies, and enzymes cannot be performed at high phase.”

temperatures and pressures nor by using solvents which ATPS based on green organic solvents and on a salt have

could damage the solutes by causing denaturation and loss of extensively been used in the extraction of amino acids,
the labile biomolecules,' so high water-content and low ionic proteins, antioxidants, and other natural products, because
strength systems are required.2 they do not present any threat to the environment and they
Aqueous Two-Phase Systems (ATPS), a liquid—liquid preserve the bioactivity of the solutes.'” In these ATPS, the salt
fractionation technique, had a surge in the recovery of is the responsible for promoting phase separation (it is the
bioproducts® mostly because of its cost-effectivity, sustain- salting-out agent) and the most environmentally friendly
ability, simplicity, versatility, biocompatibility, scalability, and options are organic salts, such as citrates and tartrates, since
high extraction yield.”~> However, they are still re§arded as a they are biodegraded without damage to the ecosystems.'’
primary recovery stage due to their low selectivity,” which has Concerning green organic solvents, ethyl lactate, the ethyl ester
been enhanced by properly choosing the ATPS-forming of lactic acid, is an eco-friendly solvent (with low toxicity and
chemical compounds, adjusting ionic strength, and adding high biodegradability) with an effectiveness comparable to oil-
biospecific affinity ligands.2‘3’6 Besides the electrochemical based solvents'* and can be produced from fermenting
potential and bioaffinity, phase hydrophobicity and the solute’s biomass raw materials. >~
molecular size and chemical conformation are thought to The conversion of biomass and industrial waste, which are

heavily influence the phases” selectivity for biomolecules.”
The most common ATPS include two polymers (e.g.,
polyethylene glycol/dextran®), a polymer and a salt (e.g., PEG/
ammonium sulfate”), a polymer and a low molecular weight
alcohol (e.g, PEG/ethanol'’), an ionic liquid and a salt (e.g,

continuously being replenished, to useful chemicals (as high
added-value compounds) is a must for reducing the environ-
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to a slow segregation of the phases. On the other hand,
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Table 1. Chemicals Used with Respective Commercial Suppliers, Purities, Chemical Abstracts Service (CAS) Number, and

Abbreviation
chemical supplier purity”/wt %" CAS abbreviation

acetic acid (CH;COOH) Merck >99.8 64-19-7

ethanol (CH,CH,0OH) Sigma-Aldrich >99 64-17-S

sodium hydroxide (NaOH) Merck >99 1310-73-2

sodium citrate tribasic dehydrate (C¢HNa;0,-2H,0) Sigma-Aldrich >99 6132-04-3 Nacitrate
purified water (H,0) VWR chemicals 7732-18-5

(=) ethyl r-lactate (CsH,,03) Sigma-Aldrich >98 97-64-3 EL
riboflavin (C;;H,,N,O4) Sigma-Aldrich >99 83-88-§ B2

“Provided by the supplier. “wt % refers to weight percentage.

mental impact of human activity and ensuring a more circular
economy.17 Natural antioxidants are present in common
wastes, such as woody biomass,"® olive mill wastewater,"
and fruit pomaces” and could be extracted for food
supplementing purposes.

Antioxidants stabilize the reactive oxygen species (ROS) in
excess in animal bodies, acting as redox couples and ensuring a
proper reduced state of the cells.”' They have a greponderant
role in, for example, preventing eye cataracts,”” enhancin
animal immune systems,”” conserving mammalian semen,2
and avoiding premature aging.”’

Riboflavin, or vitamin B2, is a water-soluble antioxidant with
a recommended human daily intake of 1.3 mg for adolescents
and adults which is naturally present in eggs, meat, vegetables,
and legumes.26 In underdeveloped countries, ensuring the
minimum consumption may be hard, and its deficiency is
linked to neurological disorders, inflammation of the lips
(cheilosis), skin problems (seborrheic dermatitis), and
anemia.”® This vitamin has been successfully separated using
ATPS with PEG and organic salts (sodium citrate and sodium
tartrate),”” but the obtained partition coefficients were rather
low (K < 3.5) and the separation of the solute from the
polymer is hard to perform without damaging the biomolecule.

