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ABSTRACT

To evaluate the feasibility of isomer separation by nanofiltration (NF), the effects of different mono-
saccharide stereo-structures on separation performance of xylose and arabinose nanofiltration were
studied in this work. An NF250 membrane was used to study xylose and arabinose rejection under
different physical conditions. The retention differences between xylose and arabinose were inves-
tigated under different solution conditions during NF processing. Furthermore, the influences of
physical conditions on molecular computational radius (r,) and diffusion coefficient of the solute (Dp)
were analyzed. The STERIMOL model was introduced to describe the theoretical sizes of monosac-
charide molecules. D was applied to calculate the degree of rejections. The results showed that the
rejection ratio of xylose to arabinose increased as D  exceeded 5.0. Maintaining the trans-membrane
pressure (TMP) between 8.0 and 12.0 bar, elevating the operation temperature and reducing the con-
centration of the bulk solution helped increase the rejection ratio of xylose to arabinose. This study
presents a potential approach for monosaccharide isomers separation by solution physical properties

regulating.
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1. Introduction

Pentoses such as xylose and arabinose are important
monosaccharides that are essential nutritional supplements
in the food processing industry. Pentoses for commercial
purpose can be extracted from natural carbohydrate poly-
mers such as semi-cellulose via hydrolysis followed by enzy-
matic transfer or through fermentation. Pentoses obtained
using these methods are usually mixtures consisting of more
than one type of monomer. Isolation of the targeted mono-
saccharide from others requires a separation procedure. The
separation method commonly used for monosaccharides is
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based on chromatography [1,2]. However, technical chal-
lenges, such as appropriate selection of the stationary phase
and analytical parameters used for chromatography, render
this approach difficult to implement over a wide range of
industrial applications [3]. Alternatively, monosaccharide
mixture separation and purification could be performed
by NE. Sjéman et al. [4] studied the feasibility of separa-
tion xylose from glucose by NF, and investigated the influ-
ences of operating pressure, concentration, the mass ratio
of xylose to glucose et al. different factors on separation
effect. Actually, based on the traditional viewpoint, mem-
brane filtration would require a decade difference in molar
mass to be able to separate compents from eath other [5], it
is rather difficult for isomer separation by NF. However, as
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the properties and steric conformations of monosaccharide
molecules differ according to their acid-base properties and
solution concentration, different treatment methods may be
required in NF separation. Liu et al. [6] studied six kinds
of monosaccharides and found that rejections of them had
existed difference between each other even though those
monosaccharides were isomers.

In order to achieve better separation effect, different
physical conditions, i.e., temperature, operating pressure,
concentration, pH and ion strength, were adjusted in the
process of NF separation. NF is a pressure driven separa-
tion technology between reverse osmosis and ultrafiltration
[7]. Therefore, the operation pressure always plays crucial
role on separation performance. Goulas et al. [8] thought
the pressure increment leads to increased solvent flux and
membrane compaction. Temperature and concentration
will affect solution viscosity that lead to the phenomenon
of concentration polarization. Furthermore, the polymer of
membrane material will reorientate due to an increasing
in flexibility of molecular chains with increasing tempera-
ture [9]. pH and ion strength will also lead to the change
of membrane charge [10]. Weng et al. [11] found that ace-
tic acid could be better separated from xylose by Desal-5
DK membrane depending on changing the solution pH.
However, the influence of solute concentration, pH, filtra-
tion pressure and temperature on the solute conformation
is vague. Therefore, it is extreme important to research the
influence of physical conditions on solute molecular con-
formation.

