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Areas of energy advantage for flowsheets of separation modes
for mixtures containing components with similar volatilities
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Objectives. The conditions for the effective application of the sharp distillation technique (without
a component distributed between the distillate and bottom flows) for the separation of quaternary
zeotropic mixtures containing components with similar volatilities were determined. The area
of energy advantage for the flowsheet based on the preliminary fractionation of the mixture,
compared with the flowsheet, the first distillation column of which works based on the indirect
separation mode, was identified for an ethyl acetate-benzene—toluene-butyl acetate system.
Energy savings of up to 20% were achieved. The direct and indirect distillation modes can become
competitive when the point of the original composition is located near single K-surfaces or in a
region with a different ratio of distribution coefficients. Sharp distillation is not suitable for the
separation of a mixture containing a pair of components exhibiting relative unity volatility with
medium boiling points.

Methods. The mathematical modeling in the Aspen Plus V.10.0 software package was chosen
as the research method. The simulation was based on the Wilson local composition equation. The
relative errors in the description of the phase equilibrium did not exceed 3%.

Results. The structure of the vapor-liquid equilibrium diagram and diagram of surfaces of the
unit component distribution coefficients were studied for the ethyl acetate—benzene-toluene—
butyl acetate and acetone—toluene-butyl acetate—o-xylene systems. Flowsheets based on the
sharp, indirect (both systems), or direct (second system) distillation modes were proposed. The
distillation process was simulated, and the parameters of the column work were determined (the
quality of the substances meets the State Standard requirements of the Russian Federation for
minimal energy consumption).

Conclusions. Recommendations regarding the use of sharp distillation for the separation of
quaternary mixtures containing components with similar volatilities were devised.

Keywords: distillation, sharp distillation, liquid—-vapor equilibrium, components relative volatility,
components distribution coefficients.
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O0s1acTH FHEPreTHYECKOT0 MPEUMYIIIECTBA CXeM pa3iesieHHs] CMeCeid,
COAEPKAIINX KOMIIOHEHTHI ¢ OJIM3KHMH JIeTy4UeCTSIMH

M.E. ITemuexouueBa, M.A. MaeBckuii, H.C. I'aranos, A.B. ®poakoBa?

MHP3A — Poccuiickuil mexHoioeuueckuil yHusepcumem (HMHecmumym moHKUX XUMUUECKUX MEeXHO. 102Ul

um. M.B. Aomorocosa), Mockea, 119571 Poccust

@Aemop ons nepenucku, e-mail: frolkova_nastya@mail.ru

IMenu. /[na pekmugurayuu uemolpexKoMnoOHeHMHbIX 3e0MPONHbLLX cmecell, COOePIKAULUX KOM-
NnoHeHmMul ¢ OAUSKUMU Jlemyuecmamu, onpeoeneHsvl Ycriosus sghgpexmusHocmu npumeHeHus
NPOMENIYMOUH020 3a0aHH020 pasdeneHus (Npu omecymemeuu KoMnoHeHma, pacnpeoesierHHozo
MeXKOY OUCMUANSIMHBbIM U KYbo8blm nomokamu). Ha npumepe cucmemsl smunayemam—6eH30/1—
moayon-oymunayemam evloeseHa obracme dHep2emuueckoz0 Npeumyuiecmaa cxemol, OCHO-
B8AHHOU HA UCNOJL308AHUU NPedsapumenbH020 (PPAKYUUOHUPOBAHUSL CMECU, NO CPABHEHUIO CO
cxemoti, nepeast peKmupuKaAyUoOHHAsL KOJIOHHA KOmMopol pabomaem no emopomy 3a0aHHOMY
pazodeneruio. KoHoMusL sHepeozampam cocmasasem 0o 20%. Peanuzayus nepgozo u 8mopozo
3a0aHH020 pa30esleHUsL MOXKem CMmams KOHKYPEHMHOU NPU PACNOS0IKEHUU MOUKU UCXOOHO20 CO-
cmasa 8busu eduHuuHsblx K-nogepxHocmell unu ¢ obsiacmu ¢ 0pysum coomHouleHuem Kosgpgu-
yuermos pacnpeoesneHust. IIpomexxymouHoe pasdesneHue He moxKem Oblmb peKomeHO08aHO 015
pasoeneHust cmecu ¢ 6auUsKoll K eOUHUYE OMHOCUMEeNbHOU lemyuecmbsbio napbl KOMNOHEHMO8 CO
CpedHUMU memnepamypamu. KUNeHusl.

MemoovsL. B kauecmee memood ucciedo8amus 8bl6paHo Mamemamuueckoe Mooeauposaue 8
npozpammHom Komnnerxce Aspen Plus V.10.0. ModenupogaHue 0CHO8bl8AI0CH HA YPABHEHUU JLO-
KanweHozo cocmasa Wilson. OmHocumenbHble ouubKu onucanust pazoeozo pasHosecust He npe-
svuuarom 3%.

Pesynoemamet. FHccnedosarHa cmpykmypa Ouazpammsbl NaAporKUOKOCmHO20 pasHogecust u oua-
2pammol nogepxHocmell eOUHUUHBbLX KO3hhuyueHmos pacnpeoesieHust KOMNOHEeHMo8 Ot cucmem
amunayemam-6eH3on-monyon—-oymunayemam U AUEMOH—MONYON—-OYMUNAUEMAM—O0-KCUTON.
IIpednosxeHsbl cxembl, OCHOBAHHBLE HA UCNONBI08AHUU NPOMEIYMOUHO20, 8MOopoz0 (0be cucmembt)
uniu nepgozo (emopast cucmema) 3a0aHHo20 pasdeneHust. [IpogedeH pacuem npoyecca pekmugu-
Kauuu u no0obpaHsl napamempsl pabombl KOJIOHH, obecneuusaroujue noayueHue seuiecms, Kave-
cmeo Komopulx omeeuaem mpebosarHusim I'OCT npu MUHUMANLHBIX 9HEpP203ampamax.

Buteoout. Ha ocHoge npogedeHHblX UCCAe008aHULL CHOPMYAUPOBAHBL PEKOMEHOAUUU NO UCNOJb-
308AHUIO NPOMEIKYMOUHO20 pasdeseHusl NPU peKmuUpPuUKaAYUU UeMblPexKoOMNOHEHMHbLX cmecell,
€O00epAaAUUX KOMNOHEHMBL ¢ OAUKUMU ilemyUuecmsimu.

Knroueevle cnoea: peKxmugurayus, NpomesKymouHoe pasdeneHue, pasHogecue HKuUoKocmp—
nap, OMHOCUMeTbHAsL leMyUuecms KOMNOHEHMOo8, KoaghguyueHmbl pacnpedesieHust KOMNOHEHMO8.

Jlna yumuposanus: Temexonnesa M.E., Maesckuit M.A., I'aranos U.C., ®ponkoBa A.B. O0nactu 3HEpreTHIeCKOro NpenmMyIie-
CTBA CXEM pa3/ICIICHHUsI CMECEH, ColleprKalliX KOMIIOHEHTBI ¢ OJTM3KUMHU JIeTy4ecTsIMU. TorKue xumuueckue mexronocuu. 2020;15(3):7-20.

https://doi.org/10.32362/2410-6593-2020-15-3-7-20

INTRODUCTION

Choosing an energy-efficient version of the
separation flowsheet is one of the key challenges in
basic organic and petrochemical synthesis. This is
primarily because the separation unit of the reaction
mixture accounts for 60-80% of the total energy
consumption [1-3]. Developing a separation flowsheet
for multicomponent mixtures is a polyvariant task,
since the same mixture can be separated using different
modes (direct, indirect, or sharp distillation) or using

special methods [1, 2, 4-8]. The formulation of
practical recommendations for the use of a particular
technique or method will significantly reduce the
time expended at the pre-project development stage
of the separation technology.

In [9], we evaluated the possibility of using sharp
distillation (provided that there is no component
distributed between the cube and the distillate) for
the separation of quaternary non-ideal mixtures
containing azeotropes and/or components with similar
volatilities. Based on the analysis of the diagrams

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(3):7-20
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of surfaces of the unit component distribution
coefficients, the areas of compositions are identified
for which the use of the sharp distillation mode is
not only possible but also potentially more energy-
efficient than the direct or indirect distillation modes.

In this paper, a comparative analysis of the
separation flowsheets of multicomponent zeotropic
mixtures (containing components with similar
volatilities) based on various types of separation
modes is carried out. The conditions, under which
sharp distillation is more energy-efficient than other
separation modes, as well as the restrictions to its
application, are determined.

The objects of research are quaternary systems:
ethyl acetate (EA)-benzene (B)-toluene (T)-butyl
acetate (BA) (a mixture of solvents produced by
biodegradable polymers [10]) and acetone (A)-toluene
(T)-butyl acetate (BA)—o-xylene (0-X) (a mixture
of solvents produced by epoxy primers [11]). Both
systems are zeotropic and contain pairs of components
with similar volatiles: ethyl acetate—benzene and
toluene—butyl acetate.

MATERIALS AND METHODS

Phase equilibrium modeling was performed in the
AspenPlus V.10.0 software package using the Wilson
equation:

—Z A,ix/.
EkA/'kxk

J

Iny, =1-1In

ZAijxj
J

G
T*’

b,
where 4, =a, +7’+ c; InT+d,T+ a, a, b[j and bji

are the parameters of the Wilson equation.

This equation has been proven to be instrumental
in the study of the phase equilibrium of homogeneous
systems, including the changes in the external
conditions. This model is chosen to enable the
simulation of the phase equilibrium and the distillation
process at low pressures.

The parameters of the binary interaction and
errors in the description of the phase equilibrium are
given in Table 1.

RESULTS AND DISCUSSION

Based on the analysis of the phase equilibrium
curves of the binary systems, ethyl acetate—benzene
and toluene—butyl acetate [12—13], it was shown
that the separation of ethyl acetate from benzene
using conventional distillation is impossible under
any condition. This fact restricts the use of direct
distillation for the separation of the EA-B-T-BA
mixture. The separation of toluene from BA without
special methods is possible in a distillation column
at a low pressure (the relative volatility of the
components is increased by more than 1.5 times).
Thus, for the separation of the EA—-B-T-BA mixture
at the first stage, it is possible to use a sharp distillation
(at reduced pressure) specified separation technique;
for the A-T-BA—0-X mixture, any technique can be
utilized.

The efficiency of using a particular separation
technique for mixtures of different compositions
characterized by different ratios of component
distribution coefficients was evaluated. To select the
original compositions, diagrams of the unit surfaces
of the component distribution coefficients were
constructed (Fig. 1).

The area of compositions in which the
distribution coefficients of two components are

Table 1. Wilson equation parameters for the binary constituents of the benzene (B)—toluene (T)—ethyl acetate
(EA)-butyl acetate (BA) and acetone (A)-toluene (T)-butyl acetate (BA)—o-xylene (0-X) systems

Binary system a, a, b, b, AT, % AY, %
B-T —1.5857 2.3275 634.7787 —913.6505 0.17 1.06
B-EA 8.2122 —11.6434 —2841.5425 4010.0664 0.07 0.31
B-BA 0 0 —19.0272 54.5272 0.20 1.12
T-A* 5.10951 —4.14947 —2010.08 1570.5 0.20 0.94
T-BA* —2.0001 1.53945 951.97 —848.68 0.27 4.56
EA-BA 0 0 —5.6575 —15.65 0.37 1.67

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):7-20
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Table 1. Continued

Binary system a; a, 4 bﬁ AT, % AY, %

A-T
0.8857 —0.8619 —461.065 247.597 0.57 1.47
A-BA 0 0 —0.1353 —87.2465 0.44 0.55
A-o-X 0 0 —-163.265 —-96.3392 0.00 0.10
A Xk
T-o-X 0 0 ~151.016 126.916 . -
_ X kk

BA—0-X 0 0 245.808 —409.273 - —

Note: *parameters are estimated from experimental data [12—-14];

**parameters were evaluated using the UNIFAC model.

Kgp> 1
Kg 1pa<1
LBA® ~ )

Fig. 1. Diagrams of the unit K-surfaces of the systems: ethyl acetate (EA)-benzene (B)—toluene (T)-butyl acetate (BA) (a)
and acetone (A)-toluene (T)-butyl acetate (BA)—o-xylene (0-X) (b) at 760 mm Hg.

characterized by a value greater than one, and the rest
by less than one, is favorable for the implementation
of sharp distillation. For the system shown in Fig. 1a,
this area occupies a significant part of the composition
simplex. For the system in Fig. 1b, this region is quite
narrow, which is due to the proximity of the volatile
components with intermediate boiling points (toluene
and butyl acetate).

For the EA-B-T-BA system, the points of
original compositions belonging to different
secants are selected (secant 1 corresponds to the
equimolar ratio of benzene, toluene, and butyl
acetate; for secants 2, 3, and 4, the compositions are
enriched with butyl acetate, benzene, and toluene,
respectively). For each section, five compositions
are considered, corresponding to sections 1-5 with

constant concentrations of ethyl acetate: 0.05 (1),
0.25(2), 0.45 (3), 0.65 (4), and 0.82 (5). The original
composition of the mixture is represented by two digits,
the first of which indicates the number of the secant, and the
second—the section number. Composition 2.1 (x,, = 0.05,
x, =0.05,x.=0.3, x,, = 0.6 mol. fractions) belongs
to the area where only butyl acetate is a highly volatile
component; the other components are highly volatile.
Other compositions are characterized by the following ratio
of distribution coefficients: K, > 1, K,> 1, K. <1,K,, <1.

For the A-T-BA-0-K system, two original
compositions, belonging to regions with different
ratios of distribution coefficients, will be considered:
equimolar (K, > 1, K. >1,K,, > 1,K  <1)andx, =0.04,
x;=0.32,x,,=0.32,x = 0.32 mol. fractions (K, > 1,
K>1LK, <LK <l.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(3):7-20
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For each system, the separation flowsheets for
different structures are proposed, the distillation
process is simulated, and the parameters of the
columns are selected to ensure the production of
substances whose quality meets the requirements of
GOST (benzene No. 5955-75; ethyl acetate, butyl
acetate No. 8981-78; toluene No. 14710-78; acetone
No. 2768-84; o-xylene No. 9410-78) with minimal
energy consumption (the column reboiler duty is
considered).

T
EA,B B Fi]\A
SA
EA, B, T, BA
4
2
< 3
)
<
&5
BA

a

Ethyl acetate—benzene—toluene—butyl acetate system

Two flowsheets are proposed for the separation of
the mixtures (Fig. 2).

The parameters of the columns (NTS: the
number of theoretical stages; P: the pressure
(mm Hg); F, . /F_ : the ratio of the amounts of the
initial mixture and the separating agent (SA); FS:
the feed stage; R: the reflux ratio), as well as the
energy consumption (Q) for both flowsheets and
20 original compositions, are shown in Tables 2—-5.

EA,B,T EA,B Bi Ej
SA
EA, B, T, BA
— 1 2 3 4

EA, SA

b

Fig. 2. Ethyl acetate (EA)-benzene (B)—toluene (T)-butyl acetate (BA) mixture separation flowsheets based
on the sharp (a) and indirect (b) distillation modes (separating agent (SA): phenol).

Table 2. Parameters of the columns work of the separation flowsheets shown in Fig. 2

(for the original compositions from 1.1 to 1.5)

NTS P FS R NTS P FS R 0,
Column (F,../Fs) mix/SA (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 1.1 (x,, = 0.04, x, = 0.32, x = 0.32, x,, = 0.32 mol. fract.)
1 34 760 14 2.7 1189.2 36 100 10 1.1 1551.0
2 24 (1/1) 760 13/6 1 766.6 34 760 18 1.7 850.1
3 36 760 6 4.8 222.0 24 (1/1) 760 13/6 1 766.6
4 32 110 10 3.5 1492.7 36 760 6 4.8 222.0
>0 =3670.5 >0 =3389.7
The original composition of the mixture is 1.2 (x_, = 0.25, x, = 0.25, x_ = 0.25, x,, = 0.25 mol. fract.)
1 24 760 14 2 1346.9 24 100 9 1 1669.5
2 30 (1/1.7) 760 9/4 3 608.6 24 760 12 1.4 1064.2
3 22 760 9 3 987.4 30 (1/1.7) 760 9/4 3 608.6
4 24 110 12 3.8 1230.6 22 760 9 3 987.4
>0=4173.5 >0 =4329.7

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):7-20
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Table 2. Continued

NTS P FS R 0, NTS P FS R 0,
Column (F,../Fs) mix/SA kW (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 1.3 (x,, = 0.46, x, = 0.18, x, = 0.18, x,, = 0.18 mol. fract.)
1 32 760 19 1.4 1413.6 28 100 8 0.4 1419.1
2 36 (1/3) 760 10/4 1.3 1417.2 32 760 21 1.2 1278.3
3 28 760 5 1.3 1172.5 36 (1/3) 760 10/4 1.3 1417.2
4 36 110 12 3.1 766.6 28 760 5 1.3 1172.5
>0 =4769.9 >0 =5287.1
The original composition of the mixture is 1.4 (x,, = 0.64, x, = 0.12, x_ = 0.12, x,, = 0.12 mol. fract.)
1 36 760 23 1.3 1598.5 28 100 8 0.3 1417.1
2 36 (1/4) 760 10/4 1.3 1943.1 32 760 22 1.3 1582.6
3 32 760 5 1.6 1791.0 36 (1/4) 760 10/4 1.3 1943.1
4 32 110 11 3.5 559.7 32 760 5 1.6 1791.0
>0 =15892.3 >0 =6733.8
The original composition of the mixture is 1.5 (x,, = 0.82, x, = 0.06, x, = 0.06, x,,, = 0.06 mol. fract.)
1 36 760 24 1.2 1751.0 24 100 8 0.2 1339.1
2 32 (1/5.5) 760 11/4 0.9 2885.0 32 760 21 1.3 1821.2
3 32 760 5 2.1 2708.6 32 (1/5.5) 760 11/4 0.9 2885.0
4 32 110 11 3.6 285.9 32 760 5 2.1 2708.6
>0 =17630.5 >0=8753.9

Note: the separating agent is phenol.