Since antioxidants are very labile species, they are very
sensitive to changes in pH, which may affect partition and even
hamper solute quantification due to chemical structure and
conformation modification. The main goal of this work was to
perform the extraction of riboflavin (B2) in the ATPS {ethyl
lactate (1) + sodium citrate (2) + water (3)} at 298.15 K and
0.1 MPa with a thorough study of the influence of pH in the
UV—vis spectra for future application in the recovery of
riboflavin from biowastes such as fruit pomaces and vegetable
peels.

2. EXPERIMENTAL METHODS

2.1. Chemicals and Apparatus. The chemicals used and
their respective supplier, purity, CAS number, and abbreviation
can be seen in Table 1. All of them were used without further
purification steps.

Concerning the apparatus used, mass (m) was determined
with a OHAUS Pioneer PA214C balance with measurement
uncertainty of +1 X 107* g. pH was determined with a VWR
pH 1100 L pH meter with uncertainties of +0.001 in the
measurement of pH and +0.1 K in the measurement of
temperature. Temperature (T) was kept at 298.15 K with an
OVAN Therm H THI100E thermostatic bath coupled with a
magnetic stirrer with an uncertainty of +0.01 K. Density (p)
was determined with an Anton Paar DSA-5000 M densimeter,
which has an uncertainty of +3 X 10™° g-cm™ in density and
0.01 K in temperature. Liquid volumes (V) were measured

1986

with an Eppendorf Multipipette E3x electronic pipet with an
uncertainty of 0.5 uL when using the 200 uL tips. Absorbance
was measured with a Thermo Scientific Varioskan Flash UV—
vis spectrophotometer with an uncertainty of 107* in
absorbance. Samples were stirred with a VWR vortex VV3
and with an IKA RO 10 P magnetic stirrer.

2.2. Influence of pH in the Absorbance Spectrum.
Five stock solutions of riboflavin in water were prepared close
to maximum solubility at 298.15 K (concentrations were about
8 X 107 g'mL™"). When needed, the pH of the solutions was
adjusted from the initial value of 6.6 by consecutively adding
drops of 0.5 M aqueous solutions of sodium hydroxide
(NaOH) or acetic acid (CH;COOH) and mixing for 3 min in
a IKA RO 10 P magnetic stirrer, obtaining pH = 3.3, 6.5, 8.1,
9.7, and 12.3. These values were determined with a VWR pH
1100 L pHmeter. The masses of added NaOH and
CH;COOH were measured using the OHAUS DPioneer
PA214C balance and the antioxidant concentrations were
recalculated having this in consideration. Using an Eppendorf
Multipipette E3x electronic pipet, 200 yL samples of each
stock solution were taken and added to a Greiner bio-one
polystyrene flat bottom plate with 96 wells. Then, an
absorbance screening was performed from 200 to 600 nm
with the Thermo Scientific Varioskan Flash UV—vis
spectrophotometer with the samples previously stabilized at
298.15 K.

2.3. Influence of pH in the Absorbance Spectrum
Stability. The five stock solutions prepared earlier were left to
settle for 3 days at 298.15 K without any special protection
from daylight. Then, 200 L samples of each stock solution
were added to a Greiner bio-one polystyrene flat bottom plate
with 96 wells and a new absorbance screening was carried out
with the Thermo Scientific Varioskan Flash UV—vis
spectrophotometer from 200 to 600 nm with previously
stabilized samples at 298.15 K. These spectra were compared
with those previously obtained.