As for neutral solutes, the permeance of solutes are
controlled by sieving effect, and the differences of sepa-
ration mostly exist in molecular sizes and diffusivities
[11]. Saccharides, for instance, xylose, lactose, glucose and
sucrose [12-19], are typical neutral solutes often utilised
to test the separation performance and determine the pore
size of NF membranes. Few references with data on the NF
separation of different saccharides of equivalent MW are
available. Monosaccharide isomers are known to exist nat-
urally in plants. Therefore, separation of isomers must be
considered in monosaccharide extraction procedure. Data
in Table 1 show that the reflection coefficient (o) of arabi-
nose is higher than that of xylose, which implies that arab-
inose retention on the NF membrane must be higher than
that of xylose [20] on the same membrane with a MWCO
of 150 Da; in fact, the retention difference between these
pentoses is about 10%. Solute permeation effects reflect

Table 1
Physical characteristics of arabinose and xylose
l-Arabinose d-Xylose

Molecular weight (g/mol) [7] 150.13 150.13
Reflection coefficient [18] 0.895 0.776
Dissociation constants value 12.34 12.15
(pKa) [29]
Equivalent molar diameter 0.68 0.65
(nm) [11]
Specific rotation +103.3° +19.0°
Hydration numbers in aqueous 7.6 6.8

solution (298 K) [30]

steric or molecular sieving effects and are influenced by
interactions between solute and pore wall (membrane
materials) [21].

The present study investigates retention differences
between xylose and arabinose under different solution con-
ditions during NF processing. Ulteriorly, the influences of
physical conditions on molecular computational radius ()
and diffusion coefficient of the solute (Dp) were analyzed.
A model was constructed to describe the relationships
amongst these parameters, including TMP, temperature
and concentration. That would provide theoretical refer-
ence for separation of xylose and arabinose. The feasibility
of using NF for separating monosaccharide isomers was
also evaluated.

2. Theoretical background
2.1. NF membrane flux and rejection

The NF process is driven by TMP. Solute permeation is
controlled by diffusion and hindered by convective trans-
port, which could be summarised as in Eq. (1) [22].

dc
]s = ]vCp = —Dp— + ]chC (1)
dx

where |_is the solute flux, ] is the bulk solution flux, Cp is
the permeate concentration, D is the diffusion coefficient
of the solute and K_is the hindrance factor for convection.

According to the Hagen—Poiseuille equation, which is
normally used in capillary mechanics, |, in the pore model
may be expressed as follows [22-24].

1’ (AP — At
]v: |4 (8 ) (2)
nAx
AP:Pin-;POW (3)

where AP refers to the Trans-membrane pressure (TMP),
which could be calculated as the mean of the inlet and
outlet membrane pressures as shown in Eq. (3) [20], Dp is
the difference between the inlet and outlet pressures, also
called the osmotic pressure difference, dx is the length of the
pore, r, is the effective pore size and n is the viscosity of the
bulk solution under the given operating conditions.

Based on a study of Bruggen and Wang [25,26], a rela-
tionship between r, and molecular weight cut-offs (MWCO)
of the NF membrane may be obtained.

MWCO =1798.3rp>*'*® 4)

Bowen et al. [22] proved that solute concentrations at
the inlet and outlet sides of a membrane may be expressed
by the bulk and permeate concentrations as well as the ste-
ric partition factor. This relationship may be generalised as
follows.

Ci= ®Cy ®)

Co=®Cp (6)



H. Liu et al. / Desalination and Water Treatment 68 (2017) 49-59 51

where C, and C, are the solute concentrations of the inlet
and outlet sides of the membrane, respectively, @ is the ste-
ric partition factor and C is the feed concentration of the
bulk solution.

The parameter @ is better known in membrane science
as the molecular sieving factor. Uncharged organic com-
pounds are not spherical; therefore, ® may be affected by
molecular shapes. The parameters L and molecular width
(MWd) were obtained from the STERIMOL parameters [27]
that normally used in pharmacy. The line linking the two
atoms with the longest distance amongst the molecules
was defined as the L-axis. The distance between A and B,
as shown in Fig. 1, is defined as L. Other atoms in this mol-
ecule then project to the perpendicular plane of the L-axis.
The smallest rectangle that can encompass all projections is
then created. Vertical lines are drawn on both sides of this
rectangle from the centre of the molecule. The four parame-
ters obtained were defined as B, to B, in STERIMOL model.
To avoid excessive numbers of parameters, the area of this
rectangle was designated as S to replace B, to B,.