Table 3. Parameters of the columns work of the separation flowsheets shown in Fig. 2
(for the original compositions from 2.1 to 2.5)

NTS P FS R 0, NTS P FS R 0,
Column (F,../Fs) mix/SA kW (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 2.1 (x,, = 0.05, x, = 0.05, x, = 0.3, x,, = 0.6 mol. fract.)
1 58 760 16 8 832.6 37 100 11 43 2296.7
2 33 (1/2) 760 11/6 0.5 175.7 36 760 15 4.6 509.8
3 28 760 6 1.3 125.9 33(1/2) 760 11/6 0.5 175.7
4 37 110 12 6.1 2195.6 28 760 6 1.3 125.9
20=3329.8 Y0 =3108.1

12
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Table 3. Continued

NTS P FS R 0, NTS P FS R 0,
Column (F../Fo) mix/SA kW (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 2.2 (x_, = 0.25, x, = 0.039, x, = 0.237, x,, = 0.474 mol. fract.)
1 37 760 17 2.5 960.1 36 100 10 2.1 1900.8
2 32 (1/5) 760 11/5 0.5 882.2 33 760 20 1.9 767.9
3 33 760 5 2.1 818.2 32 (1/5) 760 11/5 0.5 882.2
4 40 110 12 5.7 1638.4 33 760 5 2.1 818.2
>0 =4298.9 >0 =4369.1
The original composition of the mixture is 2.3 (x_, = 0.45, x, = 0.029, x, = 0.173, x,, = 0.348 mol. fract.)
1 36 760 21 1.6 1176.5 33 100 9 1.2 1689.8
2 33 (1/5.5) 760 13/5 0.4 1550.1 28 760 18 1.6 1131.9
3 28 760 5 22 1525.1 33 (1/5.5) 760 13/5 0.4 1550.1
4 37 110 12 6.2 1283.6 28 760 5 22 1525.1
>0 =5535.3 >0 =5896.9
The original composition of the mixture is 2.4 (x_, = 0.65, x, = 0.0184, x, = 0.1108, x,,, = 0.2208 mol. fract.)
1 37 760 25 1.4 1485.0 28 100 8 0.7 1519.8
2 32 (1/6.5) 760 12/5 0.5 2599.0 29 19 1.8 1686.3
3 33 760 5 2.6 2443.6 32 (1/6.5) 760 12/5 0.5 2599.0
4 37 110 12 6.1 810.9 33 760 5 2.6 2443.6
>0 =7338.5 >0 =8248.7
The original composition of the mixture is 2.5 (x_, = 0.85, x, = 0.008, x, = 0.048, x,, = 0.094 mol. fract.)
1 36 760 25 1.3 1786.6 29 100 9 0.2 1172.9
2 33 (1/8) 760 15/8 0.4 4075.4 32 760 21 1.8 2152.2
3 36 760 5 32 3689.0 33 (1/8) 760 15/8 0.4 4075.4
4 33 110 12 7 395.0 36 760 5 32 3689.0
>0 =9946.0 >0=11089.5
Note: the separating agent is phenol.

The stage numbering begins at the top of the column. To
separate the pair of components: ethyl acetate—benzene,
phenol, recommended in the literature [15], is used,
which increases the volatility of benzene relative to that
of ethyl acetate.

Figure 3 shows graphs of the dependence of the
total energy consumption of the separation flowsheets
on the concentration of EA in the original mixture (for

secants 1 and 2). For the compositions located in the
other two sections, similar graphs were not obtained
because the energy consumption of the flowsheet
based on the sharp distillation is lower than that of
the flowsheets, the first column of which operates in
the indirect distillation mode.

The graphs, shown in Fig. 3, were used to
determine the coordinates of the intersection points
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Table 4. Parameters of the columns work of the separation flowsheets shown in Fig. 2

(for the original compositions from 3.1 to 3.5)

NTS P FS R 0, NTS P FS R 0,
Column (F../Fs) mix/SA kW (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 3.1 (x_, = 0.05, x, = 0.6, x, = 0.05, x,, = 0.3 mol. fract.)
1 30 760 15 1.8 1616.23 30 100 7 1.4 1745.58
2 30 (1/1) 760 14/7 1.2 1123.41 36 760 23 1 1318.31
3 32 760 5 6.2 359.27 30 (1/1) 760 14/7 1.2 1123.41
4 47 110 14 18.3 859.27 32 760 5 6.2 359.31
>0 =13958.18 >0 =4546.61
The original composition of the mixture is 3.2 (x,, = 0.25, x, = 0.474, x = 0.039, x,, = 0.237 mol. fract.)
1 30 760 15 1.4 1571.93 29 100 9 0.8 1629.03
2 22 (1/2.6) 760 10/6 2.4 1332.27 36 760 23 1 1606.97
3 24 760 5 4 1240.14 22 (1/2.6) 760 10/6 24 1332.27
4 47 110 14 18.5 671.34 24 760 5 4 1240.16
>0 =4815.68 >0 =5808.43
The original composition of the mixture is 3.3 (x,, = 0.45, x, = 0.348, x, = 0.029, x,,, = 0.173 mol. fract.)
1 30 760 16 1.4 1745.25 28 100 9 0.6 1674.92
2 38 (1/2.4) 760 9/4 35 1218.12 33 760 21 1 1850.27
3 20 760 5 1.6 1275.53 38 (1/2.4) 760 9/4 35 1218.19
4 47 110 14 18.5 500.86 20 760 5 1.6 1275.58
>0 =4739.76 >0 =6018.96
The original composition of the mixture is 3.4 (x,, = 0.65, x, = 0.2208, x, = 0.0184, x,, = 0.1108 mol. fract.)
1 30 760 16 1.4 1901.95 28 100 10 0.5 1720.68
2 38 (1/4.4) 760 10/5 8.5 1616.26 34 760 21 1 2043.17
3 24 760 5 2.4 2326.96 38 (1/4.4) 760 10/5 8.5 1620.69
4 47 110 14 18.3 313.27 24 760 5 24 2327.07
Y0 = 6158.44 2.0="7711.61
The original composition of the mixture is 3.5 (x,, = 0.85, x, = 0.094, x = 0.008, x,, = 0.048 mol. fract.)
1 30 760 17 1.5 2128.95 27 100 10 0.5 1756.05
2 38 (1/5) 760 10/4 29 2159.29 36 760 23 1.1 2239.51
3 23 760 5 22 2893.40 38 (1/5) 760 10/4 29 2164.64
4 47 110 14 16.4 137.03 23 760 5 22 2893.40
>0="7318.67 >0 =9053.60

Note: the separating agent is phenol.
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Table 5. Parameters of the columns work of the separation flowsheets shown in Fig. 2
(for the original compositions from 4.1 to 4.5)

NTS P FS R 0, NTS P FS R 0,
Column (F../Fs) mix/SA kW (F,./F,) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 4.1 (x_, = 0.05, x, = 0.3, x, = 0.6, x,, = 0.05 mol. fract.)

1 36 760 17 4 1543.79 25 100 9 0.4 1406.04

2 29 (1/0.8) 760 13/5 1 503.63 32 760 15 2.1 1244.33

3 22 760 5 33 209.09 29 (1/0.8) 760 13/5 1.3 580.73

4 25 110 10 1.1 1094.80 22 760 5 3.3 212.09
>0 =3351.31 >0 =13443.19

The original composition of the mixture is 4.2 (x,, = 0.25, x, = 0.237, x, = 0.474, x,, = 0.039 mol. fract.)

1 32 760 16 3 1769.60 23 100 8 0.3 1405.04

2 33 (1/2.4) 760 9/4 3.1 767.02 29 760 14 1.7 1540.01

3 23 760 5 1.7 729.90 33 (1/2.4) 760 9/4 3.2 788.41

4 25 110 10 1.1 864.99 23 760 5 1.7 730.26
>0 =4131.51 >0 =4463.72

The original composition of the mixture is 4.3 (x,, = 0.45, x, = 0.173, x, = 0.348, x,, = 0.029 mol. fract.)

1 30 760 16 3 2270.55 22 100 7 0.2 1368.67

2 38 (1/3.2) 760 10/5 7.9 1182.36 24 760 13 1.2 1641.69

3 22 760 5 1.6 1276.29 35(1/3.2) 760 10/5 7.5 1109.44

4 25 110 10 1.1 634.97 22 760 5 1.7 1287.29
>0 =5364.17 >0 =5407.09

The original composition of the mixture is 4.4 (x,, = 0.65, x, = 0.1108, x, = 0.2208, x,, = 0.0184 mol. fract.)

1 30 760 18 2.8 2621.59 20 100 6 0.2 1408.87

2 38 (1/6) 760 9/4 17 1533.78 23 760 13 1.3 2008.85

3 22 760 5 32 2825.41 38 (1/6) 760 9/4 17 1528.09

4 25 110 10 1.1 402.88 22 760 5 32 2817.44
>0 ="7383.66 >0 =7763.25

The original composition of the mixture is 4.5 (x,, = 0.85, x, = 0.048, x, = 0.094, x,, = 0.008 mol. fract.)

1 30 760 18 26 | 2907.61 18 100 5 0.2 1376.49

2 40 (1/9.5) | 760 11/5 50 1883.38 24 760 13 14 | 233991

3 24 760 5 4.9 5077.87 40 (1/9.5) | 760 | 11/5 50 1887.00

4 25 110 10 1.1 171.47 24 760 5 49 | 5075.90
Y0 = 10040.33 Y0 =10679.30

Note: the separating agent is phenol.
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Fig. 3. Dependence of the energy consumption of the ethyl acetate—benzene—toluene—butyl acetate mixture separation
flowsheets on the content of ethyl acetate (EA) in the initial mixture:
(a) secant 1 (compositions 1.1-1.5); (b) secant 2 (compositions 2.1-2.5).

Fig. 4. Areas of energy advantage of the separation
flowsheet based on the sharp distillation (above O™ 9

indir
surface) and indirect distillation (below O™ 9, surface).

ndir

of the energy consumption dependences of the schemes
on the content of ethyl acetate in the original mixture:
for secant 1, x,, = 0.17 mol. fractions; for secant 2,
x,, = 0.29 mol. fractions. Figure 4 shows a qualitative
border (the surface is highlighted by hatching), where
the energy consumptions of the considered separation
schemes are almost identical.

The area of energy advantage of the flowsheet
shown in Fig. 2a is located above the surface QSharp ~0
diagram, and in Fig. 2b, it is located below Qi = Dinai
surface.

indir

Acetone—toluene—butyl acetate—o-xylene system

For the separation of this mixture, five flowsheets
of different structures are considered: the first column
implements the direct (Figs. 5a, 5b), indirect (Figs.
5c, 5d), or sharp (Fig. 5e) distillation mode. The
flowsheets in Figs. 5a and 5b and in Figs. 5c and 5d
differ in the use of the direct and indirect distillation
modes for the separation of the ternary mixture of
toluene—butyl acetate—o-xylene (acetone—toluene—
butyl acetate).

Preliminary calculations have shown that when
separating toluene from a mixture of butyl acetate—o-xylene,
it is impossible to achieve the required quality of
toluene, even at a pressure of 50 mm Hg. This is
because the volatility of toluene, in comparison with
that of butyl acetate, in a ternary mixture is lower
than that in a binary one.

The results of the simulation of the distillation
process (parameters of the columns and energy
consumption) for the other flowsheets are shown in
Table 6.

The results obtained show that for the A-T-BA—0-X
system, the use of sharp distillation for the separation
of the original mixture is uneconomical (energy
consumption is 20-30% higher compared to those for
other separation modes).

CONCLUSIONS

If the original composition of a quaternary non-ideal
zeotropic mixture, i—j—k— (T < 7}0 <T'<T)),belongs to
aregion for which the ratio, K, > 1,Kj> LK <1,K<I,
is observed, then we can recommend pre-fractionation
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BA A T,BA T

o-X 0-X BA
(a) (b)

A, T,BA A T A, T,BA AT T

A, T,BA, 0-X
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T, BA
BA 0-X BA A
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N
<
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Fig. 5. Flowsheets of the separation of the mixture: acetone (A)—toluene (T)-butyl acetate (BA)—o-xylene (0-X),
based on the direct (a)—(b), indirect (c)—(d) and sharp (e) distillation modes.

Table 6. Parameters of the columns work of the separation flowsheets shown in Fig. 5

0, o,
Column NTS P FS R KW NTS P FS R KW

The original composition of x, = 0.25, x, = 0.25, x,, = 0.25, x , = 0.25 mol. fract.

Direct distillation (Fig. 5b) Sharp distillation (Fig. Se)
1 20 760 11 0.6 491.3 48 760 16 4.6 2832.3
2 33 760 16 23 1687.3 24 760 18 0.7 388.6
3 36 110 12 44 1397.2 40 760 24 4.8 1476.6
>0 =3575.8 >0 =4697.5
Indirect distillation (Fig. 5c) Indirect distillation (Fig. 5d)
1 36 760 17 1.2 1868.0 36 760 17 1.2 1868.0
2 25 760 11 0.6 424.5 33 110 10 1.2 1208.5
3 40 110 13 4.5 1422.9 28 760 22 0.6 368.0
2.0=3715.4 Y0 =3444.5

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):7-20
17



Areas of energy advantage for flowsheets of separation modes for mixtures ...

Table 6. Continued

Column NTS P FS R

0,
NTS P FS R o

The original composition of x, = 0.04, x = 0.32, x,, = 0.32, x_, = 0.32 mol. fract.

Direct distillation (Fig. 5b) Sharp distillation (Fig. Se)
1 20 760 9 3.6 213.7 80 760 24 8 3260.0
2 33 760 16 22 2090.1 24 760 13 1.6 110.5
3 36 110 12 3.1 1363.6 40 760 25 4.8 1889.5
>0 =13667.4 >0 =5260.0
Indirect distillation (Fig. 5c¢) Indirect distillation (Fig. 5d)
1 38 760 18 1.8 2056.5 38 760 18 1.8 2056.5
2 25 760 11 32 177.3 33 110 11 2.7 1469.6
3 36 110 12 3.1 1363.7 24 760 13 1.6 110.6
>0=13597.5 >0 =13636.7

for the first stage of separation. The region with the
specified ratio of distribution coefficients will occupy
a large part of the volume of the composition simplex
if the system is characterized by the presence of
components with similar volatilities for pairs i—j and/
or k—I/. When a mixture of compositions belonging to
this area are separated, the use of sharp distillation
will be more energy-efficient (up to 20% energy
savings) than the use of direct and indirect distillation
modes. The latter modes can become competitive
when the point of the original composition is located
near the unit K-surfaces or in a region with a different
ratio of distribution coefficients. These patterns are
illustrated using the ethyl acetate—benzene—toluene—
butyl acetate system as an example.
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Comparison of extractive distillation flowsheets
for methanol-tetrahydrofuran—water mixtures
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Objectives. Synthesis and comparative analysis of the extractive distillation flowsheets for
aqueous mixtures of solvents utilized in pharmaceutical industries using the example of a
methanol-tetrahydrofuran—water system with various compositions. The ternary system contains
two minimally boiling azeotropes that exist in a vapor-liquid phase equilibrium. To evaluate the
selective effect of glycerol, the phase equilibria of the methanol-tetrahydrofuran—-water and
methanol-tetrahydrofuran-water—glycerol systems at 101.32 kPa were studied.

Methods. The calculations were carried out in the Aspen Plus V.9.0 software package. The
vapor-liquid equilibria were simulated using the non-random two-liquid (NRTL) equation with the
binary interaction parameters of the software package database. To account for the non-ideal
behavior of the vapor phase, the Redlich—-Kwong equation of state was used. The calculations of
the extractive distillation schemes were carried out at 101.32 kPa.

Results. The conceptual flowsheets of extractive distillation are proposed. The flowsheets consist
of three (schemes I-III) or four (scheme 1V) distillation columns operating at atmospheric pressure.
In schemes I and II, the extractive distillation of the mixtures is carried out with tetrahydrofuran
isolation occurring in the distillate stream. Further separation in the schemes differs in the order
of glycerol isolation: in the third column for scheme I (traditional extractive distillation complex) or
in the second column for scheme II (two-column extractive distillation complex + methanol/water
separation column). Scheme III caters to the complete dehydration of the basic ternary mixtures,
followed by the extractive distillation of the azeotropic methanol-tetrahydrofuran system, also
with glycerol. Scheme 1V includes a preconcentration column (for the partial removal of water)
and a traditional extractive distillation complex.

Conclusions. According to the criterion of least energy consumption for separation (the total load
of the reboilers of distillation columns), scheme I (a traditional complex of extractive distillation)
is recommended. Additionally, the energy expended for the separation of the basic equimolar
mixture using glycerol as the extractive agent was compared with that expended using another
selective agent: 1,2-ethanediol. Glycerol is an effective extractive agent because it reduces energy
consumption, in comparison with 1,2-ethanediol, by more than 5%.
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IMenu. Cunmes u cpagHUMenbHbLU AHANIU3 CXeM IKCMPAKMUBHOU PeKmupuKayui 800HbIX cme-
cell pacmeopumesieil. papmayesmuuecKux npoussoocms Ha npumepe cucmemvl mMmemaHo i—me-
mpa2udpopypaH—800a pPa3UUHO20 coCcmasd. TpexKomMnoHeHmMHast cucmema cooeprkum 08a
MUHUMANTBHO KUNAWUX A3e0mpond, Komopble npucymcmeyom 8 OuanasoHe CYu,ecmeosaHust
napoXKudKocmmo20 pagHosecust. /s OueHKU cenekmugHozo oelicmaust 2iuyepuHa ucc1edo8aHsl
gasosble pasHo8ecusl cucmem MemaHo-mempauopopypaH—800a U MemaHoI-mempazuopo-
pypar—soda—anuyepur npu 101.32 klla.

Memooul. BoluuciumensHolil 9KCnepumeHm 8olnoaHer Ha naamgopme Aspen Plus V.9.0. Ipo-
gedeHnbl pacuemsl ¢pazo8slx pasHosecull no ypasrerutro NRTL (Non-Random Two-Liquid) ¢ napa-
Mmempamu buHapHozo s3aumodelicmeust 6asvl OAHHBLLX NPOZPAMMHO20 Komnaerca. [ns yuema
HeuoeanbHo20 nogedeHust Naposoli hasvl UCNONBL308ANU YpasHeHUe cocmosiHust Peonuxa—KeoH-
2a. Pacuemul cxem skempaxmugHoll pekmugpurayuu npogedeHst npu 101.32 xlla.
Pesynomamet. [IpedsiorkeHbl NPUHUUNUAILHbIE mexHoso02uueckue cxemst pasdenerust (I-IV),
cocmosiwyue uz mpex (I-I1I) unu uemoipex (IV) pekmugpuKkayuoHHbLX KOJOHH, padbomarowux npu
ammocgpeprom dasneHuu. B cxemax I, II npogodunace skcmpakmusHasl pexmugurxayust 6a-
308blX cMmecell ¢ pasnuuHbIM codeprkaHuem 800bl 05l 8bloesieHust 8 OUCMUIAMHOM NOmMoKe
mempazudpogypaHa. [anvHeliuee pazdeneHue 8 CXemax pasiuuaiocb ouepedHOCmblo 8bloe-
JIeHUsl 2UYyepuHa: 8 mpemuveil KONOHHe cxembl I (MpaduyuoHHbLl MPEexKoNOHHBLIL KOMNIeKe
9KCMPAKMUBHOU peKmupuKkayuu) unu 80 8mopoil KosoHHe cxembl I (08YxXKoNOHHBLIL KoMNeKe
9KCMpPAKMuUBHOU pekmugurKkayuu + KoO0HHA pasdeneHust memaHoia U 8o0vl). B cxeme III npeo-
yoemompeHo nosiHoe obesgorkusaHue 6a308blX MPexKoMNOHEeHMHbIX cmecell ¢ nocaedyrouseti
aKCmMpaKmueHoli pekmugpurayueil a3eomponHoil cucmemsl MemaHoI-mempazudpoPypaH max-
ke ¢ anuyepurom. Cxema IV cocmoum u3 KONOHHbL KOHUEHMPUPOBAHUSL (UACMUUHO20 YOANeHUS
800bl) U MPAOUYUOHHO20 KOMNIIEKCA IKCMPAKMUBHOU peKxmugpuKkayuul.

Buteooustl. [0 Kpumepuro HAUMEHbULUX IHepeo3ampam Ha pazdeseHue (CYMMAapHas HAZpY3Ka
KUNSIMUIbHUKO08 PeKMUPUKAYUOHHBLX KOJIOHH) pekomeroosaHa cxema I (mpaduyuoHHwlil Kom-
naekc skempakmueHoil pexmudpurxayuu). JononHumesnvHo nposedeHo cpasHeHue SHep203a-
mpam cxemel I npu pazdeneHuu cmecu 9K8UMONSLPHO20 cOCMAs8a ¢ OpYaum CeleKmusHbIM
8euw,ecmeom — smuleHaiuKoNem, Npeodo)KeHHbIM paHee 8 kauecmee azeHma. [ auyepuH ae-
nsemcest 3ppeKmusHbiM IKCMPAKMUBHBIM AEHMOM, NOCKONbKY obecneuusaem cHUXKeHUe
sHepzo3zampam bosee uem Ha 5%.