2.4. Absorbance Calibration Curve. Twelve mixtures
with different concentrations of antioxidant and with a total
volume of 2 mL were prepared in 3 mL vials by diluting the
stock solution (8.37 X 10> g-mL ™!, pH = 8.1) prepared earlier
in the day. After preparation, the vials were capped and sealed
with parafilm, and then the mixtures were vigorously stirred in
a VWR VV3 vortex for about 1 min and in an IKA RO 10 P
magnetic stirrer for 10 min. Afterward, 200 uL samples of each
vial were added to a Greiner bio-one polystyrene flat bottom
plate with 96 wells and a new absorbance screening was carried
out with the Thermo Scientific Varioskan Flash UV—vis
spectrophotometer from 200 to 600 nm with previous
stabilization at 298.15 K. Then, a calibration curve was
prepared by plotting the antioxidant concentrations and the
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respective absorbances at the chosen wavelength and fitting the
experimental points to a first-degree equation. The absorbance
of water (and plate) was subtracted from the curve points.
2.5. Partitioning of Biomolecules. Six mixtures of 10 mL
were prepared in different numbered vials corresponding to six
well-known tie-line compositions of the ATPS {ethyl lactate
(1) + sodium citrate (2) + water (3)} by pipetting and
weighing the pure compounds (water and ethyl lactate) and a
previously prepared aqueous solution of sodium citrate salt
(26.07 wt %). To maintain the tie-lines compositions, it is
important to refer that 1 mL of pure water was substituted by 1
mL of the stock solution of the antioxidant (8.37 X 1075 g
mL™!, pH = 8.1). Next, the vials were capped and sealed with
parafilm and vigorously agitated in the vortex for 1 min and left
in the OVAN Therm H THI00E thermostatic bath coupled
with a magnetic stirrer for 6 h at 298.15 K and 0.1 MPa. After
stirring, the vials were left settling overnight, which
corresponds to approximately 12 h, at the same temperature.
Then, the top and bottom phases were carefully removed using
syringes and weighed in the OHAUS Pioneer PA214C balance.
The absorbances of the two phases of all the mixtures were
determined following the methodology described above and
the pHs were measured with the VWR pH 1100 L pH meter.
Finally, phase densities were measured with an Anton Paar
DSA-5000 M densimeter and the instrument was cleaned
between measurements first with water and last with ethanol.

3. RESULTS AND DISCUSSION

3.1. Influence of pH in the Absorbance Spectrum. At
specific pH values, the acid dissociation of antioxidants
changes the chemical structure and chemical conformation of
these biomolecules and can affect the absorbance spectra,
which hampers the experimental determination of their
concentration. Therefore, in this section, the influence of pH
on the absorbance spectra of riboflavin (B2) was studied. This
evaluation will be essential to understand whether this ATPS is
suitable for extracting riboflavin without affecting its structure
and whether the pH of the stock solution used in the
calibration curve has to match the pH of partition.

Riboflavin (vitamin B2) has a pK, of 9.69 at 298.15 K.**
Acetic acid, for example, has a pK, of 4.76 at the same
temperature, so riboflavin is a significantly weaker acid. The
equilibrium reaction in water of one acid can be written as>’

(1)

where HA refers to a generic acid (antioxidant) and A~ to its
reduced species.

Depending on the number of pK, values an antioxidant may
have, it can present chemical structures with different electric
charges, which will be referred to in this work as antioxidant
stages. The larger the pH of a solution is, more negative the
antioxidant charge becomes, which implies weaker acidic
behavior of the antioxidant stages and, therefore, smaller
successive acid dissociation constants.

The acid dissociation constant (K,) of the reaction
presented in eq 1, which can be written in terms of activities”’
or concentrations, is

HA(aq) + HZO(I) = A_(aq) + H3O+(aq)

[AT][H;0"]
[HA]J[H,0]

a

)

where [A7], [H;0*], [HA], and [H,O] designate the
concentrations (mol/L) of the respective species in solution.