Yoshiaki integrated a series of functions between ® and
r, based on the model above [21]. These functions can be
summarlsed as the following equations:

2

R 2 2 7)
— 12
q)_JO rr)z

p(o)do

pr(oc) do=1 (8)

\/r2 [Lcosoc+\/§sin0c]2 Js
| SR TN ST

Solute rejection was summarised by C, and C, as in Eq.
(9) and in Eq. (10).

C
Rjeay=1- é 9)

Fig. 1. Model of molecular length (L).

DK

Riay=1-
1-(1-PK:)exp(—Pe)

(10)

Pe is the Péclet number [28] which is defined as follows.

K ] WAX
Dy

Pe =

(11)

K, as the hindrance factor, could be calculated from
the ratio of the solute radius to the pore radius (1) and the
hydrodynamic coefficient G(I). Bowen reported this hydro-
dynamic coefficient in 2002 [23,24].

Ke=(2-®)G(A) (12)
G(X)=1.0+0.0541 - 0.9881 + 0.441A° (13)

=1.0-2.30A +1.154A% + 0.224)° (14)
r=lo (15)

Tp

2.2. Molecular computational radius (r)

The parameters of Eq. (10) were calculated by the molec-
ular shape parameters L and MWd and the pore-size model
of log-normal distribution, wherein MWd [21]and its distri-
bution function are defined as follows.

MWid =L +1x10° (16)
142

)
y-y
rpcy\/g P~ 2Gy2

17)

f(r)=

In the present work, we calculated the pore size of the
NF membrane based on the uniform pore-size model. Thus,
the mean of the logarithm of (rp —b) (which is designated as
7) should have the same value as y and the lower limit of
r should be equal to r . Based on this assumption, Eq. (17)
could be simplified to

1
f(”f’) = N (18)

where s _is the standard deviation of y, which could be
expressed as follows based on Yoshiaki’s work [21].

2 2
1y~ + Op
Oy = In -
Ty

where s is defined as the standard deviation of p.

Eq. (1) should be approximated according to the uni-
form pore-size model. The rejection (R)) could be expressed
by the following equations:

(19)

(20)
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In the uniform pore-size model, s, could be zero. Inte-
grating Eq. (16) to Eq. (19), a mathematic relation could be
summarized as Eq. (22).

D,
Ji= A_;’(cf —Cp) + JoKen[CCy (21)
. 2 _ g M_R.
R]- —1- 8T’|DpR/ + 7’;72 (AP ATC) K1 R] (22)
1* (AP — Art)

In this work, the values of R were equal to observed
rejections. Thus, 7, could be calculated by Eq. (22).

2.3. Relationships between diffusivity and feed solution
parameters

D,inEq.(1)is defined as the diffusion coefficient of the
soluteé in a pore of the NF membrane. This parameter could
be expressed in terms of Eq. (23) as follows.

D, = KDL
Mo
where K, is hindrance factors for diffusion.
As shown by Bowen [22], the n) of water increases inside
a membrane pore. Therefore, the following function was
constructed.

(23)

2
1=1+18[1)—9(ij
no Tp Ty
where 1 and 1, are the viscosities of the solution and water,
respectively, and d is the thickness of one water molecule
(d =0.28 nm).

In Yoshiaki’s approach [21], the relationship between
the diffusivity and molecular Stokes radius can be pre-

sented as follows. However, the molecular Stokes radius
would be replaced by . in this work.

(24)

k(T +273) ]
C6mx10° T r
where k is the Boltzmann constant (k = 1.38065 x 10> J/K),

r_is the molecular computational radius and T is the opera-
tion temperature.