Knroueevle cnoea: sKcmpaKmueHast peKmugurkayus,, cxema, OmMHOCUMENbHAsL Jemyuecms,
agppexmusHblil azeHm, MeMaHo1, mempazuopopypat, e00a, e/TUUEPUH.

Jlns yumuposanus: Pacsa B.M., Jlyoposckuii A.M. CpaBHEHHE CXeM SKCTPAKTUBHOM PEeKTU(UKAIIUKM CMECEH METaHOI—TeTpa-
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INTRODUCTION
To separate ternary azeotropic mixtures
containing water, special distillation methods

including extractive distillation (ED) are used in
industries [1-7]. The structures of schemes for
the ED of different types of ternary systems are
provided in [1, 8]. The task of synthesizing possible
schemes for the ED process can be considered via
two approaches: for a certain set of agents that differ
in selective effect or for a specific agent, which
uniquely determines the result of the ED when added
to the basic mixture [9, 10].

It is known that the preliminary concentration of
binary aqueous mixtures makes it possible to reduce
the energy consumption of ED schemes [11-16]. In
this regard, it is necessary to additionally evaluate
the feasibility of the preliminary partial dehydration
(concentration) of basic ternary mixtures.

In this study, ED schemes of methanol-
tetrahydrofuran—water mixtures were considered.
Their separation is of interest to the chemical industry
[4, 17]. Glycerol was chosen as the separating agent
since it is recommended for the ED of tetrahydrofuran—
water mixtures [18-20], as well as for methanol-
tetrahydrofuran—water mixtures [4, 21].

MATERIALS AND METHODS

The basic system contains two azeotropes (Fig. 1,
Table 1). The properties of the substances required for
the empirical selection of extractive agents are given

in Table 2. Glycerol has the highest boiling point and
vaporization enthalpy and does not form azeotropes
with the substances to be separated.

The simulation of phase equilibria was carried
out on the Aspen Plus V. 9.0 platform using the
non-random two-liquid (NRTL) equation with the
parameters of the software package database. The
non-ideal behavior of the vapor phase was considered
using the Redlich—-Kwong equation of state.

The component relative volatility diagrams of
the basic methanol (1)—tetrahydrofuran (2)—water (3)
system are shown in Fig. 2. The relative volatilities
for the azeotropic pairs were calculated according to
the vapor-liquid equilibrium data.

Fig. 1. Diagram of distillation lines in the methanol
(1)—tetrahydrofuran (2)—water (3) system.

Table 1. Required properties of substances to be used as extractive agents

Substance Normal boiling point, K Vaporization molar enthalpy, kJ/mol
Methanol 337.85 37.6+0.5
Tetrahydrofuran 339.15 32.0
Water 373.15 43.99
Glycerol 563.15 91.7+0.9

Table 2. Calculated azeotropic data at 101.32 kPa

Azeotropic system

Composition, mol. fract.
Temperature, K

X X, X5
Methanol—-tetrahydrofuran 04910 0.5090 - 332.90
Tetrahydrofuran—water _ 0.8304 0.1696 336.59

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):21-30
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RESULTS AND DISCUSSION

The volatility of tetrahydrofuran relative to
that of methanol (o,) increases with increasing
water content in the basic mixtures, i.e., water
exerts an extractive effect (Fig. 2a). The volatility
of tetrahydrofuran relative to that of water (a.,,) also
increases in the ternary mixtures (Fig. 2b).

For comparison, the compositions of the basic
mixtures (x°,) with different water contents located on
secantx :x,=1:1 were chosen (Fig. 3). The relative
volatilities in the presence of different amounts
of the agent (4) are given in Table 3. The selective
effects of water and glycerol are unidirectional. The
concentration of tetrahydrofuran in the distillate is

21

177 135 1 2
a b

Fig. 2. Diagrams of the relative volatilities of the components
of the methanol (1)—tetrahydrofuran (2)—water (3) system
at 101.32 kPa (a: a,; b: a,,).
determined upon the ED of the basic mixtures. When
separating basic mixtures with high water contents, a

low concentration of the agent is required.
Notably, the glycerol amount had a different
effect on the tetrahydrofuran volatility. For the basic

compositions of x°,  and x° , the values of a, and

a,, increased, and for the x°, | composition enriched
with water, they decreased. In the latter case, it is
important to accurately determine the smallest amount
of the high-boiling point component, glycerol, which
exerts sufficient extractive effect, since excessive
consumption of the agent will result in a decrease in

Fig. 3. Compositions (mol. fract.) of the basic
methanol (1)—tetrahydrofuran (2)—water (3) mixture:
1-x°_ (0.392; 0.408; 0.200); 11 — x°__ (0.333; 0.333;

0.334); IIL - x°,_, (0.049; 0.051; 0.900).
glycerol selectivity and an increase in the load of the
ED column reboiler.

The principal flowsheets of ED with glycerol are
shown in Fig. 4. It is predicted that the azeotrope-forming
component, tetrahydrofuran, will be obtained in the
distillate of the ED column. Therefore, schemes I and II
can be considered. Scheme I is traditional, with glycerol
regeneration occurring in the last column. In scheme II,
the heavy agent is separated in the second column.

Scheme III caters to the complete dehydration
of the basic mixtures, after which the ED of the
methanol—tetrahydrofuran mixture is carried out with
glycerol. Thus, the ternary mixtures located to the left
of secant x, : x, = 1 : 1 can be separated (Fig. 3).

Table 3. Relative volatilities of the components

of the methanol (1)—tetrahydrofuran (2)—water (3)—glycerol (A) system at 101.32 kPa

xOF-I xOF-ll on-III
.

Fa:F a 0, 0, a,, 0, 0, a,,

0:1 0 1.33 2.90 1.64 4.05 6.64 35.8
0.1:1 0.09 1.51 4.56 1.77 5.63 5.00 27.5
0.25:1 0.2 1.70 7.04 1.91 7.86 3.89 21.7
05:1 0.333 1.90 10.6 2.06 10.9 3.10 17.75
0.75:1 0.429 2.02 13.2 2.13 13.2 2.72 16.0

1:1 0.5 2.09 15.1 2.17 14.8 2.49 15.1
1.5:1 0.6 2.15 17.5 2.19 16.85 2.22 14.2

*F, : F is the ratio of glycerol to the basic mixture (kmol).
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In scheme IV, the preliminary concentration
(partial dehydration) of the basic mixtures occurs,
i.e., the separation option is intermediate for schemes
I and II1.

The operating parameters of the distillation
columns were optimized by minimizing the reboiler
duty in the distillation columns (Q) for the distillate
composition of 0.995 mol. fraction. The variable
parameter was the reflux number (R). At the first
stage, we determined the lowest efficiencies for the
ED columns (N is the number of theoretical stages)

and the amount of glycerol (F,), at which the required
quality of product flows is achieved. The input levels
of the feed flow (F) and agent (A) for the extractive
columns were varied in the calculation experiment,
i.e., the effect of the magnitude and position of the
extractive part on the separation results was evaluated.

The calculation conditions comply with the data
of [19]. Glycerol was introduced at a temperature
(T) of 333.15 K to reduce the viscosity, and the feed
flows of the columns were introduced at temperatures
close to the boiling points of the separated mixtures.

Fig. 4. Principal flowsheets for the extractive distillation of methanol (1)—tetrahydrofuran (2)—water (3)
with glycerol (A) (a: scheme I; b: scheme II; c: scheme III; d: scheme V).
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The pressure of all the columns was 101.32 kPa.
Tables 4-8 show the parameters of the distillate (D)
and bottom (W) flows. The compositions are given
sequentially for methanol, tetrahydrofuran, and water
in mole fractions; the amount of flows (in kmol/h)
and the reboiler duty (in kW) are determined. The
flow rate (F) of the basic mixtures was 100 kmol/h.

Scheme [

The calculations were performed for the
compositions of the basic methanol(1)—tetrahydrofuran
(2)-water (3) mixtures: x°, (0.392; 0.408; 0.2); x%,
(0.333; 0.333; 0.334); and x°__  (0.049; 0.051; 0.9).

F-11T

An increase in the water content in the mixtures
affects the energy consumption of'the distillation columns
of scheme I in different ways (Tables 4 and 5). The ED
(column I) and methanol-isolation (column II) processes
induced a significant reduction in the reboiler loads,
while energy consumption, on the contrary, increased
with glycerol recovery. The maximum contribution
to the energy consumption was made by the methanol-
isolation column (compositions x°,, and x°, ) and by
the agent recovery column (x°_ ). The total reboiler
duty (kW) of the traditional ED flowsheet decreases in
the following series: 4778 (x;: 0.2 mol. fraction water);

Table 4. Static parameters and separation results for the extractive distillation column (schemes I and II)

e ol N,
Basic mixture NN, F, R T, Xy, T, 0
0.0050 0.1865
30 0.9950 0.0007
0 B
X, 201 150 1.82 0 338.6 0.0956 375.0 1753
0 0.7172
0.0050 0.1855
40 0.9950 0.0009
0 5
X, 223 110 1.52 0 339.0 0.1920 372.6 1158
0 0.6215
0.0039 0.0407
30 0.9961 0
0 El
X 21 25 4 0 339.1 0.7508 374.2 442
0 0.2085
Table 5. Static parameters and separation results for columns II and IIT (scheme I)
Lo N,
Basic mixture No. col. N, R X, T, Xy, T, 0
0.9951 0.0002
25, 0.0039 0
I 10 1.27 0.0010 3373 0.1174 485.0 1966
0 0.8824
XO
o 0.0019 0
25, 0 0
I 10 0.12 0.9950 421.5 0.0004 560.1 1059
0.0031 0.9996
0.9950 0
30, 0.0050 0
I 14 297 0 337.6 02361 443.0 1783
. 0 0.7639
Xk 0 0
10, 0 0
I p 0.2 0.9999 383.5 0.0001 560.8 1310
0.0001 0.9999
0 0
25, 0.9950 0
I 10 5.66 0.0050 3375 0.7825 381.0 338
. 0 0.2175
x F-1II 0 0
10, 0 0
I 5 0.05 0.9997 390.1 0.0001 560.4 1441
0.0003 0.9999
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4251 (x,: 0.334 mol. fraction water); 2221 (x:
0.9 mol. fraction water).

Scheme I1

In the traditional ED flowsheet, direct separation is
realized. Methanol is isolated in column I, and the agent
is regenerated in the last column (direct separation)
(Fig. 4). The recovery of the high-boiling point agent in
column II, according to the second indirect separation,
may reduce the total power consumption of the scheme.
In scheme 11, with indirect separation, glycerol is the first
output; thereafter, the distillation of the zeotropic water—
methanol mixture is carried out (indirect separation).

Scheme II was calculated for the basic mixtures of
compositions x°, | (0.392; 0.408; 0.200) and x°,  (0.049;
0.051; 0.900). The calculation results for the ED column
are given in Table 4; for columns II and III, the results
are given in Table 6.

The maximum contribution to the total energy
consumption is made by the agent recovery column
(column II). The separation of glycerol from the
mixtures with methanol and water is more energy-
intensive than the recovery of the agent from the
aqueous mixtures (column III, scheme I). Scheme II
cannot be recommended for separating the basic
methanol—tetrahydrofuran—water mixture with a low
water content.

The positive effect of diluting the basic mixtures
with water in all the columns was noted (Tables 4
and 6). The total energy consumption of scheme II
is considerably low: x°, = 5098, x°_ = 2545 kW.

F-111
Scheme II1
This separation option caters to the complete
dehydration of the basic mixture (Fig. 4). The calculations

were carried out only for the equimolar composition,
x%, > (Table 7).

Water increases the relative volatility of
tetrahydrofuran. Therefore, its removal from mixtures
leads to an increase in the glycerol amount: 150 kmol/h
ofagentper 66.6 kmol/h of methanol—tetrahydrofuran
mixture (the ratio is 2.25 : 1) is required. However, in
case of the ED of the ternary mixture of the same
composition, this ratio is 110 kmol/h per 100 kmol/h
(1.1 : 1). The total reboiler duty is 5325 kW, which is
20% higher than that in the case of scheme I (4251 kW).
The complete dehydration of the basic mixture is
impractical.

Thus, glycerol is not an effective agent for scheme III.
The concept of an effective agent considers both the
selectivity (effect on the vapor—liquid equilibrium)
and the process parameters (reboiler duty) [22].
The energy consumption of the selective glycerol
recovery column accounts for more than 51% of the
total energy consumption of scheme II. If a more selective
agent, with a lower boiling point and enthalpy of
vaporization than glycerol (Table 1), which affects
the energy consumption of the distillation columns,
is used, scheme III may be viable. Such an agent may
be, for example, dimethyl sulfoxide [9].

Scheme IV

The calculations of scheme IV were not
performed. It can be considered as an intermediate
separation option for schemes I and III, without
preliminary concentration (partial removal of water)
and with complete dehydration of the basic mixtures
(Fig. 4). The preliminary concentration is impractical,
because it will be inevitably accompanied by an

Table 6. Static parameters and separation results for columns II and III (scheme II)

Basic mixture No. col. IJX’F R X, T, X, T, 0
0.6598 0
25, 0.0024 0
I 10 0.5 0.3378 351.8 0.0003 560.7 2813
0 0.9997
xOF—I
0.995 0.0046
25, 0.0039 0
I 10 2 0.0011 337.7 0.9954 372.3 532
0 0
0.0514 0
25, 0 0
I 10 0.5 0.9486 371.9 0.0001 560.9 1921
0 0.9999
x()
F-1I1
0.9950 0.0004
10, 0 0
I 5 2.53 0.0050 3379 0.9996 373.1 182
0 0
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Table 7. Static parameters and separation results for scheme III (basic mixture, x°, )

N,
No. col. NN, F, R X T, Xy T, o
0.4995 0.0010
30, _ 0.5 0.9990
I 15 1.89 0.0005 3329 0 373 1773
0 0
0.0035 0.1795
40, 0.9965 0.0006
I 26 150 1.87 0 339.1 0.0002 379.3 810
0 0.8197
0.9964 0.0008
20, _ 0.0036 0
i 1 2 0 339.0 0.0002 374.2 2742
0 0.9990
Table 8. Comparison of 1,2-ethanediol and glycerol for scheme I (basic mixture, x°, )
N Product purity
Agent F, No. col. NN, R (0]
X T
I 45, 5/30 22 % 8'3332 232'2‘5‘ 1928
1,2-Ethanediol* 400 1I 30,12 1.9 i e ' 1548
1 136 ) x,=0.9991 373.04 1628
: x, = 0.9999 470.21
1 40,2/23 1.88 % 8'3328 ggg'gg 1306
Glycerol 120 I 30, 14 3.96 N e ’ 2167
1 10/5 01 x,=0.9999 375.31 1360
’ x, =0.9999 560.84
* Data [19]: 1,2-ethanediol; in this study: glycerol.
increase in energy consumption due to the introduction CONCLUSIONS

of an additional column. A comparison of the energy
consumptions for the separation in schemes I and III
(Tables 4, 5, and 7) shows that, as the water content in
the basic mixtures decreases, glycerol consumption
increases due to a decrease in the relative volatility of
tetrahydrofuran.

The ED of methanol-tetrahydrofuran—water
mixtures can also be carried out using ethylene
glycol as the extractive agent [4, 19]. For a correct
comparison with the results of [19], additional
calculations of scheme I were performed to obtain
purer products (Table 8).

Using glycerol reduces the energy consumption
of the complex by 5.6%. Therefore, glycerol is an
effective agent for scheme I.

For the separation of mixtures of methanol,
tetrahydrofuran, and water, a traditional ED scheme
with glycerol is recommended. If it is necessary to
separate mixtures with low water contents, a binary
agent (water—glycerol) can be introduced into the
ED column. In addition to increasing selectivity, this
will ensure a decrease in the temperature in the ED
column and, consequently, a decrease in the energy
consumed for separation in the scheme.
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Objectives. Given that microorganisms can become resistant to certain groups of drugs and
considering also their ability to form biofilms, the development of new drugs that are active
against adapted microflora is required. This study focused on the development of a new method
for the synthesis of a promising compound, the branched hydrosuccinate oligophexamethylene
guanidine (OHMGsucc), with high purity that meets the standards of the 14th edition State
Pharmacopeia of the Russian Federation (SPRF). Previously proposed methods have managed
to isolate this product, which, however, complies with the requirements of the outdated SPRF.
Therefore, the main aim of this study was to update the regulatory framework for the indicated
OHMG salt for its further use in the pharmaceutical industry according to modern standards.
Methods. To control the residual impurities of hexamethylenediamine (HMDA) and guanidine
hydrochloride (GHC), high-performance liquid chromatography (HPLC) was applied using a
Thermo Scientific Dionex UltiMate 3000 chromatograph, and the chromatographic signals of
the test solution with those of a standard sample solution obtained by a previously published
conventional method were compared.

Results. The HPLC experimental data indicated a significant difference in the quantitative
content of HMDA and GHC observed for the new and older preparation method of the branched
OHMGsucc, suggesting that the method disclosed in this article can be used to obtain highly pure
OHMGsucc.

Conclusions. The specified compound was standardized with the parameter “related impurities”
according to the current (14th) edition of the SPRF. The effectiveness and reproducibility of
the proposed method was experimentally confirmed. In addition, a process diagram for the
preparation of the indicated OHMG salt was prepared.

Keywords: biocide, antibacterial agent, purification, related impurities, oligohexamethylene
guanidine salt, disinfectant.
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Cnoco0 nmoJsiy4eHust COJIM OJIMTOTeKCAMETHJIEHTYAHUTHHA

BbICOKOHM CTENEHU YUCTOTHI

H.C. HBanoB'%@, [1.0. IlllaTaaroB!?, C.A. Keauk'?, H.II. Ceaumen'-?,
C.B. Beaskor'?, K.H. Tpauyk', B.B. KomaposBa'

MHP3A — Poccutickuii mexHonoeuueckuil ynusepcumem (FHcmumym moHKUX XUMUMECKUX MEeXHONI02ULL

umeru M.B. Aomorocosa), Mockea, 119571 Poccust

2AO HHcmumym ¢hapmayesmuueckux mexHono2ut, Mocksa, 121353 Poccust
@ Aemop ona nepenucku, e-mail: ivan.ivanov1994@gmail.com

Ienu. Ha ¢oHe npuobpemeHust MUKPOOP2AHUIMAMU PE3UCMEHMHOCMU K onpedeseHHbM 2pyn-
nam silekapcmeeHHblX cpedcmas, a makske cnocobHocmetl 06pazosvieams buonnieHku, mpebyromest
Ho8ble npenapamel, AKMUBHbLE NPOMUE A0ANMUPOBAHHOU MUKpod.iopbl. Cmambs. nocesiueHa
U3bLICKAHUIO cnocoba NOAYUEeHUsT NePCneKmu8H020 COeOUHEeHUsT — PA38emesleHH020 2UOPOCYKYU-
HOMA 0AU202eKCAMEMUNEH2YAHUOUHA C 8blCOKOU CmeneHblo wucmomsl, coomeemcmeyrouseii
Hopmam ['ocydapcmeeHHolli Papmaroneu 14 uzdarus. Tarx Kakx npeodsiolxeHHble paHee Memo-
0blL NO3BONANU NOAYUUML NPOOYKm, yooesremeopsirowuii mpebosaHusm ycmapeswetil I'ocyoap-
cmeeHHoll Dapmaroneu, mo OCHOBHOU UEnblo SA8ANACL AKMYANUAYUSL HOPMAMUBHOU 6a3bl 8
OMHOWEHUU YKA3AHHOU CONU OSlU202eKcamemuieH2yaHUuoUuHa 05l ee OaslbHeliulez0 npumeHe-
HUsl 8 hapmayesmuueckoli Ompacau Co2ACHO CO8PEMEHHbIM CMAHOApPMAam.