1987

The concentration of water is generally taken as constant, so
the expression can be simplified into

_ K10
! [HA] (3)
Taking the negative logarithm of both terms, comes
[A] "
—log(K,) = —lo ( ) — log([H,0™])
g 8| [HA] g\l @
which is the same as®
_ [HA]
pK, = logl ——| + pH
[AT] (5)

Since the pK, of riboflavin is known (9.69 at 298.15 K**),
the ratio between its neutral and reduced stages ([HA]/[A™])
can be calculated for each pH by rearranging eq 5. Afterward,
the fractions of each antioxidant stage are easily calculated
using eqs 6 and 7.

oo = [HAL
AT HAL + (A7 (6)
X =1— oy, (7)

where x4 and x,- are the fractions of riboflavin in the neutral
(HA) and reduced (A™) antioxidant stages, respectively.

Then, the mean electrical charge of the antioxidant in
aqueous solution (q) can be determined by a weighted
arithmetic mean

9= xHAqHA + xA_qA‘

(8)

where gy, (0 ) and g4~ (—1 e) are the electrical charges of the
antioxidant stages HA and A~, respectively.

Figure 1 shows the calculation results for the riboflavin’s
mean electric charge (g) at different pH values. In the
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Figure 1. Influence of pH on the mean charge (q) for riboflavin.

Supporting Information, Table S1, the calculated fractions
(% and x4-) of each antioxidant stage can be seen for the
points shown in Figure 1.

As it can be seen in Figure 1, g is significantly affected with
pH, and different charges can coexist at the same pH, which
may affect the absorbance spectrum. As expected, when pH
corresponded to the value of riboflavin’s pK, (9.69), there was

https://doi.org/10.1021/acs.jced.1c00909
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an equal fraction of the two antioxidant stages (x4 = x4-), as
can be seen in Table S1, in the Supporting Information.

In previous works,'” the pH of the obtained ternary phases
in the ATPS {ethyl lactate (1) + sodium citrate (2) + water
(3)} was approximately equal to 7 in both phases. Hence, from
Figure 1, it can be seen that this system is appropriate to
extract the neutral stage of riboflavin. However, it is still
needed to study how the different antioxidant stages present
affect the absorbance spectra, so solutions of riboflavin with
different pH values (3.3, 6.5, 8.1, 9.7, and 12.3) were prepared
and an absorbance screening was carried out from 200 to 600
nm, as Figure 2 shows.

pH

+ 3.3 (norm.)
6.5 (norm.)
8.1

. A 9.7 (norm.)

A I + 12,3 (norm.)

Absorbance

350 400 450 500 550 600

Wavelength / nm

Figure 2. Influence of pH in the absorbance spectra of riboflavin.

In Figure 2, the absorbances of the solutions at pH = 3.3,
6.5, 9.7, and 12.3 were normalized to allow for proper
comparison using the equation

C

ref

G )

where A is the normalized absorbance, A is the experimental
absorbance, C, is the reference concentration (8.37 X 107° g-
mL™!, pH = 8.1) and C; is the concentration of the solution
under normalization. The measured absorbances can be
observed in the Supporting Information, Table S2.

As it can be seen in Figure 2, the absorbances generally
increase from pH = 3.3 to pH = 8 in the entire wavelength
range. However, in higher pH values (9.7 and 12.3), this trend
only holds in wavelengths below 300 nm. For that reason, in
this region the absorbance of the system is less sensitive to
changes in the pH and should be preferred in the
determination of the calibration curve. Above the value of
300 nm, the absorbance of riboflavin is generally lower at larger
pH values. All of this shows that the existence of differently
charged antioxidant stages of riboflavin significantly interferes
with absorbance and that spectra are a result of the
contribution of all the different antioxidant stages which may
coexist. At pH values lower than 9.69, the spectra behavior
corresponds mostly to the neutral species (xy, > x4-) and
above that pH value the dominant spectra belong to the
negative species (xp, < xx7).

Finally, since pH turned out to be a decisive factor for the
absorbance spectra, the absorbances calibration curve should

A=

A

1988

be determined at the pH of the partitioning so as to accurately
quantify riboflavin.