(25)

3. Materials and methods
3.1. Chemicals and reagents

D-Xylose (>99%) and L-arabinose (>99%) were pur-
chased from Shanghai Tianlian Fine Chemical Co., Ltd.
Calcium sulphate and sodium ethylenediaminetetraacetic
acid (EDTA) were supplied by Sinopharm Chemical
Reagent Co., Ltd. Magnesium sulphate heptahydrate
and acetic acid were obtained from Lingfeng Chemical
Reagent Co., Ltd. (Shanghai) and sodium hydroxide was
obtained from Titanchem Co., Ltd. EDTA calcium diso-
dium salt hydrate was supplied by Sigma-Aldrich Co.,
Ltd. (Shanghai). The chemical reagents listed above were
of analytical-reagent grade. Deionised water was gen-
erated for experimental and cleaning purposes using a

reverse osmosis membrane. Ultrapure water for pentose
detection (conductivity <12 ps cm™) was prepared by ion
exchange (Shanghai Huazhen Co., Ltd.). Syringe filters in
the aqueous phase for filtration of the solution were pur-
chased from RephiLe Bioscience, Ltd. The filter pore diam-
eter was 0.45 pm.

3.2. Properties of xylose and arabinose

The MWs and equivalent molar diameters of xylose and
arabinose are both the same. Theoretically, these molecules
that have identical size cannot be separated by an NF mem-
brane based on sieve effects. The chemical configurations
of selected pentose in solution vary: arabinose is an L-type
molecule, whereas xylose is D-type. The cyclic structures
of both molecules are pyranose-like in nature. The physi-
cal characteristics of arabinose and xylose were shown in
Table 1.

3.3. NF membrane

The NF membrane (QY-NF-3-D) was a mem-
brane composite NF module obtained from Shanghai
Qiyu Bio-technique Co., Ltd. The MWCO of the NF
membrane was 250 Da. The NF membrane was made of
aromatic polyamides and featured an effective surface
area of 0.20 m?. The maximum pressure tolerance of the
membrane was 25 bar, and its maximum tolerable T was
40°C. The operational pH of this membrane varied from
2.0 to 12.0.

3.4. Solution condition adjustment

TMP, T and solution concentration were varied to study
NF retention differences between the two pentoses; these
conditions may affect the steric conformations and other
physicochemical properties of the solutes. NF experiments
with different solution conditions and TMP were conducted
to evaluate retention differences.

About 6L of syrup for three batches was prepared; 2 L
of this syrup was used as the feed solution for each batch.
TMP ranged from 2.5 bar to 20.0 bar, T varied at 15, 18, 21,
24,27, 30, 33 and 36°C and the pH of the syrup was regu-
lated by acetic acid and sodium hydroxide to obtain val-
ues of 5.0, 6.0, 7.0, 8.0 and 9.0. The solute concentrations of
xylose and arabinose were adjusted to 6, 10, 20, 30 and 40%
(w/v).Here, 6% (w/v) is defined as 6 g per 100 mL; all other
remaining concentrations were defined in the same man-
ner. The pentose syrup was mixed and dissolved only once
before immediate preservation at 4°C in a refrigerator to
maintain equivalent initial concentrations and experimen-
tal conditions.

3.5. Analytical methods

NF experiments were run under different conditions
as described above to evaluate the relationship between
retention, flux of permeation and operating conditions. Per-
meate and retentate samples were collected and analysed
by HPLC to calculate the concentration of each individual
component.
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An Agilent HPLC system was used to measure the con-
centration of each pentose. The system was equipped with
a Waters (USA) Sugarpak-I column with a diameter, length
and pore size of 6.5 mm, 300 mm and 10 um, respectively,
and a RID detector. The mobile phase used was ultrapure
water (conductivity < 12 ps cm™) flowing at a rate of 0.5
mL min™ at 80°C. The sample injection volume was 10 puL.
Standard samples were prepared by serial gradient dilution
of the individual stoke solutions to afford pentose concen-
trations of 0.5, 1, 2, 4, 6 and 8 g L. Calibration generally
yielded standard curves with coefficients of determination
(R?) greater than 0.99 within the range of experimental con-
centrations examined. Matlab, Chem Office and Hyperchem
software were used to calculate distances between atoms
and molecular computational diameters of the monosac-
charide molecules.

A Brookfield LVDV-II+P viscometer was used to mea-
sure the n of different solutions under different physical
conditions. Rotor #0 was selected based on the range of n.
The rotation speed was set to a minimum of 6 rpm.