Memoobt. /[/ist KOHMPOJISL NPUMECHBIX COCOUHEHUTL — 2eKCAMEMUNEHOUAMUHA U 2YAHUOUHA 2UOPO-
XNI0pUOA NPUMEHSIU 8bLCOK0IPPEXMUBHYIO IUOKOCTHYIO XPOMAMOPAPUI0, KOMOPYH NPOo8ooU-
au Ha xpomamoepagpe Thermo Scientific Dionex UltiMate 3000 memodom eHewHezo cmaHoapma.
Pesynemamut. Ha 0CHOBAHUU IKCNEPUMEHMANbHBIX OAHHBIX, NOJYUEHHBIX C NOMOULLIO 8blCO-
Ko3ghherxmueHoll. IKUOKOCMHOU Xpomamozpaguu, omodpareHa pasHUUd 8 KOJAUUEeCMEEHHOM
CO0EePACAHUL 0OCMAMOUHBLX NpuMmecell 8 cocmage cYocmaHyUU pa3gemeieHH020 2UOPOCYKYUUHA-
ma osuzozeKcamemuieH2yaHUOUHA, NOAYUEHHOU 08YMsi pasHbiMU cnocobamu. OmmeueHo, umo
€cnocob, NpeodloskeHHbLI asmopamu Hacmosuwieli cmambu, No380slem CHU3UMb UX COOepIaHUEe
Nno cpasHeHU0 ¢ KOHBEHUUOHANbHBIM MEMOOOM.

Buteoodust. Coz2nacHo npedcmaesieHHbiM 0AHHbIM NPo8edeHa CMaHOApMU3ayUs YKA3AHHO20 coe-
JuHeHus no napamempy «PoocmeeHHble npuMecu» 8 COOMme8emcmaul ¢ AKMyaibHbM HA OAHHBLU
MomeHm uzoaHuem I'ocydoapcmeerHoli Dapmaroneu. Bernedemeue mozo, umo agpgpekmueHoCms
NPeONIOAEHH020 MEMOOA IKCNEPUMEHMANTLHO NOOMBEPOUNACH, HA 3AKTIOUUMENbHOM Imane pa-
6omobL 6bLIa coCMagieHa MEexXHON02UUECKAs. CXemMa NOAYUeHUsT YKA3AHHOU CONMU ONuz0zerKcame-
museH2yaHuOuUHaA.

Knroueevle cnosa: 6uoyud, aHmubaxmepuaibHblil azeHm, OUUCmKa, pooCmeeHHble NPUMeCu,
COJlb ONlUROZEKCAMEeMUNIEH_2YAHUOUHA, 0e3uHgermaHm

Jna yumuposanusa: Ivanov 1.S., Shatalov D.O., Kedik S.A., Sedishev I.P., Beliakov S.V., Trachuk K.N., Komarova V.V.
An effective method for preparation of high purity oligohexamethylene guanidine salts. Tonk. Khim. Tekhnol. = Fine Chem.
Technol. 2020;15(3):31-38. https://doi.org/10.32362/2410-6593-2020-15-3-31-38

INTRODUCTION

Infectious diseases are one of the most common
human pathologies in the modern world. At the beginning
of the last century, the fight against this group of diseases
was remarkably successful. However, an outbreak of
various epidemics is currently being recorded worldwide
[1], which is mainly associated with the tendency of
microorganisms to form biofilms and their increasing
resistance to various drugs [2]. In this regard, there is
a need to develop new pharmaceutical agents with

a wide spectrum of antimicrobial activity that could
serve as a basis for the development of effective drugs
against the highly resistant pathogenic microflora.
Oligohexamethylene guanidines (OHMG), which are
synthetic derivatives of the nitrogenous base guanidine,
are an example of such pharmaceutical substances.
Oligoguanidines are a class of polymeric biocides
that consist of repeating units of the macromolecular
chain of a positively charged guanidine moiety and
exhibit antimicrobial, antiviral, sporicidal, fungicidal,
insecticidal, pesticidal, and algicidal activity. In
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addition, they can be used against aerobic and anaerobic
microflora [3], while they can also destroy the biofilms
formed by pathogenic microflora [4]. It should be noted
that the biocidal properties of the OHMG derivatives are
significantly determined by their positive charge.

The mechanism of action of the OHMG derivatives
is activated after protonation of a guanidine molecule, as
shown in Scheme 1, which leads to the uniform distribution
of the positive charge throughout the molecule. These
polycations are then adsorbed on the cell membrane of
the pathogen, which is negatively charged due to the
phosphate groups. This, in turn, hinders the respiration
and metabolite transfer processes through the bacterial
cell wall, while the oligoguanidine macromolecules
penetrate into the cell, causing irreversible damage to the
cytoplasmic membrane and nucleotide structure, which
ultimately leads to cell death (Fig. 1).

Furthermore, the positive charge of the OHMG
derivatives enables them to act as organic bases or
form salts with various inorganic or organic acids such
as hydrochlorides, hydrocyrates, hydrosalicylates,
hydrosuccinates, etc. Especially the properties of the
branched oligohexamethylene guanidine hydrochloride
salt (OHMG-HC) have been earlier established [5, 6],

®
NH NH,

e

HN" NH, H.N" “NH,

Scheme 1. Protonation of a guanidine molecule.

protonated guanidine
molecules

indicating its low toxicity and antibacterial activity
against various bacteria and fungi [7]. Therefore,
it has been used as an active base for dental gels
[8] or for sprays to treat diseases of the oral cavity
[9]. Another promising OHMG salt is the branched
oligohexamethylene guanidine hydrosuccinate
(OHMGsucc), which exhibits modified activity. A study
conducted with a compound related to OHMG
showed that the succinic acid salt is similar to the
hydrochloric acid salt in the spectrum of antimicrobial
activities; however, succinate significantly exceeds the
hydrochloride in the disintegrating effect on the formed
biofilms of the microorganism P. aeruginosa [10]. This
is the modified activity of this compound. The branched
OHMGsucc can be used for the development of various
drugs, thus creating new possibilities in the medical
field to combat bacterial diseases. This salt has already
been synthesized with purity [11] that complied with
the earlier (12th) edition of the State Pharmacopeia of
the Russian Federation (SPRF). In this study, we aimed
to develop a new preparation method of this compound
with high purity and adapt its characteristics to the
requirements of the current 14th edition of the SPRF.

MATERIALS AND METHODS

Oligo(imnocarbonimidoylimino-1,6-hexanediyl)
hydrochloride was obtained from the [Institute of
Pharmaceutical Technologies (Russia). Chloroform
(GOST 20015-88), potassium hydroxide (GOST 24363-80),
and succinic acid (GOST 6341-75) were obtained from
CHIMMED (Russia). Ethyl alcohol (95%) was purchased

elimination of
proteins and
nucleic acids
from the cell

imbalanced i'unction of all
cellular systems and cell lysis

violation of thé cytoplasmic
membrane and nucleotide structure,
destruction of the cytoplasm

Fig. 1. Effect of OHMG on a bacterial cell.
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from Flora Kavkaza (Russia), hexamethylenediamine
(1,6-diaminohexane) from Acros Organics (Belgium),
and guanidine hydrochloride from Sigma-Aldrich
(USA).

The OHMGsucc samples were obtained using
a conventional (Method 1) and a novel (Method 2)
method, as described below.

Method 1. The conventional synthetic
methodology has been in detail described in ref. [11],
where carbon dioxide was used to fully saturate the
solution for the preparation of the OHMG base.

Method 2. For the preparation of the base, a
solution of potassium hydroxide (60 ml of 5-M KOH
solution) was prepared in ethyl alcohol, followed by
the addition of technical OHMG-HC (1 eq. per 1-4
eq. of solution). The resulting mixture was then added
upon stirring to 1 volume part of an aqueous solution
(40-60%) of OHMG-HC and the mixture was allowed
to stand for about 16 h, until the phases separated.
Afterward, 1-3 eq. of potassium hydroxide per 1
eq. of OHMG-HC were added to the phase with the
highest OHMG base content. The resulting mixture
was stirred for 3—4 h and then was allowed to stand for
16 h until phase separation. A portion of succinic acid
was subsequently added to the phase with the highest
OHMG base content until the precipitation stopped.
The precipitate was separated by filtration, the filtrate
was evaporated, and the dry residue of OHMGsucc
was dissolved in 1 mass part of water. Ethyl alcohol
and chloroform in a 2 : 1 ratio were then added to the
aqueous solution, followed by stirring for 1 h. After

phase separation, the lower phase, which contained the
purified OHMGsucc, was collected and evaporated to
afford the desired analogue as a solid salt. Its content
in impurities, i.e., hexamethylenediamine (HMDA)
and guanidine hydrochloride (GHC), was determined
by high-performance liquid chromatography (HPLC)
using a Thermo Scientific Dionex UltiMate 3000
chromatograph (USA), and the chromatographic
peaks of the test solution were compared with those
of the standard sample solution obtained by the
conventional Method 1.

RESULTS AND DISCUSSION

In this study, it was expected that the application
of Method 2 will provide better results and overcome
the significant disadvantages of the previously
developed Method 1 [11]. In order to confirm the
effectiveness of the proposed method, the OHMGsucc
salt was synthesized both by the conventional method
and the currently described method, which has not
been previously used in practice. Thus, a comparative
analysis of the amount of residual impurities
contained in the OHMGsucc salt was performed.
More specifically, the chromatograms of HMDA
(Fig. 2) and GHC (Fig. 3) were recorded to identify
the effectiveness of the proposed method (Method 2)
compared to the conventional process (Method 1). As
observed in Figs. 2 and 3, irrespective of the applied
method, the peaks of HMDA and GHC could be
detected at retention time ranges of 14.0—15.0 and
4.0-4.5 min, respectively. However, it is clear that
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63—: — Method 1

50
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0.0 20 40 6.0 8.0
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Fig. 2. Chromatogram of the quantitative content of HMDA in OHMGsucc samples purified
by Methods 1 and 2.
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Fig. 3. Chromatogram of the quantitative GHC content in OHMGsucc samples purified
by Methods 1 and 2.

Method 2 was more efficient than Method 1, as the
respective HPLC peaks of the residual impurities
were lower in both cases.

Furthermore, to confirm the reproducibility of
the results, each purification process was performed
in triplicate, resulting in six batches. It is clear from
the data in table that the results of both methods were
reproducible, while the higher efficiency of Method 2
in purifying OHMGsucc compared to that of Method 1

was again indicated by the lower mol % values of the
residual impurities.

A process diagram of the proposed method was
also created, which shows in detail all the necessary
steps required for the implementation of Method 2 and
the acquisition of high purity OHMGsucc (Fig. 4).
This scheme clearly demonstrates the simplicity of the
proposed technology for obtaining compounds of high

purity.

Content of HMDA and GHC impurities

obtained after purification of OHMGsucc with Methods 1 and 2.

Batch Method HMDA, mol % GHC, mol %
1.1 0.076 0.18
1.2 Methtgdrelff‘[cfg]rding 0.071 0.17
1.3 0.077 0.16
2.1 0.048 0.14
2.2 Method 2 0.049 0.14
2.3 0.046 0.15
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Fig. 4. Process diagram of Method 2 for the preparation and isolation of high purity OHMGsucc.

CONCLUSIONS

A new synthesis and purification method was
developed to obtain the branched OHMGsucc salt
with high purity by limiting the content of HMDA
and GHC residues. The described method also
proved to be more efficient than an earlier reported
conventional method, as it can reduce the number
of toxic impurities in the composition of the target
compound, while complying with the requirements of

the most recent 14th edition of the SPRF. Therefore,
the suggested preparation process would be useful for
the effective production of highly pure OHMGsucc,
so that it can be further used in the pharmaceutical
industry to develop new drugs that can fight the
resistant harmful microorganisms.

The authors certify that they have no commercial or
associative interest that represents a conflict of interest in
connection with the manuscript.
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Flavonoid-profile determination for a hypoglycemic collection
by high-performance liquid chromatography
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Objectives. Herbal hypoglycemic drugs complement the conventional approach to the treatment
of type-2 diabetes based on the use of synthetic prescription drugs. However, their scientifically
based application and standardization are limited due to inadequate and often outdated
information on their chemical composition. Accordingly, we have developed a hypoglycemic
collection (HGC) consisting of common bean pods (Phaseolus vulgaris L.), bilberry shoots
(Vaccinium myrtillus L.), galega herb (Gallega officinalis L.), common knotgrass herb (Polygonum
aviculare L.), burdock roots (Arctium lappa L.), and cinnamon rose hips (Rosa cinnamomea L.).
According to a number of researchers, the antidiabetic properties of these herbs are largely due
to the presence of polyphenolic compounds, especially flavonoids. The aim of this study was to
determine the profile of flavonoids in the HGC and in its total dry extract (TDE).

Methods. The study was performed by reverse-phase high-performance liquid chromatography
with diode array and mass spectrometric detection.

Results. Nine individual flavonol glycosides—derivatives of myricetin, quercetin, kaempferol
and kaempferide—were identified in the HGC and the TDE. The main flavonol glycosides in the
studied objects were robinin and kaempferol-3-glucuronide, the contents of which in the HGC
were 2.09 and 2.22 mg/g, in the TDE 4.85 and 3.84 mg/g, respectively. The other flavonol
glycosides were determined in the HGC and its TDE at significantly lower concentrations.
Conclusions. The method developed in the study can be used to standardize HGCs and estimate
their pharmacological activities.

Keywords: flavonoids, hypoglycemic collection, total dry extract, high-performance liquid
chromatography, diode array detection, mass spectrometric detection.
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IMenu. I'unoenukemuueckue npenapamsl pacmumenbH020 NPOUCXOIKOEHUSL YCneulHO OONOJHSL-
rom cuHmemuuecKue peyenmypHbsle JeKapcmed, UCNOoNb3yruuecs 8 mpaduylloHHOM nooxooe
K sleueHuro caxapHozo ouabema 2 muna. OOHAKO HAYUHO 000CHOBAHHOE NPUMEeHeHUe U CMAH-
dapmuszayust maKux npenapamos 02paHuUUeHbl U3-3a HeadekeamHol u uacmo ycmapesuieti UH-
gopmayuu 06 ux xumuueckom cocmage. Hamu 6oun paspabomar eunoenuxemuueckuti coop (I'TC),
cocmosiuuil u3 cmeopok ¢haconu obvikHogeHHoU (Phaseolus vulgaris L.), nobezog uepHuxu obblKHO-
eeHHol (Vaccinium myrtillus L.), mpasgel eanezu nexkapemeerHoti (Gallega officinalis L.), mpasbst 2opua
nmuusezo (cnopwbliuia) (Polygonum aviculare L.), kopHetli ionyxa 6obuwozo (Arctium lappa L.), nniodos
wunogHuUKa KopuuHozo (Rosa cinnamomea L.). ITo mHeHuto psida uccaedogamenetl, aHmuouabe-
muuecKkue cgolicmea 8blULEeYNOMSIHYMbIX PACMEHUT 80 MHO20M 00YC08/1eHblL Npucymemeauem 8
HUX NONUGDEHONIbHBLX COeOUHEHUT, 0cobeHHO ghiagoHoudo8. Llenb 0aHH020 ucciedo8aHus — onpe-
OdesneHue npoguns ¢paagoHouoos 8 I'T'C u 8 cymmapHom cyxom skempaxkme (CCS) Ha ocHoee I'TC.
Memooet. Hcenedosarue npogodusiu mMemodom obpauieHo-pasoeoll 8blcokoshheKmueHotl Kuo-
KOCmMHOU xpomamoepaguu ¢ OUOOHO-MAMPUUHBIM U MACC-CNEeKMPOMEMPUUECKUM OemeKmupo-
8aHuem.

Pesynomamet. B I'T'C u CCO 6bu10 u0eHmugpuyupos8aHo 0egsimsb UHOUBUOYANbHBIX (PAABOHO-
2/IUKO03UO008 — NPOU3BOOHbBLX MUPUUEMUHA, KeepuemuHa, Kemngepoaa u kemngepuoa. OcHos-
HbIMU (PNIABOHONAUKO3UOAMU 8 Uccaredyemblx obbekmax 6bliu pobuHuUH u Kemngepon-3-2aro-
KYpoHuo, codepxcarHue komopwvix 8 I'T'C cocmaesuno 2.09 u 2.22 me/2, 8 CCO — 4.85 u 3.84 mz/e,
coomeemcmegeHHo. OcmasibHble P1a8OHOAUKO3UObL bbliu ob6Hapysxkerbl 8 I'TC u CCHO e cywie-
cmeeHHO 601ee HUSKUX KOHUEHMPAUUSLX.

Buteooust. Pesynvmamul pabombl mozym OblMb UCNOb308aAHbL npu cmanoapmusauuu I'TC u
OUeHKe €20 (hapMaKoI02UUeCKOll aKMmuUu8HOCmU.

Knroueevte cnoea: nagoHouovl, cOOp 2unoaukemuueckull, CYmMmapHulil cyxoli sxemparxm,
8blCOK03hexmusHask KUOKOCMHASL Xpomamozpagust, OUOOHO-MampuuHoe demeKmuposaHue,

Macc-cneKkmpomempuuecrKoe deme;cmupoear—tue.

Jna yumuposanus: Kyrosas A.M., JlaseiioBa B.H., ITeposa N.b., Dmnep K.M. Onpenencuue npoduiis GpraBOHOUIOB B
THITOTTIMKEMHUYECKOM COOpe METOIOM BBICOKOI(()EKTUBHON KUIKOCTHON Xpomarorpadun. Touxue Xumuyeckue mexHorouu.
2020;15(3):39-46. https://doi.org/10.32362/2410-6593-2020-15-3-39-46

In recent years, diabetes has become a serious
global public health problem, affecting people of all
ages, genders, and ethnicities. A close relationship has
been established between type 2 diabetes and lack of
physical activity, excessive body weight, and poor diet.
To ameliorate the negative effects of diabetes, a number
of synthetic antidiabetic drugs have been developed
that lower blood glucose levels by various mechanisms.
These include, but are not restricted to, sulfonylureas,
biguanidines, and a-glucosidase inhibitors. The use

of herbal pharmaceuticals and nutraceuticals can
complement that of conventional synthetic prescription
drugs in the treatment of this disease. Due to the
lower probability of side effects and lower cost, herbal
medicines are often used in the treatment of patients
with type 2 diabetes [1, 2]. Such herbal collections
are a valuable source of biologically active substances
(BASs). However, their science-based application and
standardization are limited due to inadequate and often
outdated information on their chemical composition.
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Informed by literature data on the antidiabetic
properties of medicinal plants, we have developed
a herb collection with hypoglycemic effects.
The collection includes common bilberry shoots
(Vaccinium myrtillus L.) [3, 4], common bean pods
(Phaseolus vulgaris L.) [4], galega herb (Gallega
officinalis L.) [5, 6], burdock roots (Arctium
lappa L.) [7], common knotgrass herb (Polygonum
aviculare L.) [8], and cinnamon rose hips (Rosa
cinnamomea L.) [9, 10]. According to a number
of researchers, the antidiabetic properties of these
herbs are largely due to the presence of polyphenolic
compounds, especially flavonoids. [11, 12].