3.2. Influence of pH in the Preservation of the
Absorbance Spectrum. The presence of charged stages of
the antioxidant increases the reactivity of the solutions, which
may see their absorbance spectra affected after having reacted
with species such as oxygen or by undergoing photo-
degradation. Because of this reactivity and since partition
experiments for this antioxidant take more than 18 h, it is
necessary to ensure that the absorbance spectrum has not
changed during the process and that it corresponds to the one
used for the calibration curve. Therefore, the previously
prepared riboflavin’s solutions with different pH values (3.3,
6.5, 8.1, 9.7 and 12.3) were left to settle for about 3 days and
the spectra were compared to those obtained initially.

From Figure 3, it is noticeable that the absorbance spectrum
of riboflavin remained stable even after 3 days at pH = 8.1. The

3.5

pH

3.0 A = 81

® 8.1 settled for 3 days

2.5 1

2.0 1

Absorbance

1.0

0.5 1

0.0 T T T T T
100 200 300 400

700
Wavelength /nm
Figure 3. Influence of 3 days of settling on the absorbance spectrum

of 8.4 X 107 g-mL™" of riboflavin in water at pH = 8.1, 298.15 K and
0.1 MPa.

same result was obtained for the solutions at pH = 3.3, 6.5, as
Figures S5 and S6, respectively, show in the Supporting
Information.

For the solution at pH = 12.3, a significant variation of the
absorbance spectrum was observed after 3 days, as Figure 4
demonstrates. Moreover, at pH = 9.7 some instability was
noticed, as can be observed in Figure S7 in Supporting
Information.

From Figures 4 and S6 and Table S1, it can be concluded
that the increasing fraction of the antioxidant stage with g = —1
e (A7) leads to an increment of the absolute electronic mean
charge, which favors reactivity of the species and, con-
sequently, increases the instability of the absorbance spectra.
The found decrease in absorbance in these alkaline conditions
(pH = 9.7 and 12.3) is probably due to hydrolysis of riboflavin
at high pH values, which is known to cause degradation of the
antioxidant following a first-order reaction kinetics.”® For that
reason, these pH values are not recommended for the
determination of the calibration curve nor for performing
extraction.

Because at pH = 8.1 the antioxidant is almost entirely in its
neutral stage (xy, > 0.97), as Table S1 shows and as was
proved in Section 3.1, and since riboflavin is stable at this pH,
as Figure 3 demonstrates, the partition will be performed at

https://doi.org/10.1021/acs.jced.1c00909
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Figure 4. Influence of 3 days of settling on the absorbance spectrum
of 5.1 X 107 g:mL™" of riboflavin in water at pH = 12.3, 298.15 K
and 0.1 MPa.

this pH. Therefore, an adequate calibration curve is needed to
accurately quantify solute migration to the ATPS phases.

3.3. Absorbance Calibration Curve with Concentra-
tions. To determine the concentration of riboflavin with UV—
vis absorbance measurements, the absorbances calibration
curve of Figure 5 was obtained, as described in Section 2.4.

The absorbances of pure water (and plate) were subtracted
from the experimental results and the curve was determined at
270 nm. At this wavelength, a maximum of absorbance exists
and the other ATPS species and pH adjusters do not interfere,
as the absorbance spectra of sodium citrate, ethyl lactate,
sodium hydroxide and acetic acid (Figures S1—S4) in the
Supporting Information, respectively, show.

3.4. Partitioning of Biomolecules. The system {ethyl

study its liquid—liquid equilibria (LLE) and partition in the
known tie-lines could be performed straightforwardly.