4. Results and discussion
4.1. Influence of pressure on xylose and arabinose separation

Fig. 2(a) illustrates the retention of each pentose in
solution without pH and ionic strength regulation. The
deionised water used in the experiments was subacidic and
showed a pH of approximately 6.0. The pH of the syrup
was 5.1. The scedastic line obtained demonstrates very
good agreement amongst results obtained between 2.0 and
20.0 bar. As shown in Fig. 2(b), the rejection ratio of arabi-
nose to xylose decreased as the pressure increased from 2.0
bar to 5.0 bar then remained constant beyond 5.0 bar. The
highest ratio was obtained at 2.0 bar. However, the rejec-
tions of arabinose and xylose were too low for easy obser-
vation at this ratio. From 5.0 to 10.0 bar, rejection ratios of
arabinose to xylose were below the value at a higher TMP
which indicates that pressures in the stable stage from 12.0

—eo— Xylose

0671 (a) —o— Arabinose

0.5 1

0.4 1

0.3 1

Rejection

0.2 1

0.1 1

0.0

8 10 12 14 16 18 20 22

TMP(bar)

0 2 4 6

bar to 18.0 bar may be appropriate for the experiments.
The rejection ratio of arabinose to xylose profile in Fig. 2(b)
shows a slightly decline from 1.21 to 1.18. Over this TMP,
the rejection ratio maintained a temporarily stable level of
1.20. Meanwhile, The statistical analysis of rejection with
pressure was done by the process of One-Way-ANOVA and
the result showed that the rejection is not statistically sig-
nificant with the pressure (P = 0.947 > 0.05). Thus, to avoid
possible damage to the NF equipment caused by high pres-
sure, 12.0 bar was considered the most suitable TMP for
subsequent experiment.

4.2. Influence of temperature and pH on xylose and arabinose
separation

Fig. 3(a) and 3(b) showed that the rejection of each
pentose decreased as T increased. That may be due to
the change of solution viscosity under different tempera-
ture. Fig. 3(c) showed the relationship between T and
ratios of rejection for arabinose and xylose at each pH.
The rejection data showed more significant differences at
a TMP of 12.0 bar, T of 21°C and pH of 9.0 than under
other solution conditions. Actually, solute rejection will
be influenced by temperature and pH of solution. Except
for the effect of physical conditions on membrane, the
molecular structure also will be changed. For example,
the proportion of furan ring of pentose will change with
temperature [31].

Rejection of xylose and arabinose presented a discrep-
ancy that rejection of xylose ranges from 0.4 to 0.6, while
arabinose rejection ranges from 0.5 to 0.7. Equivalent molar
diameter listed in Table 1 could show an explanation for the
difference of rejection. Arabinose has the equivalent molar
diameter of 0.68 nm which is slightly bigger than xylose of
0.65 nm. Molecular stereo structure will change with the
change of bond angles in feed solution especially under dif-
ferent TMP during NF process. Equivalent molar diameter
is the basis of this discrepancy. Bigger diameter leads to the
bigger rejection in NF process.

81« —e— Arabinose/Xylose

1.4 1

1.3 1

1.2 1

Rejection ratio

1.1 1

1.0

ool —
0 2 4 6

8 10 12 14 16 18 20 22

TMP(bar)

Fig. 2. (a) Rejection of arabinose and xylose as a function of TMP. (b) Rejection ratio of arabinose to xylose as a function of TMP. The
concentration of each pentose in the original solution was maintained at 3% (w/v), the operating temperature was held at 25.0 +

0.5°C and the solution pH was maintained at 5.1 = 0.1.
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Fig. 3. (a) Rejection of xylose at different pH as a function of temperature. (b) Rejection of arabinose at different pH as a function of
temperature. (c) Rejection ratio of arabinose to xylose at different pH as a function of temperature. The TMP was held at 12.0 bar, the
concentrations of xylose and arabinose were maintained at 3% (w/v) and the solution pH was 5.1.

As shown in Fig. 4, we can find the influence that dif-
ferent temperature on xylose and arabinose molecule.
The dominant ring structure in xylose and arabinose both
contain four hydroxyl groups. These hydroxyl groups dis-
tribute in the stereo space with the type of axial bond and
equatorial bond. The lowest molecular energy of xylose and
arabinose molecules would change with the temperature
of the solution during NF process. Hyperchem and Chem
office softwares were used to construct the molecular stereo
structures of minimal energy in different solution physical
conditions.