The aim of the work was to determine the
flavonoid profile of this herb collection and its
total dry extract (TDE) using reverse-phase high-
performance liquid chromatography (HPLC) fitted
with an online diode array detector (DAD) and mass
spectrometer (MS).

MATERIALS AND METHODS

Objects. The hypoglycemic collection (HGC)
was obtained from plant materials produced by
Fitofarm (Anapa, Krasnodar krai, Russia) [13, 14].
The TDE based on the collection was obtained
according to the following technological scheme:
extraction of the herb collection with purified water;
filtering the extract; concentrating the extract; drying;
and sieving the finished product.

Standards and solvents. Commercially
available standard samples were used: rutin (>94%,
Sigma-Aldrich, USA), hyperoside (=95%, HWI
ANALYTIK GMBH, Germany), isoquercitrin (>94%,
HWI ANALYTIK GMBH, Germany), avicularin
(ChromaDex, USA), kaempferol-3-glucoside (>95%,
PhytoLab, Germany), myricetin (appr. 85%, Sigma-
Aldrich, USA), quercetin (>98%, Sigma-Aldrich,
USA), and kaempferol (=99%, Extrasynthese,
France). The following solvents and reagents
were used: ultrapure water (Milli-Q® Advantage
A10, Merck, Germany), acetonitrile UPLC/HPLC
grade AppliChem PanReac production (Darmstadt,
Germany), methanol UPLC/HPLC grade J.T. Baker
production (Avantor Performance Materials, Inc.,
Palo Alto, USA), and formic acid 98—-100% Merck
production (Darmstadt, Germany).

Sample preparation. HGC: approximately
2.0 g (exact weight) was transferred to a 100-mL
round-bottom flask, and 50 mL of 60% aqueous
methanol was added. The mixture was heated in a
boiling water bath under reflux for 1 h. Then, the
flask was allowed to cool to room temperature,
placed in an ultrasonic bath for 5 min, and the extract
was transferred to a 50-mL volumetric flask, made

up to the mark with 60% aqueous methanol, and
stirred. An aliquot was then transferred to a 1.5-mL
centrifuge tube, centrifuged at 15000 rpm, and the
supernatant transferred to an autosampler vial. The
TDE (approximately 0.5 g accurately weighed) was
transferred to a 50-mL volumetric flask, and 30 mL of
60% aqueous methanol was added. The mixture was
placed in an ultrasonic bath for 10 min then made to
the mark with 60% aqueous methanol and stirred. An
aliquot was transferred to a 1.5-mL centrifuge tube,
centrifuged at 15000 rpm, the supernatant transferred
to an autosampler vial.

Equipment. The analysis was performed using
an Ultimate 3000 liquid chromatography system
equipped with a degasser, a three-channel pump,
a column thermostat, a thermostatically controlled
autosampler, a DAD, and an TSQ Endura triple-
quadrupole mass spectrometer (MS) (Thermo
Scientific, USA).

HPLC conditions: stationary phase: Waters
NovaPak® C18 ID 4 um 4.6 x 150 mm column; mobile
phase A: 0.1% aqueous solution of formic acid, mobile
phase B: acetonitrile; flow rate: 0.5 mL/min; gradient
elution: 0-30 min 10-25% B, 30-40 min 25-50% B;
column regeneration: 40—45 min 50—10% B, 45-50 min
10% B; column temperature: 25°C; sample volume:
10 puL; autosampler temperature: 20°C; detection was
performed at four different analytical wavelengths:
70, 350, 338, and 290 nm. Spectra were recorded in the
wavelength range 190400 nm.

MS conditions: heated electrospray ionization in
positiveion detection mode (HESI-MS+) was performed
over the m/z range 100—-1000 Da. Scanning speed:
100 Da/s; Q1 quadrupole resolution: 0.7. Operating
parameters of the ionization source: capillary voltage:
3500 V, fragmentation voltage: 5 V, desiccant gas (N,)
flow: 50 arbitrary units; auxiliary gas flow: 15 arbitrary
units; purge gas flow: 2 arbitrary units; ion transfer tube
temperature: 325°C, evaporator temperature: 350°C.

Data processing was carried out using the Thermo
Xcalibur 3.0.63 Qual browser program.

RESULTS AND DISCUSSION

The peaks in the chromatograms were identified
by comparing their retention times and ultraviolet and
mass spectra with those of standards as well as on the
basis of published data on the flavonoid profiles of
the constituent plants.

Chromatograms of the HGC extract and the TDE
are presented in Fig. 1 and Fig. 2.

Nine individual flavonol glycosides—derivatives
of myricetin, quercetin, kaempferol, and kaempferid—
were identified in the HGC and TDE (Table 1).
According to published data, robinin, 3-glucuronides
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of quercetin, and kaempferol are characteristic of
common beans [15]. We have previously identified
3-glucuronides of myricetin, quercetin, kaempferol
and kaempferide as well as 3-arabinoside kaempferol
in common knotgrass (Polygonum aviculare). In
addition, according to the results of our previous
studies, quercetin and kaempferol 3-glucuronides
are present in blueberry shoots. With a high degree
of probability, quercetin-3-robinoside-7-rhamnoside
and quercetin-3-pentosyl glucuronide are flavonol
glycosides of common beans, the contents of which
have not been previously reported in the literature.
The quantitative contents of the flavonoids
identified were determined by an external standard

9.02

method: quercetin tri- and diglycosides are expressed
in terms of rutin, myricetin- and quercetin-3-
glucuronides are expressed in terms of isoquercitrin,
and kaempferol glycosides are expressed in terms of
keampferol-3-glucoside (Table 2).

As can be seen from Table 2, the main flavonoids
in the studied objects are robinin and kaempferol-3-
glucuronide, the contents of which in the HGC are 2.09
and 2.22 mg/g, and in the TDE are 4.85 and 3.84 mg/g,
respectively.  Quercetin-3-robinoside-7-rhamnoside,
campferol-3-robinoside, quercetin-3-glucuronide,
campferid-3-glucuronide, and campferol-3-arabinoside
were detected in HGC and TDE at significantly lower
concentrations than those of the main flavonoids

22.17
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Fig. 1. Chromatogram of the HGC extract at A = 350 nm.
The peak numbers correspond to the flavonoid numbers in Tables 1 and 2.
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Fig. 2. Chromatogram of the TDE at A = 350 nm.
The peak numbers correspond to the flavonoid numbers in Tables 1 and 2.
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Table 1. HPLC-DAD-MS results for the HGC and its extract

Flavonoid R, min A, M m/z Ion detected
255, 757 [M + H]*
Quercetin-3-robinoside-7-rhamnoside 13.6 265, 611 [M — rhamnose* + H]*
’ 355 449 [M — robinose + H]*
303 [M —rhamnose — robinose + H]*
265, 741 [M+H]"
Kaempferol-3-robinoside-7-rhamnoside 155 350 595 [M — rhamnose + H]*
(Robinin) ’ 433 [M — robinose + H]*
287 [M —rhamnose — robinose + H]*
255, 495 [M + H]*
Myricetin-3-glucuronide 17.5 270, 319 [M — glucuronic acid + H]*
355
255, 611 [M+H]"
Quercetin-3-pentosylglucuronide 18.0 270, 435 [M — glucuronic acid + H]*
355 303 [M — pentose + H]*
270, 595 [M + H]*
Kaempferol-3-robinoside 21.0 345 433 [M — rhamnose + H]*
287 [M — robinose + H]*
. . 255, 479 | [M+H]
Quercetin-3-glucuronide 22.1 265, 303 [M — glucuronic acid + H]+
355
. 265, 463 [M + H]*
Kaempferol-3-glucuronide 26.5 345 287 [M — glucuronic acid + H]'
L 265, 419 [M+H]"
Kaempferol-3-arabinoside 31.5 245 287 [M — arabinose + H]'
. . 270, 477 [M + H]+
Kaempferide-3-glucuronide 359 345 301 [M — glucuronic acid + H]'

*Hereinafter: for dehydrated carbohydrate or glucuronic acid (-H,0), water is lost upon forming a glycosidic bond.

Table 2. Flavonoids content in HGC and TDE

Tl Content, mg/g
HGC TDE
Quercetin-3-robinoside-7-rhamnoside 0.10 0.31
Robinin 2.09 4.85
Myricetin-3-glucuronide 0.07 0.16
Quercetin-3-pentosylglucuronide 0.05 0.15
Kaempferol-3-robinoside 0.33 0.93
Quercetin-3-glucuronide 0.43 0.72
Kaempferol-3-glucuronide 2.22 3.84
Kaempferol-3-arabinoside 0.64 1.63
Kaempferide-3-glucuronide 0.53 1.37
Total flavonoids 6.46 13.96
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(0.10-0.64 and 0.31-1.63 mg/g, respectively). The
contents of minor flavonol glycosides, which include
quercetin-3-pentosyl glucuronide and myricetin-3-
glucuronide, are less than 0.10 mg/g in the collection
and less than 0.20 mg/g in the extract. The total
content of flavonoids in the collection is 6.46 mg/g
(or 0.646%) and that in the extract is 13.96 mg/g (or
1.396%).

CONCLUSIONS

The flavonoid profiles of HGC and its TDE were
determined by HPLC-DAD-MS. Nine individual
flavonol glycosides were identified, and these were
found to be derivatives of myricetin, quercetin,
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kaempferol and kaempferide, which are characteristic
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in HGC and TDE. Quercetin-3-robinoside-7-
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Investigation of surface tension and contact angles for effective
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Objectives. This study focused on the quantification of the surface tension and the static
and dynamic contact angles of epoxy oligomers, active diluents, and their mixtures of various
compositions at different temperatures. The active diluents were aliphatic compounds based on
glycidyl ethers, namely laproxides and a laprolate of different structure, functionality, molecular
weight, and viscosity. Moreover, the preparation of effective polymer binders (matrices) for
composites was explored.

Methods. In this study, the epoxy oligomers ED-20 and DER-330, laproxides 201B, DEG-1, E-181,
and 703, laprolate 301, and their mixtures in various compositions were investigated. Their
surface tension and the static and dynamic contact angles were determined by the Wilhelmy
plate and ring methods on a semiautomatic tensiometer at different temperatures (20-60°C). The
static contact angle was measured on a thin aluminum borosilicate glass plate, and the dynamic
contact angles were determined using an installation for measuring surface tension developed
by NPO Stekloplastik.

Results. The surface tension and static and dynamic contact angles were obtained for all epoxy
oligomers and active diluents, as well as for their mixtures at 20-60°C. For binders based on
systems of epoxy oligomers and active diluents, the impregnation rate of fiber reinforcement was
also calculated. The introduction of laproxides or laprolates into the epoxy oligomers led to a
decrease in surface tension and contact angles, while the increase in temperature increased the
impregnation rate by 10-20 times.

Conclusions. The temperature increase from 20 to 60°C resulted in a decrease in the surface
tension of mixed systems of epoxy oligomers and active diluents by almost two times. In addition,
the contact angles changed by only 4°-7°, while the impregnation was significantly improved
and the corresponding rate increased by 10-20 times.
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ITenu. OnpedeneHue noO8epxXHOCMHO20 HAMSIKeHUS,, CMAMUUeckozo U OUHAMUUECKO020 Y2/108 CMA-
UUBAHUSL NPU PASHBIX memnepamypax 0k INOKCUOHbLX onuzomepos mapoxk 3/1-20 u DER-330;
015 aKmueHblx paszbasumenell — anugamuueckux coeOuHeHUl Ha 0CHO8e 2UUUOUNO8bLX IPU-
poe — Aanpokcudog u Aanpoaama pasHoili cmpykmypsl, PYHKUUOHANLHOCMU, MONEKYASIPHOU
Maccol, 853KOCMU; a MakK>Ke 0l CUCMmeMm, COCMOSULUX U3 INOKCUOHBLX 01U2OMEPO8 U aKmue-
Hblx pasbasumenell pasHozo cocmasa. Tarrke yenvto 1857106 co30arue 3¢pPexmueHblx NoaU-
MEPHBLX CBSI3YoUUX (Mampuy) 015l KOMNO3UMOS.

Memoobst. B kauecmee 06beKkmoe Ucciedo8aHusl UCNOIb308ANAU SNOKCUOHbBLE OJU20MEPbL M-
pox B/1-20 u DER-330; axmusHble pazbasumenu — Aanpokcuost (2015, I2I-1, 5-181, 703) u
Aanponam 301; a marxike cucmemol 3NOKCUOHBLU oniuzomep + Aanporcuod (Aanponam) pasHelx
cocmasgos. IlogepxHocmHoe HamsKeHue, cmamuueckull U OUHAMUUECKUT Ya/ibl CMAUUBAHUSL
onpedensniu memooom Bunveenomu u memooom ompsleéad KOAbUA HA NOAYABMOMAMUUECKOM
men3uomempe npu pasHelx memnepamypax (20-60 °C). Cmamuueckuil yaos cmauu8aHust us-
Mepsiiu HA MOHKOU NiacmuHe U3 antomobopocunuUKaAmHO20 cmekaia. 3HaueHus OUHAMUUECKO-
20 Yena CMAUUBAHUSL ONpedessiii Ha YCmaHoeKe 0Nl UBMepeHUsl NOBEPXHOCMHO20 HAMSIKe-
Hus, paspabomarHoli AO «HITO Cmekaonaiacmuic.

Pesynemamet. OnpedesnieHbl 3HAUEHUSL NOBEPXHOCMHO20 HAMSKEHUS,, Y2108 Cmamuueckozo
U OUHAMUUECKO20 CMAUUBAHUSL 011 INOKCUOHBLX onuzomepos 3/1-20 u DER-330, Aanpokcudos
2015, [Ior-1, 5-181, 703 u Aanponama 301, a makiKe Ol CMEULAHHbLX cuCmem npu mem-
nepamypax om 20 0o 60 °C. PaccuumaHsbl CKOpOoCmMU NPONUMKU APMUPYIOULUX 80JIOKHUCTIBLX
HanonHumenell 3pPeKmusHbIMU CEA3YULUMU HA OCHO8e cMeuaHHblx cucmem. IlokasaHo,
umo npu 88e0eHUU 8 INOKCUOHbBLE onuzomepsbl Aanpokcudos (Aanposrama), no8epxHOCMHOe Ha-
msioKeHUe CHUXKAemcest, Yasibl CMAUUBAHUSL YMEHBULAOMCSL, MeMnepamypa nosblulaemcsi, 8 pe-
3ysibmame uezo0 ckopocms nponumxku gospacmaem 8 10-20 pas.

Bwbteoout. I[Tosviuerue memnepamypst om 20 0o 60 °C npugodum K CHUIKEHUI NO8EePXHOCIHO-
20 HAMSIKEHUSL CUCMEM, COCMOSULUX U3 FNOKCUOHBLX O/IU2OMEPO8 U aKmueHblx pazbasumeneti,
npakmuuecku 8 2 pasa. Yasibl cCMAUUBAHUS USMEHSIOMCsL 8ce2o Ha 4°-7°, cyuiecmeeHHo Yyayu-
waemesi Kauecmaeo nponumru, cKkopocms nponumku ygeauuusaemest ¢ 10-20 pas.

Knroueevle cnoea: snoKcuoHble 0/U20MePbL, aKmugHvle pazbasumenu, arugamuuecKue
coeOUHeHUsT Ha OCHOB8Ee 2/ULUOUN08bLX 3pupos, Aanpokcudel, Aanponam, nogepxHocmHoe
HamsikeHue, cmamuueckuli U OUHAMUUECKUT Yaabl CMAUUBAHUSL, NPONUMKA APMUPYIOULUX
80JI0KHUCMbLX HanoaHumeneu.

Jna yumupoeanusn: bpecckas A.Jl., Tpopumor JI.A., Cumonos-Emenssanos N.J1., lanrynos C.U., Cokonos B.U.
HccnenoBanre MOBEPXHOCTHOTO HATSKCHHS U YIVIOB CMAaYyUBaHUA U1 co37aHusl 9(Q(PEKTUBHBIX TOJUMEPHBIX CBA3YHOIIMX
Ha OCHOBE DTOKCHJHBIX OJIMTOMEPOB C aKTUBHBIMHU pazOaButensmMu. Toukue xumuueckue mexnonozuu. 2020;15(3):47-57.
https://doi.org/10.32362/2410-6593-2020-15-3-47-57
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INTRODUCTION

During the production of fiberglass for several
purposes, various modifiers are introduced to regulate
the physical, chemical, technological, and operational
characteristics of epoxy binders [1, 2]. The use of
glycidyl ester-based aliphatic compounds that contain
epoxy groups as modifiers of epoxy oligomers (EO)
is of particular interest. These compounds are also
known as laproxides and laprolates' and can be
efficiently combined with EO [3, 4]. More specifically,
laproxides and laprolates act as active diluents (AD)
and are embedded in the three-dimensional structure
of the epoxy polymer during curing [5, 6], thus
eliminating the solvent removal (drying) stage in the
fiberglass manufacturing. Their effect on the kinetics
of bulk shrinkage and stress during curing, as well as
on the physical properties, deformation behavior, and
molecular structure of epoxy matrices has already
been investigated [7-10].

Although it is known that determining the
composition of epoxy binders and the impregnation
rate of reinforcing fiber fillers requires additional
data on the contact angles and surface tension
[11], there are no relevant literature reports on the
surface tension and static contact angle of various
AD surfaces and systems that are based on an epoxy

oligomer and an AD (EO-AD). Moreover, data on the
dynamic contact angle of polymer epoxy binders, EO,
AD and EO-AD systems are also not available in the
literature.

Therefore, the aim of this work is to study the
surface tension (o) and the static (6 ) and dynamic
(Gdyn) contact angles of laproxides, laprolates,
and EO-AD systems of different compositions at
temperatures 20—60°C for the preparation of effective
polymer binders based on the EO ED-20 and DER-330 and
various AD with high impregnation rate of reinforcing
fiberglass systems.

MATERIALS AND METHODS

For this study, EO ED-20 (Ya.M. Sverdlov
plant, Russia) and DER-330 (DOW Chemicals, CAS
Number 25036-25-3/1330-20-7 (100-41-4), USA),
laproxides 201B (L-201B), DEG-1 (L-DEG-1),
E-181 (L-E-181), and 703 (L-703) with different
structures, functionalities, molecular weights, and
viscosities, and laprolate 301 (LT-301) (V.S. Lebedev
NPP Makromer, Russia) were used. Their main
characteristics are provided in Table 1. Moreover,
a series of EO-laproxide (or laprolate) systems of
different compositions were used.

Table 1. Characteristics of EO and AD

Brand of EO or AD? M, g/mol | p, glem’ Fu;lvc,tlil(:;:lslity Epoxv)‘fltc((’)/‘l)ltent, ViscociltnyP;; :t 25°C,
Epoxy oligomer DER-330 340 1.16 2 23.2-24.4 5-7*
Fé’g’éy{’llég;g;‘_%zgn'zo 410 117 2 20.0-22.5 2025
(LTatIJ)rzozxzigfoégT113488057-2007) 130 1.01 1 >25.0 <25
(L;Sgogggfoggﬁjssosno10) 218 1.02 2 >24.0 <70
(LTatIJ)rzozlegeO?SI 10483057201 0) 2225 1.25 2 25.0-30.0 <80
?’l?llj)rzozxzigfozg?l0488057-98) 434 1.09 3 13.6-16.5 90-160
(LTatIJ)rzozl;:;&l-10488057-94) 230 1.04 3 2.5 <30

* viscosity in Pa-s.