Table 2. Determined Tie-Lines (TL) for the ATPS {Ethyl
Lactate (1) + Nacitrate (2) + Water (3)} at 298.15 K and
0.1 MPa™""?

feed separation
tie-line

(TL) wi/wt % wy/wt %  phase  w;/wt% w,/wt% pH
1 30.0 11.0 top 51.7 3.0 7.00
bottom 16.0 15.7 6.98

2 32.0 11.4 top 57.5 2.0 6.98
bottom 12.3 18.5 6.96

3 34.3 11.7 top 61.5 1.4 6.98
bottom 9.8 20.7 6.97

4 36.5 12.1 top 65.0 1.0 7.00
bottom 7.9 23.0 7.00

S 38.5 12.3 top 67.7 0.7 6.98
bottom 6.8 24.7 6.97

6 40.6 12.6 top 70.1 0.5 6.98
bottom S5 26.6 7.00

“w, stands for the weight percentage (wt %) of species i. bStandard
uncertainties (1) are u(T) = 0.2 K, u(P) = 10 kPa, u(w,) = 107}, and
u(pH) = 102"

The partitioning of riboflavin was measured at 298.15 K and
0.1 MPa in the ATPS {ethyl lactate (1) + sodium citrate (2) +
water (3)} following the experimental procedure explained in
Section 2.5, which implied 6 h of stirring and overnight
settling. After separating the phases, mass (m), absorbance (A),
pH, and density (p) were measured following this order for the
top and bottom phases, as Table 3 shows. Moreover, the mass
losses (ML) were calculated using

m, —m
lactate (1) + sodium citrate (2) + water (3)} was the focus of a ML/% = —=——L x 100
previous work,"® as Table 2 shows, so there was no need to m (10)
1.6
14 7 .
L 4
1.2
*

8 1.0 *
s ®
2038
% *
Q
< 0.6 *

0.4 *

*
pe & Experimental data
0.2 4 Linear regression
L 4
*
00 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
4 x10°
Cribc»(lavin / gmL

Figure 5. Absorbance calibration curve of riboflavin at 270 nm and pH = 8.1. The first-degree fitting follows equation A = 80 027-C (g'mL™") +

0.0129 with a correlation coefficient (R) of 0.9997.

1989 https://doi.org/10.1021/acs.jced.1c00909

J. Chem. Eng. Data 2022, 67, 1985—1993



Journal of Chemical & Engineering Data

pubs.acs.org/jced

Table 3. Experimental Mass (m), Absorbance at 270 nm (A), Density (p), pH, and Mass Losses (ML)

tie-line (TL) phase mass®/ g ML?/%
1 top 3.7802 —-0.80
bottom 6.2313
2 top 4.1057 —0.81
bottom 5.8996
3 top 4.6363 —0.64
bottom 5.3569
4 top 4.8095 —0.81
bottom 5.1583
S top 4.9922 —-0.62
bottom 4.9722
6 top 5.2148 —-1.37
bottom 4.6192

absorbance? densityb/ g~mL_1 pr
1.7448 1.05187 7.591
0.6514 1.13343 7.447
1.8510 1.04713 7.595
0.5479 1.14750 7.429
1.8304 1.04673 7.683
0.4598 1.16596 7.478
1.8560 1.0435S5 7.853
0.4063 1.17861 7.426
1.8862 1.04324 7.828
0.3713 1.19151 7.467
1.9345 1.04178 7.865
0.3549 1.20611 7.846

“For each phase for the extraction of riboflavin in the ATPS {ethyl lactate (1) + sodium citrate (2) + water (3)} at 298.15 K and 0.1 MPa. “The
combined expanded uncertainties (1) for a level of confidence of 95% and a combined coverage factor of 1.96°" are u (m) =2 x 107 g u(ML) =
0.02%, u(A) =2 x 107 u(p) = 6 X 107 g:mL, and u.(pH) = 0.002.

where m; is the total mass, and m, is the sum of masses of the
top and bottom phases after separation.