Fig. 4 illustrated the ball-and-stick model of xylose and
arabinose at 15°C and 36°C. Molecule structures in other
conditions were not listed. In Fig. 4, the maximum atoms
distance could be seen as the major axis of xylose decreased
from 7.75 A (A = 10°m) to 548 A at the temperature
increased from 15°C to 36°C. Similarly, arabinose molecule
is with the same trend. The major axis decreases from 5.67
A to 5.65 A. Blue imaginary line in Fig. 4b and 4d is the
possible intramolecular hydrogen bond which could be the
influence factor of molecular stereo structure changes.

Based on the theoretically deduced formulas in Section
2.2, we can describe the relationship between solute rejec-
tion and n, which could substitute the physical parameters
of the solution. In the next series of experiments, we studied
the relationship between 1 and pH. Solutions of the same
concentration and T but different pH have nearly identical
n. In succeeding experiments, we considered a constant pH
for calculations and modelling.

4.3. Viscosity model for T and C_

The parameter ) is correlated with T and monosaccharide
concentration (C ). We designed experiments to show that dif-
ferent monosaccharides may have the same n at the same T
and C_. This trend also applies to bulk solutions with different
pH values. Based on these results, experiments were imple-
mented to determine the relationships between n, T and C..

We determined n over T ranging from 20°C to 55°C at
intervals of 5°C. Solutions with concentrations (w/v) from
0% (deionised water without any solute) to 80% at intervals
of 10% were prepared.



H. Liu et al. / Desalination and Water Treatment 68 (2017) 49-59 55

(@) (b)

(d)

Fig. 4. Ball-and-stick models of xylose and arabinose in the solution, operation solution pH was 9.0. (a) is xylose under temperature
of 15°C; (b) is xylose under temperature of 36°C; (c) is arabinose under temperature of 15°C; (d) is arabinose under temperature of
36°C. No additive anion or cation was in the solution.

Geometric fitting curves of the specified solute concen- The coefficients could be calculated for C, with the fol-
trations were created from the n and T data. The relevant lowing equations.
model could be expressed as follows.

. 1.37 +4.13Cs
n=aT'T (26)

a =
1+0.443Cs—59.1Cs*

(R*= 0.995,N = 9) 27)

where a"and b" are coefficients which had been listed
in Table 2. The solute concentration could be related to  p* — _(0.435+ 3.50Cs —7.26Cs? + 3.82Cs3)x10’2

these coefficients to obtain the relationship between n, T,
C. and Cs'. (R*= 0.958, N = 9)

(28)
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4.4. Analysis of model accuracy

Based on Eq. (22), we calculated the molecular radii ()
under different physical conditions based on the rejections
observed. Calculated rejections were obtained via another
series of equations expressing the original relationship of
NF rejection as summarised in Eq. (10).

According to the three-dimensional model constructed
by Chem Office, the L values of xylose and arabinose in the
STERIMOL model were 5.26 A and 5.66 A, respectively,
and the long sides of the rectangle reflected by other atoms
to the V-perpendicular plane of the L-axis were 5.07 A and
5.18 A, respectively. Comparison of these two distances
for each pentose indicated that a xylose molecule is more
spherical than an arabinose molecule. STERIMOL model
is generally used in pharmacy to relate the atom distances
of neutral molecules to replace spherical molecular diam-
eters. The width difference between monosaccharide MW
was considered and an evaluation for the effectiveness
was established. Fig. 5 presents plots of the two correla-
tion equations obtained. The slope which approximate
1.0 indicated that the rejection obtained matched better
with the rejection calculated and the STERIMOL model
matched closer with the real situation. The slope of each
equation demonstrates that the simulation results of
xylose are higher than those of arabinose. Considering
our STERIMOL model assumption and the similarity of L
and distances of L-axis V-perpendicular plane in one mol-
ecule, the more approximately spherical a molecule is, the
higher its level of simulation determined by the mathe-
matic model in this study.