! Catalogue of products. NPP Makromer. Available from: http://www.macromer.ru/product/him/komponenty-dlya-lakokrasochnoj-
promyshlennosti/aktivnye-razbaviteli-marki-laproksid/ (Accessed May 26, 2019) (in Russ.).

2 Catalogue of products. NPP Makromer. Available from: http://www.macromer.ru/product/him/komponenty-dlya-lakokrasochnoj-
promyshlennosti/aktivnye-razbaviteli-marki-laproksid/ (Accessed May 26, 2019) (in Russ.).

3GOST 10587-84. Uncured epoxy resins. Specifications (amended). Moscow: Standard Publishing, 1989 (in Russ.).
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The surface tension (o) of the EO, laproxides,
laprolate, and EO—AD systems was determined by
the Wilhelmy and ring separation methods using a
semiautomatic tensiometer at different temperatures
according to GOST R 50003-92 (ISO 304-85)*. The
static contact angle (6 ) was measured according
to GOST 7934.2-74°. A thin plate of aluminum
borosilicate glass was used as contact surface, which
fully corresponded to the composition of glass fibers
used in the production of fiberglass. Furthermore, the
dynamic contact angles (den) for the EO, AD, and
EO-AD systems were calculated from the surface
tension measurement data that were obtained using
an installation developed by NPO Stekloplastik [12].

RESULTS AND DISCUSSION

The main aim of this study was to determine the
surface tension (o) and the static (6, ) and dynamic
(Gdyn) contact angles for the indicated EO and
AD (Table 2) and their mixed systems. It is worth
noting that the 6, values of the analyzed substances
were identified for the first time and allowed the
calculation of the impregnation rate of fibrous fillers,
packages, and frames during a dynamic movement of
the polymer binder, e.g., by infusion.

It is clear from Table 2 that the physical and
chemical characteristics (o, 6, and Gdyn) of the
indicated laproxides with various structures, LT-301,
and the EO ED-20 and DER-330 were significantly
different. Thus, these distinct variations were
exploited to prepare a series of EO-AD systems
with different compositions and characteristics and
optimize the impregnation process of fibrous fillers
within a wide range.

According to the o values obtained after combining
different EO—AD systems (Table 3), an increase in the
content of AD to 40 vol % led to a significant decrease

in the surface tension value of DER-330 and ED-20 by
1.5—4 times, i.e., from 37.2 and 43.0 mN/m, respectively,
to a range of 11.6-25.6 mN/m depending on the
AD brand. The greatest reduction was achieved for
the DER-330-L-201B and ED-20-L-201B systems
when 40 vol % L-201B was added, mainly due to
the low surface tension of L-201B. However, the
introduction of 40 vol % L-DEG-1 in each EO led to
a less significant decrease in surface tension, while
L-181 and L-703 led to a reduction in the surface
tension of ED-20 and DER-330 by about 1.5 times.
Instead, the introduction of LT-301 (40 vol %) in the EO was
more effective, as the o value of the corresponding
ED-20-AD and DER-330—-AD systems was reduced
to 14.5 and 13.1 mN/m, respectively.

It should also be noted that reducing the surface
tension can improve the impregnation of fiber fillers
with an EO—AD-based polymer binder. Thus, the
dependence of the surface tension on the AD content
for the ED-20—AD systems and a semilogarithmic
version of this dependence were plotted as depicted
in Fig. 1. Based on Fig. 1a, the most effective reduction
in the EO ¢ value was achieved when 2540 vol %
AD was added. However, it is known that the
introduction of more than 20 vol % of a laproxide
or a laprolate in EO is impractical, since there is a
sharp decrease in the glass transition temperature of
cured epoxy systems [8].

Furthermore, the linear dependence of Inc on
the AD content (Fig. 1b) allowed the application of
the semilogarithmic additivity rule:

Inoc=¢,,Inc, +o,,Inoc,,, (1)

where ¢, and ¢, are the volume fractions of the
EO and AD contents, respectively, in the EO-AD
system. Thus, the compositions of the EO-AD

Table 2. Surface tension and contact angles for the EO and AD at 20°C

Epoxy oligomers Laproxides Laprolate
Parameters
DER-330 ED-20 L-201B L-DEG-1 L-181 L-703 LT-301
o, mN/m 37.2 43.0 9.4 18.7 14.5 13.8 10.0
0,° 37.0 38.0 7.0 21.0 20.0 18.0 11.0
O © 57.8 58.7 27.0 39.8 36.5 33.0 314

4 GOST P 50003-92 (ISO 304-85). Surface active agents. Determination of surface tension by drawing up liquid films. Moscow:

Standard Publishing; 1992 (in Russ.).

5 GOST 7934.2-74 Watch oils. Method for the determination of regional wetting angle (amended). Collection of Standards. Moscow:

Standartinform; 2006 (in Russ.).
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Table 3. Surface tension of the studied EO—AD systems at 20°C*

Surface tension (¢), mN/m
AD content,
vol %
L-201B L-DEG-1 L-181 L-703 LT-301
10 24.0/16.0 34.7/24.8 31.3/29.1 28.3/22.4 26.4/19.5
20 16.0/13.3 29.8/21.9 26.0/27.6 21.2/18.2 19.5/14.5
30 13.1/12.8 26.0/21.0 22.5/26.8 18.0/15.9 16.3/13.7
40 11.6/12.0 23.4/20.7 20.0/25.6 16.0/13.8 14.5/13.1

*The numerator in the ¢ values indicates the ¢ value obtained for the ED-20—AD systems, and the denominator indicates the
o value obtained for the DER-330—-AD systems.

Ine

/)

h b W B —

0 20 40 60 80 100 0 20 40 60 80 100
Active diluent content, vol % Active diluent content, vol %

a b

Fig. 1. Dependence of the (a) o and (b) Ino parameters of the ED-20—AD systems on the content
of 1) L-E-181, 2) L-DEG-1, 3) LT-301, 4) L-703, and 5) L-201B at 20°C.

systems could be calculated based on Eq. (1) with a AD content for ED-20—AD systems. In particular,

given value of surface tension. based on Fig. 2a, the introduction of different AD
In addition to the reduction of the ¢ value, the contents in ED-20 reduced the static contact angle by
decrease in 6 could also improve the impregnation a range of 7°-21°, while the most effective decrease

of fiber fillers with an EO—AD-based polymer binder. (by 3.5 times) was achieved for the ED-20-L-201B
According to the data obtained for the EO-20-AD and system, when 40 vol % L-201B was used.

DER-330-AD systems with different AD contents Moreover, the linear dependence of Inf_ on the
(Table 4), the initial 6 values (Table 2) of EO-20 AD content (Fig. 2b) allowed the application of the
and DER-330 were significantly reduced. semilogarithmic additivity rule, which could be also

The results of Table 4 were further confirmed used to calculate the composition of the EO-AD

by exploring the dependence of 6 and Inf_ on the systems with a given 0st value, as with Eq. (1):
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In ‘9st =0ro In 01?0 +@Pup In G:D > (2)

where ¢, and ¢, are the volume fractions of the
EO and AD contents, respectively, in the EO-AD
system.

Another important parameter for the investigated
substances is the dynamic contact angle (0, ),
which can significantly affect their impregnation in
reinforcing systems. The 6, values obtained for the
EO-AD systems with dlfferent AD contents (Table 5)

indicated that the introduction of various AD in the
EO can decrease the 6, value.

These results were further confirmed by the
investigation of the dependence of 6, and Inf, on
the AD content of the ED-20-AD systems (F1g 3).
However, the introduction of the laproxides and
laprolate in EO reduced the 6 - value only by 15°-20°
(Fig. 3a).

As for the other factors, the linear dependence
of 1n6?dyn on the AD content (Fig. 3b) allowed the
application of the semilogarithmic additivity rule:

Table 4. Static contact angle (6 ) of the studied EO-AD systems at 20°C*

Static contact angle 0, °
AD content,
vol %

L-201B L-DEG-1 L-181 L-703 LT-301
10 27/27 32/32 32/31 31/31 30/30
20 20/20 28/28 27/27 26/26 24/24
30 14/14 25/25 24/24 23/23 20/18
40 11/11 23/23 22/22 21/21 15/17

*The numerator in the 6 values indicates the 6 value obtained for the ED-20-AD systems, and the denominator indicates the 0,

value obtained for the DER-330-AD systems.

—
L]
R
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Fig. 2. Dependence of the (a) 6 and (b) Inf  parameters of the ED-20-AD systems on the content
of 1) L-DEG-1, 2) L-E-181; 3) L-703, 4) LT-301, and 5) L-201B at 20°C.
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In summary, based on the obtained results, the
effectiveness of the studied AD substances on the o,
0., and 0, values of the EO-AD systems increased
in the order L-DEG-1 — L-E-181 — L-703 — LT-
301 — L-201B.

Furthermore, the molecular mobility of EO
and AD increased with increasing temperature,
leading to changes in the physical and chemical

characteristics (o, 6, and Qdyn) of EO, laproxides,
laprolate, and EO—AD systems. Thus, these values
were measured for the ED-20—AD system at 20 and
60°C with 20 vol % AD content (Table 6). These
temperatures were selected taking into account the
technological impregnation modes of fibrous fillers
with epoxy binders [11].

An increase in temperature from 20 to 60°C led
to a decrease in the surface tension of the studied
EO-AD systems by 4-14 mN/m. However, the 6
and 0dyn parameters were not significantly affected
by the temperature increase, as they were reduced
by only 2°-7°.

Table 5. Dynamic contact angle (6 dyn) of the studied EO—AD systems at 20°C*

Dynamic contact angle 0, ,
AD content, i
vol %
L-201B L-DEG-1 L-181 L-703 LT-301
10 51.1/50.0 55.7/55.0 54.0/54.0 53.2/53.0 52.0/52.0
20 43.5/43.0 52.2/51.5 50.0/49.9 48.9/48.6 47.0/46.6
30 39.0/38.0 48.7/48.0 46.8/46.0 44.7/44.2 42.0/41.3
40 36.0/35.0 46.3/45.4 44.0/43.1 41.0/40.4 39.0/38.0

*The numerator in the 6, values indicates the 0, value obtained for the ED-20-AD systems, and the denominator indicates the

0,,, value obtained for the DER 330—-AD systems.

60
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Fig. 3. Dependence of (a) 0,

|
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b

Land (b) Ing, for the ED-20-AD systems on the content

of 1) L-DEG-1, 2) L-E-181, 3) L-703, 4) LT-301, and 5) L-201B at 20°C.
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Table 6. Surface tension and contact angles of the ED-20—AD systems at 20 and 60°C*

ED-20-AD
Parameters
L-201B L-DEG-1 L-181 L-703 LT-301
o, mN/m 16.0/12.3 29.8/16.0 26.0/15.0 21.2/13.8 19.5/11.8
6?5[, °© 20/18 28/24 27/24 26/23 24/21
Qdyn, °© 43.5/39.7 52.2/47.5 50.0/46.6 48.9/42.7 47.0/40.0

*The numerators and denominators indicate the obtained values at 20 and 60°C, respectively.

To evaluate the effectiveness of AD in the
preparation of new epoxy binders using EO—AD systems
for the impregnation of reinforcing fillers used in the
production of fiberglass, the optimal impregnation
rate was calculated using the prediction method for
the impregnation rate of frame fillers with epoxy
binders during injection molding. The calculation
formula [Eq. (4)] of the optimal impregnation rate
(W,,, in m/s) involved the Deryagin criterion (De),
which establishes a relationship between W  and
the parameters of the polymer binder, i.e., o, 7, 0_,
and 0, . Therefore, the optimal impregnation rate of
a glass fiber filler with an EO—AD-based polymer
binder could be calculated using the formula:

W > MI/min
—

. —l
0 ———=
12 13 14 15 16
o, mN/m
a

2
6. — 1-6, /180
De=W, xn/c=0.045x| —2—* =
’ 1806,
C))

2
_0.045%| 806}
120

The 0, parameter was assumed to be 60°, as
it should not exceed this value when impregnating
the fibrous filler [11]. Moreover, from the graphs
in Figs. 4 and 5, it is clear that the impregnation
rate of the ED-20-L-201B and ED-20-L-DEG-1
systems was highly dependent on surface tension

1
E
g
2
K&G

0 E——

16 20 24 28
o, mN/m

b

Fig. 4. Dependence of Wopt on surface tension for the (a) ED-20-L-201B and (b) ED-20-L-DEG-1
systems with an AD content of 20 vol % and known # and 6 values.
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Fig. 5. Dependence of W, on the temperature for the (a) ED-20-L-201B and (b) ED-20-L-DEG-1
with an AD content of 20 vol % and 7 values of 0.03—0.9 and 0.9-2.4, respectively.

and temperature. In particular, the impregnation rate
was significantly reduced as o increased, whereas
the temperature increase from 20 to 60°C increased
the optimal W, by 10-20 times for optimal binder
compositions. Moreover, according to the data of Table
6 and Fig. 5, it was revealed that the surface tension
decreased at a higher temperature, which in turn led to
an increase in the optimal impregnation rate.

Thus, it was concluded that increasing the
temperature of optimal binder compositions based
on EO-AD systems using active diluents of different
nature, functionality, and molecular weight, allows
the regulation of the technological characteristics
of polymer binders, i.e., the surface tension, while
increasing the impregnation rate of reinforcing
systems by 10-20 times.
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Aluminum oxide carrier for a catalyst for low-temperature
isomerization of hydrocarbons
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Objectives. Determine the necessary conditions for obtaining a granulated n-Al,O, carrier,
investigate its structural and strength properties, and evaluate its activity for the model n-butane
isomerization reaction.

Methods. Samples containing bayerite structure aluminum trihydroxide were synthesized
by precipitation from aqueous solutions of aluminum nitrate with ammonia under isothermal
conditions at a constant pH value. The samples of the granulated carrier were obtained using
an extrusion method when the composition of molding pastes was varied by tuning the ratio of
bayerite- and n-Al,O -containing components and introducing polyvinyl alcohol.

Results. The influence of the preparation conditions on the structural and strength properties of
the active Al,O, granules is evaluated. Samples of the aluminum oxide carrier were tested for a
model reaction of low-temperature isomerization of n-butane, demonstrating a sufficiently high
selectivity and reasonable prospects for use as catalysts for low-temperature isomerization of
hydrocarbons.

Conclusions. Increasing the content of the polyvinyl alcohol in the molding paste from 0.4 to
1.8 wt % is accompanied by an increase in the predominant sizes of the mesopores in the range
of 10-50 nm and pores in the range of 50-80 nm, explaining the high values of all recorded
parameters for the process of isomerization of n-butane.

Keywords: isomerization, n-alkanes, the carrier of the catalyst for isomerization, aluminum
oxide, bayerite.
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AJTIOMOOKCH/IHBIN HOCUTEJIb /ISl KATAJIM3ATOPA HU3KOTEMIIEPATYPHOil

U30MepU3aIMN YIJIEBOIOPOI0B

H. TaranaypasieBa®, H.B. MaabsueBa, T.A. BumuneBckasa, B.H. Hapaes,

A.IO. ITocTHOB

Canxkm-Ilemepbypeckuil 20cyoapcmeeHHblll. mexHo/l02UUecKull. uHcmumym (mexHuueckuii
yHugepcumem), Cankm-ITlemepbype, 190013 Poccust
@Aemop onsa nepenucku, e-mail: jahana_18101993@mail.ru

Ilenu. Onpedesniernue Ycnoguil NOAYUEHUS 2paHYAUpPo8anHozo 1-Al,O -Hocumens, uccnedosaque e2o
CMPYKMYPHO-NPOUHOCTHBLX CE0TICMB U OUEHKA AKMUBHOCMU 8 MOOE/IbHOM NPOUECcce USOMEePUIAUUU
H-6ymaHa.

Memoowst. O6pasupbl, codeprcauiue mpuzudpoKcuUd aHOMUHUSL 6aliepumHoll cmpykmypsl, CUHmMesU-
posaHblL ocarkOeHUuem U3 800HbLX PACMBOPO8 HUMPAmMa QHOMUHUSL AMMUAKOM 8 U30MEePMUUECKUX
YCrosuUsIX NPU NOCMOSIHHOM 3HaUeHUU pH. DKcmpy3uoHHbLM MEmMOoO0oM NOAYUeHbL 00pa3UbL 2PAHYU-
POBAHHO20 HOCUMEJISL NPU 8APbUPOSAHUL COCMABA (POPMOBOUHBLX NACM.: COOMHOUEHUS KOUUecma
batiepum- u n-Al,O -cooeprkauiux KOMNOHEHMOE U 86e0eHUsL NOJIUSUHULO08020 CNUPMA.
Pesynemamut. OyeHeHo enustHue Ycro8uill NpusomosnieHuss Ha CmpyKkmypHO-npouHOCMHble C80Li-
cmea zparyn axmueHozo AlLO,. Ob6pasubl aNOMOOKCUOHO20 HOCUMEsL UCNbIMAHbL 8 MOO0NbHOU
peaxyuu HusKomemnepamypHoil usomepusayuu H-bymaHa, nokasaHa ux 00CMAmMOUHO 6blCOKAS
ceneKmusHoOCMeb U NepCnekmu8HoCMes NPU NOJIYUEHUU KAMAIUIAMOPO8 HU3KOMeMNnepamypHoUi uso-
Mepusayuu Yyaneeo0opooos.

BbLeoosl. YeesuueHue co0epikKaHus NOJUSUHUI08020 cnupma € ¢popmogouroil nacme om 0.4
0o 1.8 macc. % conposorkoaemcesi cmeuieHuem npeodaadarouiux pasmepos me3onop 8 uHmepaeale
10-50 nm u nop e unmepsane 50-80 Hm 8 6obUIYIO CMOPOHY, UMO 06BACHSIeM 8blCOKUE 3HAUSHUS
8cex pezucmpupyemblx nokasameseil npoyecca u3omepusayuu H-oymara.

Knroueewvle cnoea: usomepusayust, H-aJIKAHbl, HOCUumMeJlb KamaJsausamopa usomepusayuu,
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INTRODUCTION

The process of isomerization of linear alkanes to
produce automobile fuels is a key stage for ensuring
the conversion of low-octane unbranched paraffins
to high-octane branched molecules. This process can
be considered an effective and economically viable
way to increase the octane number of motor gasoline
without forming significant quantities of aromatic
compounds [1].

The isomerization process occurs on acid
catalysts and can be initiated by strong Lewis
acids, Friedel-Crafts catalysts, at relatively low
temperatures but with the significant disadvantages
of instability and highly corrosive nature [2, 3]. In
industrial isomerization processes, solid acids with
platinum deposits are usually used as catalysts, of
which platinum deposited on chlorinated aluminum
oxide or zeolites are the most commonly used
catalytic systems [4—6]. Zeolites are less acidic than

chlorinated aluminum oxides, thus requiring higher
temperatures (250—400°C) for isomerization to
occur, resulting in the lower production of branched
isomers [3, 7].

The most active catalysts currently used for the
isomerization process are chlorinated aluminum-
platinum catalysts (Pt/AL,O,-Cl). The increased
activity of these catalysts allows isomerization at
low temperatures of 120—180°C, with high degrees of
conversion (X = 28%) and selectivity (S = 98%) for
the target product [7, 8].