As expected from their relative position, the densities were
higher for bottom phases and lower for top phases. Ethyl
lactate, which is the extraction solvent, is more abundant in top
phases, as seen in Table 2, so these phases have larger
antioxidant concentrations and, consequently, bigger absor-
bances. Concerning pH values, the observed similarity of the
top and bottom phases is one of the advantages of using the
{ethyl lactate (1) + sodium citrate (2) + water (3)} ATPS.
Similar pH values ensure very close mean charges (gq) and
charged species distribution in the two phases, allowing for
comparing absorbances and for using the same calibration
curve for top and bottom phases. This way, it is ensured that
only the neutral antioxidant stage (q = 0 e) is being measured
and that the partition coefficients only take in consideration
this molecule.

Afterward, the phase volume (V) was determined using eq
11 and riboflavin’s concentration (C) was calculated with the
absorbances’ calibration curve. The difference between the pH
of the calibration curve (pH = 8.1) and the pH of the liquid
phases (pH ~ 7.6) was disregarded since they correspond to
very close fractions of each antioxidant stage (variation of
~1%).

)

v

P (11)

where V is the volume, m; is the measured mass, and p; is the
measured density for phase j.

After having determined the concentrations with the
calibration curve, the partition coefficients (K) were calculated

with eq 12

C'P
K =—
CiBottom ( 1 2)

where C°? and CP"™ correspond to the riboflavin’s
concentration in the top and bottom phases, respectively,
and i is the tie-line number.

The calculated phase volumes, concentrations and partition
coefficients can be observed in Table 4, together with the tie-
line lengths reported in a previous work."

In this work, an increasing tie-line number corresponded to
larger tie-line lengths (TLL). This result comes from the

1990

Table 4. Calculated Volumes (V) and Antioxidant
Concentration (C) for Each Phase, Partition Coefficients
(K) for each tie-line and literature-based tie-line lengths
(TLL)“

tie-line
(TL) phase volume/mL  concentration/ g-mL’l K TLL'"
1 top 3.5938 148 x 107° 2.50  37.85
bottom 5.4977 5.93 x 107¢
2 top 3.9209 1.53 X 107° 3.04 4818
bottom 5.1413 5.04 x 1076
3 top 44293 1.52 x1075 3.69 5517
bottom 4.5944 413 x 107¢
4 top 4.6088 1.52 X107° 411 6117
bottom 4.3766 3.69 X 107¢
5 top 4.7853 1.53 x107° 489 6544
bottom 4.1730 3.12 x 107¢
6 top 5.0054 1.57 x107° 6.61  69.68
bottom 3.8298 235 X 107¢

“For the extraction of riboflavin in the ATPS {ethyl lactate (1) +
sodium citrate (2) + water (3)} at 298.15 K and 0.1 MPa.

choosing and numbering of tie-lines and does not convey any
important experimental result.

The tie-line with a higher partition coefficient (K) and,
therefore, with a more significant difference in antioxidant
concentration between the two phases, is tie-line number 6. In
the same way, this tie-line also presented the largest tie-line
length (TLL), which means that its phases (without
antioxidant) were the most distinct composition-wise. To
observe this same result, it is common to plot the natural
logarithm of K with TLL, which should present a linear
relation,? as Figure 6 shows.

Although the linear relation of In(K) with the tie-line lengths
has not presented a high correlation coeflicient, a positive slope
was obtained, as expected, and very satisfactory K values were
determined, which were significantly larger than the ones
reported in literature (K < 3.5)*’ for the extraction of
riboflavin using an ATPS based on PEG and sodium citrate at
the same conditions. Therefore, ethyl lactate has a bigger
affinity for this antioxidant than polyethylene glycol.

3.5. Mass Balance. In literature, it is common to find
partition coefficients (K) based only on the ratio of
absorbances. However, not calculating the phase concentration
of the solutes nor confirming the validity of the experimental

https://doi.org/10.1021/acs.jced.1c00909
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Figure 6. Relation of the tie-line length (TLL)"™ with the natural logarithm of the partition coeficients (K). The first-degree fitting follows
equation In(K) = 0.0283-TLL — 0.221 with a correlation coefficient (R) of 0.9685.

analytical method by checking the mass balance, that is,
verifying that all the added solute is being considered by the
analytical method, raises questions on some reported
conclusions.