Aluminum oxide is widely used as a carrier
for aluminum-platinum catalysts, in particular the
y- and n-Al,O, forms. However, the n-Al O, oxide
demonstrates advantages over y-Al,O, in some cases,
as granulated n-Al,O, is characterized by both a
high specific surface area (SSp = 300-400 m*g) and
the presence of large mesopores with a size of more
than 25 nm (V' = 0.10-0.25 cm?/g), as well as

mesopores

increased Lewis acidity [2].
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n-Al,O, oxide is primarily obtained by the heat
treatment of bayerite structure aluminum trihydroxide.
The most common method for obtaining bayerite is
via precipitation from aqueous solutions of aluminum
salts with solutions of ammonia or alkalis [9]. The
precipitation of aluminum hydroxide is generally
conducted at pH values of 10-11, at which bayerite
falls out as large, poorly hydrated, and loosely
packed crystals with gaps filled with colloid-bound
water. However, the link of water in bayerite, unlike
pseudoboehmite, is not durable. Therefore, bayerite
precipitates are considerably more thixotropic and
under the influence of the shear loads that occur
during the preparation of the molding pastes and
their extrusion, sharply liquefy. When the shear
loads are reduced, they become sharply structured,
significantly complicating the process of forming
the trihydroxide [10]. Researchers found that this
property occurs in a much greater extent in molding
pastes made of bayerite precipitated from aluminum
salts by ammonia, compared to those obtained using
sodium hydroxide as the precipitator [11]. In the latter
case, careful washing of the precipitate is required, as
strict restrictions exist on the levels of sodium (no
more than 0.02 wt %) in carriers for isomerization
catalysts [11]. This leads to prioritizing precipitating
bayerite with ammonia, as the high structuring of
the pastes obtained from hydroxide complicates
their extrusion and requires finding conditions for
the preparation of granulated oxide n-AlO, that
meet the suitability requirements for a hydrocarbon
isomerization catalyst.

A promising method of regulating the properties
of aluminum oxide-based molding pastes is changing
the properties of the dispersed phase by introducing
aluminum oxide powder as a heterogeneous additive
[12] and the dispersion medium by introducing a
water-soluble organic polymer, polyvinyl alcohol
(PVA), as a surfactant. The content of the dispersed
phase plays an important role in the system [13].

The objective of this work was to determine
conditions for obtaining a granular n-Al,O, carrier,
study its structural and strength properties, and
evaluate its activity for n-butane isomerization.

MATERIALS AND METHODS

Obtaining  experimental
samples by deposition

Samples containing bayerite structure aluminum
trihydroxide were obtained by precipitation of an
aluminum salt solution with an ammonia solution.
Nonahydrate aluminum nitrate AI(NO,),"9H,0 (GOST
3757-75, batch 25, NevaReaktiv, Russia, purity 97%)
was used as the initial reagent for preparing a 5 mol/L

bayerite-containing

salt solution. A 25% solution of ammonia NH,-H,O
(GOST 3760-79, batch 49, NevaReaktiv, Russia,
purity 25%) was diluted to give a 5 mol/L ammonia
solution. The following conditions for the preparation
of bayerite-containing samples were based on prior
literature results [14].

The solutions were mixed in a glass reactor containing
an ammonia buffer solution of pH = 10.3-10.5 with
constant stirring (the speed of rotation of the agitator
is ~300 rpm). Simultaneous supply of the solutions
of aluminum nitrate and ammonia to the reactor was
performed using a peristaltic pump with a flow rate of
1 and 5 mL/min, respectively. The reaction medium
was maintained at a constant pH value of 10.5 + 0.1,
which was monitored at 30 min intervals. The set
pH value was created by a 5-fold excess of ammonia
relative to the stoichiometry of the reaction:

AI(NO,), + 3NH,OH = AI(OH), | + 3NH,NO,

Using a thermostat, the temperature of the
reaction medium was maintained at 20 + 1°C. Under
isothermal conditions, the duration of the deposition
process was 2 h, and the duration of the aging process
of the resulting sediment was 24 h.

The resulting precipitate was separated using a
Buchner funnel and washed a neutral reaction pH. The
precipitate was dried at a temperature of 100-110°C
to a constant mass. The content of bayerite in the
synthesized hydroxide precipitate was 85 +2 wt % [14].

Obtaining systems containing n-AL,0,

During this work, a series of carriers were
obtained by the extrusion method (Table 1), differing
in their ratios of the amounts of introduced bayerite-
and n-Al,O,-containing components.

For the production of carrier granules, molding
pastes were prepared using powdered components:
bayerite-containing hydroxide (hereinafter bayerite),
dried at 110°C and n-Al,O,-containing aluminum
oxide (hereinafter n-Al,O,), obtained by the
calcination of synthesized hydroxide at 500°C.

When mixed with distilled water, bayerite
powder or its mixtures with 20-80 wt % oxide powder
undergo further homogenization with the application
of shear loads. However, pastes suitable for extrusion
could not be obtained.

Using a five percent polyvinyl alcohol/distilled
water solutionasaplasticizerallowed thehomogenized
pastes to be formed in a screw granulator through a
2-mm-diameter die.

Extrudates, after “drying” at 20 + 2°C for 16-18 h
and drying at 100—110°C to constant mass, were heat-
treated at 280-290°C and 500-510°C for 4 h at each
temperature (temperature rise rate of 10°C/min).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(3):58-69

60



Nurjahan Tagandurdyyeva, Natalya V. Maltseva, Tatyana A. Vishnevskaya, et al.

Table 1. Compositions of molding pastes

B it -ALO
e A% L PVA**, wt %
Sample No. Humidity,* wt % in relati .
wt % (according to ALO) (in relation to bayerite)
1 20 80 49.5
2 40 60 51
3 60 40 52 2.7
4 80 20 55
5 100 0 56

*ratio of the total mass of water contained in each component to the total mass of all components;

**PVA—polyvinyl alcohol.

Sample characterization methods

Differential thermal (DTA) and thermo-
gravimetric analysis of synthesized bayerite
samples were performed in an air atmosphere on a
SHIMADZU DTG-60H derivatograph at a heating
rate of 10°C/min from room temperature to 800°C.
The mass of per sample was = 15-50 mg. The
temperature was determined with an accuracy of 1°C
and the mass change with an accuracy up to 0.1%.
Quantitatively, the phase composition of the samples
was determined based on the observed mass loss as a
result of thermolysis. The phase composition of the
dried bayerite samples was studied by X-ray phase
analysis, usingamultifunctional X-ray diffractometer
“RigakuSmartLab 3” (RigakuCorporation, Tokyo,
Japan) with CuKo-monochromatic radiation in the
range of angles 2@ = 10°-80° with a scanning speed
of 10 °C/min. The volume of the loaded sample was
no less than 0.1 cm?®, and the angular resolution of
the reflections was up to 0.01°. Transcription of the
radiographs was performed using Crystallographica
Search-Match V. 2,0,3,1 Oxford Cryosystems, and
the standard database was used for decryption.

The fractional composition of powders of the
synthesized samples of bayerite and n-Al,O, used for
the preparation of molding pastes was determined
by laser scattering using the SALD-2201 Laser
Diffraction Particle Size Analyzer (SHIMADZU,
Japan).

The surface acidity function (H) of the
carrier samples was determined by pH-metry,
using a pH meter-millivoltmeter pH-673.M with a
glass electrode EVL-1IM3 in an aqueous medium
exhibiting pH,, in the range 6.4-6.6, according
literature methods [15].

The specific surface area (S,,) of granulated
experimental samples was determined by the

thermal desorption of nitrogen, using the single-
point Bruner-Emmet-Teller method.

Tests of granulated sample strength during
crushing “on the end” (P ) were conducted using
a MP-2C extensometer device according to prior
literature [17].

The determination of the total pore volume
(V) of granular samples by moisture capacity was
performed, using water as a pycnometric liquid [18].

Studies of the distribution of pore volume by size
were carried out using nitrogen porometry. Nitrogen
adsorption/desorption isotherms were determined
using a “Autosorb 6iSA” facility (Quantachrome
Instruments, USA) after degassing the samples
in a vacuum oven at 250°C for 1 h. The specific
surface area, specific pore volume (pore filling with
adsorbate at its relative pressure = 1), and average
effective pore size were determined using density
functional theory [16].

To determine the relative activity of carrier
samples to evaluate their prospects as effective
acid isomerization catalysts, tests were performed
for the n-butane isomerization reaction, using the
method of NPF OLKAT company in accordance
with established recommendations [19]. The tests
were performed while loading the catalyst carrier,
3.0 cm’, under the following conditions: reactor
inlet temperature was 75°C, the volume flow rate of
n-butane (per liquid) was 1 h™!, and the molar ratio
of H, : n-butane was maintained at 1 : 1. Analysis for
the content of isomerizate in the gas mixture at the
reactor exit was performed by gas chromatography
[19].

The research was carried out on research
equipment provided by the Engineering Center of
the Saint-Petersburg State Technological Institute
(Technical University) and NPF OLKAT.
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RESULTS AND DISCUSSION

Figure 1 presents the results of the phase composition
study on the synthesized samples of aluminum hydroxide
by X-ray phase analysis. The diffraction maxima, which
are characteristic for aluminum hydroxides of bayerite
and boehmite structures, are determined based on the
given X-ray pattern.

The study of the aluminum hydroxide samples
by DTA allowed us to quantify the content of
bayerite structure aluminum trihydroxide in the
samples. According to calculations based on mass
loss, deposition under experimental conditions (for
2 h of deposition and 24 h of aging) leads to the
formation of 85 £ 2 wt % bayerite. Figure 2 shows
the derivatogram of the resulting sediments.
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Fig. 1. X-ray diffraction pattern of the synthesized bayerite
sample (¢ — bayerite; + — boehmite).
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When heated, two endoeffects can be observed
on the DTA curve with minimums at 63°C and 278°C.
The first is related to the removal of physically
adsorbed water. Literature data [9, 10, 20] show that
the phase transition of bayerite to n-Al,O, occurs in
the temperature range of 250-350°C, the cause of
the second endothermic effect.

The quantitative evaluation of the phase
composition of the calcination product of the
synthesized bayerite powder at 500°C shows a content
of 80 wt % n-Al,O, and 20 wt % y-AL O, [14].

The fractional compositions of the powders of
the synthesized sample of bayerite and n-Al,O, used
for the preparation of molding pastes are shown in
Fig. 3, 4 and in Table 2.
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Fig. 2. Derivatogram of a synthesized bayerite sample.
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Fig. 3. Differential particle size distribution curve of bayerite powder.
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Fig. 4. Differential particle size distribution curve of n-Al,O, powder.
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Table 2. Fractional composition of bayerite and n-AlO, powders

used for the preparation of molding pastes

Sample Fraction, pm Content, wt % Prevailing size,* pm
0.2-1 30.6 0.5
Bayerite 1-10 42.0 5
10-50 27.4 19
0.5-3 21.5 2
N-AlLO, 3-10 30.4 5
10-100 48.1 20

*equivalent diameter

Based on the obtained results, a bayerite
precipitate with particles ranging in size from 0.2
to 50 pm is formed during deposition under the
experimental conditions with particles of around 1
to 10 um (42 wt %) predominating. Heat treatment
of this sample at 500°C to produce n-Al O, leads
to an increase in the particle size to 100 pum. At the
same time, a decrease in the number of particles of
the 0.5-3-pum fraction occurs.

The results of measurements of the surface
acidity function, specific surface area, porous
structure parameters, the crushing strength of
granules, as well as the total pore volume of granular
carrier samples are presented in Table 3.

The determination of the acid-base properties
of the various carriers indicates that the studied
conditions of their preparation do not affect the
value of the Gammet function, H = 7.1 +0.1.

An increase in the proportion of bayerite
powder in the molding paste (from sample 1 to
sample 5) corresponds to an increase in the values of
the following textural characteristics of the carrier
granules: S from 285 to 365 m?/g, V, from 0.68 to
0.76 cm’/g, and P_ from 0.6 to 2.0 MPa.

These trends can be explained by the cumulative
effect of changes that occur when particles are packed
in pastes or granules, as well as the formation of
interparticle contacts that ensure the strength of the
porous body on the secondary porous structure and
strength of granules. First, from sample 1 to sample 5, the
proportion of smaller particles increases, increasing
the number of single contacts per unit contact
section and the proportion of reactive particles
(hydroxide compared to oxide). Thus, the number
of higher strength contacts increases, contributing
to an increase in strength and a decrease in pore
size. Second, an increase in the content of a burnout
additive-PVA leads to the formation of an additional

volume of secondary pores, increasing the total
volume of pores V, and decreasing the overall
strength.

Data on the distribution of pore volume
based on size, calculated from the integral and
differential curves obtained from the results of the
azotoporometry, are shown in Table 4.

According to the results shown in Table 4, an
increase in the share of bayerite in the molding paste
leads to a shift in the prevailing d___pore size in the
range of 3—10 nm from 4.6 to 3.7 nm and an increase
in their volume from 0.12 to 0.14 cm?®/g. The change
in these parameters is accompanied by an increase
in the pore surface area in the range of 3—10 nm, as
well as the “total” SSp of carrier samples (see Tables
3 and 5). At the same time, (Table 4) a slight increase
occurs in the prevailing pore sizes and volumes of
larger pores, producing mesopores in the range of
10-50 nm (d_ _from 27.4 to 31.5 nm and mes (10-50)
from 0.16 to 0.24 c¢cm?/g) and pores in the range of
50-80 nm (d__ from 65.2 to 77.8 nm and mes (50-50)
from 0.08 to 0.16 cm?/g). This reflects changes in
the secondary porous structure of the granules and
may be due to the influence of the burning additive-
PVA (see Tables 3 and 5).

The nitrogen adsorption-desorption isotherms
of the synthesized carriers are shown in Fig. 5.

The sorption isotherms of all carrier samples, with
some quantitative differences in the adsorption values
at certain relative pressure values P/P,, where P and
P, are the equilibrium pressure and the saturated vapor
pressure of the adsorbate at the adsorption temperature,
respectively, exhibit the same shape. Hysteresis of all
samples is H3 type, usually characterized by slit-like
pores with almost flat-parallel walls. The adsorption
branches of these isotherms exhibit the form typical of
type II from the Brunauer classification, indicating the
presence of polymolecular adsorption. No horizontal
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Table 3. Properties of carrier samples

Sample No.
Characteristics
1 2 3 4 5
Surface acidity function H 7.1 7.1 7.1 7.0 7.2
Specific surface Sy m?/g 285 290 300 310 365

Total pore volume V, cm’/g

0.68 0.70 0.70 0.74 0.76

Maximum volume of sorption space ¥, cm’/g

0.24 0.25 0.26 0.32 0.37

Macropore volume V=V, — W, cm’/g 0.44 0.45 0.44 0.42 0.39
Strength P_, MPa 0.6 0.7 1.6 2.0 2.0
Bulk density A, g/cm? 0.57 0.57 0.54 0.54 0.53

*The composition of the molding pastes differs for the samples presented in Table 3: from sample 1 to 5, the content of hydroxide
powder increases from 20 to 100 wt % (with regards to A1,0,) and the amount of polyvinyl alcohol (depending on the content of

hydroxide powder) increases from 0.0054 to 0.027 g of PVA per 1 g AlL,O

sections exist on the desorption branches and the position
of the lower point of the hysteresis loop, which depends
on the nature of the adsorbent rather than the texture of
the sample, corresponds to the value P/P = 0.40 [16].
The textural characteristics of the synthesized carriers
are shown in Table 5.

Based on the observations during the extrusion
of molding pastes, it can be concluded that the use of
PVA as a component of the dispersion medium leads
to a decrease in the degree of liquefaction of the
molding paste during extrusion by enveloping the
bayerite particles, thereby preventing the release of
colloid-bound water and allowing the production of
granules of the n-A1,0, carrier. The use of aluminum
oxide powder in the preparation of molding pastes
can, within certain limits, helps regulate the porous
structure of the obtained carriers.

The results of carrier sample testing for the low-
temperature isomerization of n-butane are presented
in Table 6. A carrier based onn-A1,0, obtained from
a powder of bayerite structure aluminum hydroxide
produced by Pural BT (Saso/, Germany) was used as
a comparison control sample.

The test results of the carrier samples show
that, regardless of the ratio of bayerite- and
Al,O,-containing components used, the samples
demonstrate comparable selectivity with the
reference model.

An increase in the proportion of bayerite in the
molding paste leads to an increase in all monitored
indicators of the m-butane isomerization process.
This may be due to the noted increase in the specific
surface area of the carrier samples and the volume

,» corresponding to a PVA content of 0.4 to 1.8 wt %.

of large mesopores in the range of 20-40 nm.
Thus, sample 5 provides the highest selectivity and
conversion values in the process.

CONCLUSIONS

The influence of forming conditions on the
textural characteristics and catalytic activity of the
low-temperature isomerization catalyst n-aluminum
oxide carriers were studied.

We determined that during the deposition
of bayerite from an aluminum nitrate solution
with ammonia under literature conditions [14], a
precipitate with particle sizes from 0.2 to 50 pm was
formed, with further heat treatment of the sample at
500°C leading to an increase in the particle size to
100 pm.

We found that using PVA as a component of
the dispersion medium of the forming pastes from
bayerite powder led to a decrease in the degree
of separation of colloid-bound water from the
interlayer space of bayerite, providing the capability
of obtaining granules of n-Al,O, by screw extrusion.

The granules of the n-Al,O, carrier obtained
by the screw extrusion of pastes of bayerite powder
with PVA were characterized by the following
textural characteristics: S_ =365 m,/g, V; =0.76 cm’/g,
W, =037 em¥/g, V_ = 0.39 cm’/g, mechanical
strength P_ = 2.0 MPa. The introduction of the
n-AlLO, powder as a heterogeneous additive in the
bayerite molding paste, plasticized by PVA, allowed
us to regulate the porous structure of the resulting
carriers. Their textural characteristics changed.
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Table 4. Size distribution of the volumes and surface areas of pores

Range of pore size, nm
Sample No. Characteristic
3-10 10-50 50-80
d_,nm 4.6 27.4 65.2
1 Pore volume, cm®/g 0.12 0.16 0.08
Surface area, m%g 130 90 5
d . ..nm 4.4 30.5 67.2
2 Pore volume, cm®/g 0.12 0.16 0.08
Surface area, m?/g 130 95 5
d_ ., nm 3.9 315 69.2
3 Pore volume, cm’/g 0.12 0.18 0.14
Surface area, m?/g 100 125 10
d_,nm 3.9 315 71.3
4 Pore volume, cm*/g 0.13 0.21 0.15
Surface area, m*/g 110 150 10
e AT 3.7 31.5 77.8
5 Pore volume, cm®/g 0.14 0.24 0.16
Surface area, m?/g 215 155 10

Table 5. Summary data table of the porous structure of synthesized carriers
studied by nitrogen porosimetry at 77 K using an Autosorb 6iSA unit

Sample No.
Defined parameter
1 2 3 4 5
Specific surface, m?/g 230 240 250 275 380
Pore volume, cm®/g 0.39 0.48 0.38 0.54 0.53
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Fig. 5. Nitrogen adsorption-desorption isotherms at 77 K for synthesized carrier samples
(the numbers on the graph corresponds to the sample number).
Table 6. Test results of the carrier samples
for the low-temperature isomerization reaction of n-butane
Sample No.
Activity indicator Sasol
1 2 3 4 5
Depth of isomerization 7, % 17.0 20.5 20.9 21.3 21.4 21.8
Conversion of n-butane K, % 17.5 21.2 21.6 22 22.1 24.3
Selectivity S, % 94.5 94.8 95.3 95.3 95.6 94.4
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Increasing the mass fraction of the powder in a mixture
with bayerite to 80 mass % led to a decrease in the S
to 285 m?/g, V; to 0.68 cm’/g, W_to 0.24 cm’/g, and an
increaseinthe V_  to0.44 cm’/g, with an unfortunately
noticeable decrease in the mechanical strength of the P_
to 0.6 MPa. Increasing the PVA content in the molding
paste from 0.4 to 1.8 wt % accompanied an increase in
the ranges of the prevailing size of the secondary pores
to values of 10-50 and 50-80 nm.
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Quantification of polysorbate 80 in biopharmaceutical
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Objectives. We hereby describe an improvement of a previously developed quantification
technique for polysorbate 80 in biopharmaceutical formulations (darbepoetin alfa and eculizumab)
and report the validation of the new approach.

Methods. Polysorbate was isolated from analyte samples by protein precipitation using an
organic solvent, followed by supernatant evaporation in vacuum. Polysorbate was derivatized
using a ferric thiocyanate reagent and extracted into an organic phase; the relevant optical
density measurements were performed.

Results. We established the optimal conditions for each step of the analysis procedure. The
accuracy was 97-102% in the tested analytical range, the relative standard deviation did not
exceed 5%, and the limit of quantification was 0.01 mg/mL.

Conclusions. The reported approach is highly sensitive; polysorbate isolation and quantification
do not depend on the matrix or, most importantly, the protein.

Keywords: validation, darbepoetin alfa, eculizumab, polysorbate, precipitation, ferric thiocyanate.
For citation: Seregin A.S., Orlova N.V., Askretkov A.D., Zybin D.I, Seregin Yu.A. Quantification of polysorbate 80 in
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Ilenu. B OoaHHOU pabome 6bLna ycogepuleHCmeo8aHa paHee paspabomaHHass memooukKa
onpedenieHust noaucopbama 80 8 buomexHosiozuuecKUx npenapamax (0apbsanosmuH ansvga,
aKkyausymab), a maxrke npogedeHa ee 8aUOAYUUSL.

Memoowut. [Tonucopbam ussrekaiu us npobbl ocarkoeHuem 6eaKa opeaHuUeckKum pacmeopume-
Jlem, 3amem 8blnapueanu cynepHamaHm 8 saxyyme. Ilonucopbam depusamusuposaniu onmu-
MUBUPOBAHHBIM IKENE30—MUOUUAHAMHBIM PedzeHmoM; 0epusam 9KCmpazuposaiu 8 ciol opea-
HUUYeCK020 pacmeopumeJisi U U3Mepsiiu ONMUUEeCKyt NA0MHOCMb.

Pesynomamet. Buui YCcmaHOo8/eHbL ONMUMAIbHblLE YCaA08USL Ot KAXKOOU cmaduu memoou-
Ku. IIpasunbHocme Haxooumest 8 ouanasoHe cmeneHu useneuerus 97-102%, omHocumesbHoe
cmarnoapmHoe OmKIoOHeHUe cocmaeasisiem He bonee 5%, npedes KoauuecmeeHHo20 onpeodeneHust
memoouru 0.01 mz/ man.

Buleooust. [IpedcmasnieHHas MemoouKa umeem eblCoKY uyecmeumenbHocms. Hseneuernue u
onpeodesieHue noaucopbama He 3a8Ucsm om mampurkca hpobsl — nperkoe acezo, 0mM NPUCYMCmay-
rowezo benka.

Knroueesle cnoea: sanuoayust, 0apbanosmuH anegpa, sKyausymab, noaucopbam, ocarxoeHue,

muoyuaHam sxkesiesa.

Jlna yumuposanus: Seregin A.S., Orlova N.V., Askretkov A.D., Zybin D.I., Seregin Yu.A. Quantification of polysorbate 80
in biopharmaceutical formulations implementing an optimized colorimetric approach. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2020;15(3):70-77. https://doi.org/10.32362/2410-6593-2020-15-3-70-77

INTRODUCTION

Polysorbates (PSs), especially polysorbate 20 (PS20)
and polysorbate 80 (PS80), are very common surfactants
in biopharmaceutical formulations, due to their low
toxicity, reasonably low cost, and high efficacy at low
concentrations. The addition of PSs to biopharmaceuticals
affords a mitigation of protein adsorption, denaturation,
degradation [2], and aggregation [3, 4] that may occur
in stress conditions, such as agitation [5], freeze—thaw
cycling [6], and contact with an air—water interface in
the course of downstream purification and storage [7]. In
the course of biopharmaceutical downstream production
and storage, PS concentration can significantly change
because they tend to be adsorbed onto surfaces and
filter membranes, so the target PS concentration, which
ensures protein stability, in intermediate downstream
products, drug substances, and drug dosage forms
must always be maintained. Therefore, in this context,
access to a simple and relatively fast method for PS
quantification is a necessity.

PSs are characterized by heterogeneous structures, a
lack of chromophoric groups, and a low tendency to bind
proteins [8, 9], so PS analysis is not a very straightforward
proposition. Numerous analytical methods have
been developed, including high-performance liquid
chromatography relying on spectrophotometry [10, 11],
mass-spectrometry [12], evaporative light scattering
[9], fluorometry [13], or gas chromatography [14] for
analyte detection. In these approaches, laborious and
time-consuming sample pre-treatment procedures, such
as alkaline or acidic hydrolysis, solid-phase extraction,
and protein removal, are usually required to obtain

reliable analytical results. Notably, complex sample pre-
treatment procedures represent a challenge also from the
standpoint of possible mistakes in experiment execution.

Since PSs are, in fact, a group of closely
related molecules lacking a well-defined structure,
their properties and chemical composition may
differ substantially from batch to batch. Therefore,
quantification methods that detect only some PS
components—e.g., oleic [10-12] or lauric acid, total
fatty acid content [9, 13], or ethylene glycol released
through hydrolysis [14]—often provide imprecise data.
Conversely, the results of detection methods that rely
on the ability of PSs to form micelles are not affected
by PS batch-to-batch variability or even by the use of
PS samples supplied by different manufacturers. A
commonly used analytical approach is colorimetry,
which is based on the formation of complexes between
PSs and iron, cobalt, or molybdenum thiocyanates
[15, 16], followed by extraction of the said complexes
into an organic solvent. Exploitation of the formation
of a polysorbate—iodine—starch complex has also
been suggested for PS quantification [17]. Another
possible analytical technique is based on the inclusion
of a fluorescent dye into PS micelles, followed by
fluorescence detection and quantitation [18, 19].

The aim of this work was to develop an optimized
spectrophotometric method for PS quantification that
relies on PS reactivity with ferric thiocyanate, so as to
improve the previously described technique [1]. We also
report the validation of PS80 analysis in the presence of
darbepoetin alfa and eculizumab, the drugs that appeared
to interfere with the results of the analysis performed
with the previously developed approach [1].
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MATERIALS AND METHODS

Chemicals and reagents

All reagents (analytical grade) were purchased
from Sigma-Aldrich, USA. Biopharmaceuticals were
drug substance solutions (or active pharmaceutical
ingredients) of darbepoetin alfa and eculizumab, both
manufactured by PHARMAPARK, Russia.

Assay procedure

The eculizumab drug substance, normally
containing a PS80 concentration of 0.02%, was diluted
five-fold before analysis. Conversely, the darbepoetin
alfa drug substance, containing 0.005% PS80, was
analyzed without dilution.

In detail, 1000 pL of acetone was added to 400 puL
of standard (0.002-0.008% PS80 solutions in ddH,O)
and sample solutions. The contents were briefly mixed
and centrifuged at 10000 rpm for 10 min in a 5417C
centrifuge (Eppendorf, Germany). Subsequently, 1000 puL
of each supernatant was placed in a fresh tube and the
solvent removed by evaporation on a vacuum rotary
evaporator RVC2-18HCL (Martin-Christ, Germany) for
2 h at 25°C. The dried samples were dissolved in 100 pL
of 2 M sodium chloride. To the obtained solutions were
then added 400 pL of freshly prepared derivatization
reagent, which consists of equal volumes of 1 M iron(I11)
chloride and 6.4 M ammonium thiocyanate. Finally, 500 uL
of dichloromethane (kept at —20°C) were added, and the
capped tubes were vigorously shaken for 5 min using a
Bullet Blender BBX24 (Biostep, Germany). The tubes
were then subjected to centrifugation at 10000 rpm for
10 min at room temperature. The optical density (OD) of
the lower phase (the organic solvent layer) was measured
at 510 nm on an Ultrospec 7000 instrument (General
Electric, USA) against a blank consisting of deionized
water. The concentrations of PS80 were determined by
linear regression using a calibration curve obtained with
the standard samples.
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Validation

All validation procedures were carried out
in accordance with the State Pharmacopeia of the
Russian Federation (14th edition) and the ICH Q2(R1)
guidelines. Specificity, linearity, analytical range,
precision, accuracy, limit of detection (LOD), and limit
of quantification (LOQ) were all evaluated.

RESULTS AND DISCUSSION

Specificity

To evaluate the analytical technique’s specificity,
we used pre-formulated PS-free protein substances of
darbepoetin alfa and eculizumab that were characterized
by concentrations of 2.1 and 15.1 mg/mL, respectively.
The values of the optical density of these solutions,
OD_ . ,werecompared with the OD of the PS80 standard
solution at the LOQ (ODLOQ), 0.01 mg/mL. The matrix
interference (MI) index can be used to quantitatively
appreciate interference from sample matrix on method
specificity. MI was calculated by the following equation:

Mlzmxloo%

LOQ

For darbepoetin alfa, the MI was 12.9%, and for
eculizumab it was 15.1%. Both values did not exceed the
MI limit of 20% [15].

Linearity

The relationship between the OD and PS80
concentration was evaluated forfive PS80 concentrations
in the 0.02—0.08 mg/mL range—each in triplicate. The
calibration curve thus obtained is reported in Fig. 1la,
and the residuals’ plot (the plot of the deviation of the
actual data points from the regression line) is reported
in Fig. 1b.
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Fig. 1. Regression of the optical density vs. the concentration of polysorboate 80 (a).
Residual values of the optical density plotted against polysorbate 80 concentration (b).
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As can be evinced from Fig. 1a, the value for the
correlation coefficient R? of the regression of the OD vs.
PS80 concentration is 0.9966. Based on this high value
and the fact that the residual values (reported in Fig. 1b)
do not depend on PS80 concentration, we conclude that
the method meets the linearity criterion.

Accuracy

For the estimation of the method’s accuracy,
darbepoetin alfa and eculizumab solutions, initially
PS80-free, were spiked with PS80 to reach the final
concentration of 0.02, 0.05, and 0.08 mg/mL, in
the case of darbepoetin alfa, and 0.08, 0.20, and
0.36 mg/mL, in the case of eculizumab. After PS80
quantification (as described), the recovery rate at every
concentration was calculated. In the case of darbepoetin
alfa, the recovery rate remained in the 98—102% range
for all concentrations; in the case of eculizumab, the
corresponding range was 97-100% (Table 1). The
recovery results for both drug substances were thus
narrowly scattered around the 100% value, and no
sample exceeded the recovery range limit of 85-115%j;
within this range, the values are considered to be free
of systematic error and provide true PS80 concentration
for the tested samples).

Repeatability and precision

The analytical technique’s repeatability was
assessed using the data of the linear regression (n = 3).
The relative standard deviation (RSD) was calculated
for each concentration. Since protein precipitation

could affect PS80 extraction and alter analysis
results, commercial samples of darbepoetin alfa and
eculizumab (already containing 0.05 and 0.2 mg/mL
PS80, respectively) were also analyzed (n = 6). For
the evaluation of the intermediate precision, the same
analyses were conducted in two additional replicates,
and the RSD values of overall PS80 concentrations for
each sample were compared. The relevant data are listed
in Table 2. In the case of no sample, the repeatability
limit of 5% or intermediate precision limit of 8% was
exceeded.

LOD and limit of quantification

The LOD and LOQ values were determined using
the standard deviation of the response, and the slope
of the calibration plot. The LOQ was determined to be
0.010 mg/mL and the LOD 0.003 mg/mL.

Robustness

In order to evaluate the analytical method’s
robustness, we analyzed the effect of varying the
following parameters (the usual value is shown in bold):

—evaporation temperature (25, 30, and 35°C);

—derivatization time (2, 5, 10, and 20 min).

Standard solutions of PS80, as well as darbepoetin
alfa and eculizumab drug substances spiked with
PS80, were analyzed. The recovery of eculizumab and
darbepoetin alfa was used as robustness criterion. One
should expect PS80 concentration differences of no
greater than 8% compared with the results obtained
using standard procedure.

Table 1. Accuracy estimation

T eoncentration. g, Concentration. mgmL, | Recovery rate, %

0.0202 101

0.02 0.0198 99

0.0196 98

0.0512 102

Darbepoetin alfa 0.05 0.0505 101
0.0511 102

0.0810 101

0.08 0.0817 102

0.0814 102

0.0802 100

0.08 0.0794 99

0.0788 99

0.1936 97

Ecuizumab 0.2 0.1952 98
0.1930 97

0.3531 98

0.36 0.3597 100

0.3553 99
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Table 2. Repeatability and intermediate precision

Sample RSD of repeatability, % RSD of intermediate precision, %
0.020 26 (n=3) 2.7
0.035 34(n=3) 3.1
PS80, mg/mL 0.050 1.6 (n=3) 1.8
0.065 1.2(n=3) 2.0
0.080 1.4(n=3) 2.1
Darbepoetin alfa, 2.1 mg/mL 25(m=06) 3.4
Eculizumab, 16.2 mg/mL 4.6 (n=16) 5.2

Note: PS80: polysorbate 80; RSD: relative standard deviation.

When the evaporation temperature was elevated
to 35°C, no effect was observed on the recovery of
darbepoetin alfa and eculizumab. However, the recovery
RSD value increased two-fold at this temperature with
respect to the 25°C case, which could be explained by an
increased rate of evaporation, splashing, and/or partial
loss of the sample. Changes in the derivatization time
did not have much impact on the recovery of the drug
formulations either. Notably, implementation of a 2-min
derivatization resulted in a decrease of the samples’ OD.

Subsequently, the stability of the polysorbate—iron
thiocyanate complex was monitored for 1 h. The PS80
standard and darbepoetin alfa drug substance samples
spiked with PS80 (at 0.02, 0.05, and 0.08 mg/mL final
concentrations) were analyzed at five time points: 10,
20, 30, 40, and 60 min. Between measurements, the
solutions were stored in polypropylene tubes at room
temperature. In Fig. 2 is reported the graph whereby the
OD is plotted against the incubation time. The OD values
did not differ from the initial value by more than 8% over
the 1-h period, for any sample.

1.5

513 —_— 5
—g 1.1

= b

é 0.9 © PS80 standard 0.05 mg/mL
7 © DEPO 0.05 mg/mL

= . ° ° ° °
% 0.7 PS80 standard 0.02 mg/mL
— DEPO 0.02 mg/mL
Sos @ PS80 standard 0.08 mg/mL.
=3 © DEPO 0.08 mg/mL
503
0.1
0 20 40 60 80

Incubation time before analysis, min

Fig. 2. Effect of incubation time on the optical density
of polysorbate 80 (PS80) standards at different
concentrations and darbepoetin alfa drug substance
samples spiked with PS80 to the specified final
concentrations (DEPO).

Analytical range

We have established the linearity, accuracy, and
precision of our technique to determine the concentration
of PS80 in the 0.02-0.08 mg/mL range. Therefore,

evidence indicates that the PS80 analytical range is
0.02—0.08 mg/mL when darbepoetin alfa is present.
However, we need to note that eculizumab was diluted
five-fold before analysis in all experiments; therefore, in
this case the PS80 analytical range is 0.1-0.4 mg/mL.

Selection of the derivatization reagent

PS80 is able to form colored complexes with
thiocyanates of transition metals, especially iron(III),
molybdenum(V), and cobalt(Il). Notably, PS80—metal
thiocyanate complexes are soluble in organic solvents
[16]. In non-polar organic solvents, furthermore, all
these complexes display absorbance peaks in the UV-Vis
spectrum. The PS80—cobalt(Il) thiocyanate complex
displays two UV-Vis peaks, at 320 nm (higher intensity)
and 620 nm; PS80-molybdenum(V) thiocyanate
displays two peaks, at 323 and 475 nm; and PS80-
iron(IIl) thiocyanate displays one peak at 510 nm. The
extinction coefficients of the peaks just listed decrease
in the following order: Fe (510 nm) > Co (320 nm)
> Mo (323 nm) = Mo (475 nm) > Co (620 nm). As we
previously discussed [1], the most useful complex from
the standpoint of our analysis is iron(Ill) thiocyanate
because its detection relies on a relatively long
wavelength; it interferes minimally with the background,
sample matrix, and the presence of UV-absorbing
impurities in reagents, and it is characterized by the
highest sensitivity among the tested metal thiocyanates.

A considerable issue associated with PS80
derivatization is the high volatility of dichloromethane,
which could result in quantification errors and increased
RSD values. Attempts to replace dichloromethane with
polar organic solvents (e.g., ethyl acetate, butyl acetate,
or their mixtures with acetonitrile) have failed due to
the intense color and almost opaque appearance of the
organic layer, even in the case of blank samples, which
is caused by the high solubility of the complexes in
these solvents. However, the use of non-polar organic
solvents, such as chloroform, carbon tetrachloride,
toluene, and benzene, yielded similar results to those
obtained using dichloromethane, although analyte
sensitivity was 2—4 times lower in all these solvents than
in dichloromethane. Moreover, collecting the toluene
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and benzene layers proved difficult, since these solvents’
densities were lower than that of the aqueous layer. In
order to minimize dichloromethane volatility, we cooled
the metal thiocyanate complex solutions to —20°C before
adding them to the PS80-containing solutions.

Cuvette fouling

The measurements of the OD were carried
out in quartz cuvettes. The cuvettes’ surfaces were
noticeably stained after 3—4 measurements. In order
to lessen cuvette fouling and maintain the stability of
the colored complexes, we added 10% sulfuric acid to
the derivatization reagent [16]. In our previous report
[1], we recommended rinsing the cuvettes with 96%
ethanol and dichloromethane after each measurement,
although complete stain removal was not achieved
by this approach. In the present study, we revised the
composition of the derivatization reagent.

According to some sources [20, 21], sodium and
potassium ions stabilize polyoxyethylene complexes with
iron(IlT) thiocyanate. To investigate the effect of such
ions on PS-based complexes, we added either sodium or
potassium chloride into the derivatization reagent to the
final concentrations of 0.1, 0.4, 1.0, and 2.0 M. To estimate
the stability of the complexes in quartz cuvettes, the
absorbance of derivatized 0.4 mg/mL PS80 samples was
determined in six replicates for all sodium and potassium
chloride ion concentrations. When a derivatization
reagent containing at least a 0.4 M concentration of
either sodium or potassium was utilized, the cuvette was
observed to be much cleaner than in the case whereby the
derivatization reagent contained no sodium/potassium
ions or a 0.1 M concentration of them. We conclude that
the addition of 0.4 M sodium chloride (or potassium
chloride) is useful for preventing cuvette fouling.

Removal of proteins from PS solutions

Our previous attempt to quantify PS80 in darbepoetin
alfa and eculizumab formulations using solid-phase
extraction [1] produced ambiguous results, due to PS80
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