The mass balance can be checked by calculating the solute
losses (SL), which should be as close as possible to 0% and are
calculated using equation

SL/% = 22— AL 100

UON! (13)

where m,, is the mass of antioxidant added (present in the 1
mL of stock solution) and m,, is the quantified experimental
mass of antioxidant, calculated by

1

My, = ‘/iTOPCiTOP + ‘/iBottomCBottom (14)

where VI°P and VE"™ are the calculated experimental volumes
of the top and bottom phases, respectively, which are shown in
Table 4, and i refers to the tie-line number.

After having calculated the antioxidant masses present in all
phases, the extraction efficiencies of each tie-line (%E) can be
determined using

%E = A2 100
My (15)

The results can be observed in Table S, together with the
TLL of each tie-line obtained in a previous work."> In the
determination of the extraction efficiency ranges, the minimum
value was determined using eq 15, whereas for the maximum
value SL = 0% was considered.

Table S shows that high extraction efficiencies (%E) were
generally obtained, with tie-line 6 compositions yielding the
best result. %E increased with growing tie-line length (TLL),
following the same behavior as the partition coefficients. On
the other hand, very low solute losses were observed (<3%),
confirming the validity of the analytical method, of the
partition coefficients (K) and of the extraction efficiencies (%

Table 5. Calculated Solute Losses (SL), Extraction
Efficiency (%E) Range, and Literature-Based TLL"

tie-line (TL) SL/% %E range/% TLL"
1 -1.95 60.9—62.8 37.85
2 -121 69.0~70.3 48.18
3 -1.56 76.8—78.4 55.17
4 -1.94 79.7—81.6 61.17
s —-1.74 83.4—85.1 65.44
6 -2.25 87.6—89.9 69.68

“For the extraction of riboflavin in the ATPS {ethyl lactate (1) +
sodium citrate (2) + water (3)} at 298.15 K and 0.1 MPa.

The extraction efliciencies can be plotted in function of the
tie-line lengths, as Figure 7 shows.

As expected, the highest extraction efficiency (%E)
corresponded to the tie-line with the largest TLL (tie-line

90
0
85 4
.8
80 4 )
75 e
w
ES
701 K
65 - 125"
~a @  Experimental data
60 4 K .
++=+++ Linear regression
55 r T T T T T T
35 40 45 50 55 60 65 70 75

TLL

Figure 7. Relation of the TLL"® with the extraction efficiencies (%E).
The first-degree fitting follows equation %E = 1.197-TLL — 35.04
with a correlation coefficient (R) of 0.9967.

https://doi.org/10.1021/acs.jced.1c00909
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number 6), since more distinct compositions ensure bigger
differences in polarity and ease partition. A very good linear
relation was observed between the extraction efficiencies (%E)
and TLL, allowing for empirically predicting the %E of other
tie-line compositions.

4. CONCLUSIONS

The characteristic separation of an ATPS may preclude
performing the extraction of biomolecules in their neutral
stage or to cause very asymmetrical pH values in the phases.
Nevertheless, it is possible to successfully quantify partition if
pH is thoroughly studied, since it helps define both a safe
extraction for biomolecules (with a pH which ensures stable
and known distribution of antioxidant stages) and an accurate
analytical method (with adequate wavelength and calibration
curves for solute quantification).

The partition of riboflavin (vitamin B2) was successfully
performed in the ATPS {ethyl lactate (1) + sodium citrate (2)
+ water (3)} at 298.15 K and 0.1 MPa. Very high partition
coefficients (K) and extraction efficiencies (%E) were obtained
with the maximum values of 6.61 and 87.6% being observed,
respectively, for the longest tie-line (TLL = 69.68). The mass
balance was verified, validating the analytical method (UV—vis
spectrophotometry) with antioxidant losses below 3%. In
conclusion, it was shown that this ATPS can be applied in the
purification of riboflavin, which could be promising for future
extraction of antioxidants from fruit pomaces.
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