Table 2

4.5. Effects of solute concentration on molecular computational
radius

High solute concentrations could lead to high n in
the bulk solution. During NF, the membrane flux was too
low to detect. Considering the requirement of accuracy,
an experiment involving solutions with concentrations
ranging from 3 g/100 mL to 40 g/100 mL was designed.
As shown in Fig. 6, the r, of both xylose and arabinose
presented a downward trend with increasing solute con-
centration. Decreases in r, range were more obvious for
arabinose than for xylose. The r_of arabinose was higher
than that of xylose at low solute concentrations, which
indicates the ease by which structural changes in arabi-
nose may be performed. The ® we calculated of arabinose
(2.03 x 10?) was lower than that of xylose (3.75 x 107),
which implies a shallower slope of its C —r_curve, contrary
to the data of the research.

The stereo formulas of the two pentoses that obtained
by Chem Draw software are illustrated in Fig. 6. Compared
with the image in Figs. 6 (a) and 6 (b) shows an unstable
hydroxyl group which specific applying to the uncertainty
configuration of hydrogen bond connected to the carbocy-
cle between R and S configurations. Structure of arabinose
is more stable than that of xylose due to the uncertainly con-
figured hydrogen bond. ® of arabinose should be higher
than that of xylose based on the stability discussed above;
however, experimental data presented an opposite relation-
ship. These gave us a message that solute concentration has
a more significant impact on xyloses which lead to a higher
steric partition factor while changing of C..

Parameters of the relationship between solution viscosity and conductive temperature

Cs’ (g/100 mL) 0 10 20 30 40 50 60 70 80
Cs (103 mol m~) 0 0.667 1.33 2.00 2.67 3.33 4.00 4.67 5.33
a* 1.27 1.90 247 3.15 499 476 6.54 12.7 24.0
b* (x10-%) -4.33 -8.10 -9.36 -891 -7.89 -5.35 -4.77 -5.89 -7.60
0.7 1 0.7 1
Xylose Arabinose
0.6 - 0.6 -
05 - 0.5 -
50 y=0.8585x+0.0595 = 041 Y=0.6707x+0.1327
K S 2_
€ 03 - R’=0.9473 & 03| R’=0.8299
0.2 - 0.2
01 - 0.1
0.0 - - , - . , 0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Rj

Fig. 5. Observed (R) and calculated (R

j(cal,

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Rj

) rejections of xylose and arabinose at different physical conditions of the solution. TMP

ranged from 2.5 bar to 20.0 bar, T ranged from 15°C to 36°C and concentration ranged from 6 to 40% (w/Vv).
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Fig. 6. Relationship between solute concentration and molecular computational radius of xylose and arabinose. The temperature
was controlled to 21°C, TMP was 1.2 MPa (12.0 bar) and solution pH was approximately 5.1.

4.6. Expanding separation discrepancy assumption

The rejection and analytical data obtained show poten-
tial separation by regulation of bulk solution conditions.
Fig. 7 presents the tendency of separation at high D . Xylose
and arabinose showed nearly identical calculated rejections
when D was less than 5m?s™. As the D increased to values
greater than 5, the rejection difference between xylose and
arabinose became more obvious. We noted the respective
relatronshrps of D, with TMP, T and C, which are illustrated
in Fig. 8. D, presents different relatronshrps with these three
parameters The maximum value of D, was reached when
TMP was nearly 10.0 bar; D increased as TMP approached
10.0 bar. With increasing T of the bulk solution, Dp contin-
uously increased. The relationship between solute concen-
tration and D, presented a type of crosscurrent. To achieve
efficient separatlon measures to increase D must be
adopted. Ensuring that TMP is 8.0-12.0 bar, increasing the
T within the scope of the equipment capacity and reduc-
ing the solute concentration are also effective measures to
increase Dp.

5. Conclusions

Molecular shape parameters introduced by the STERI-
MOLmodel and membrane pore size were incorporated into
the formula for NF rejection to calculate the 7. The observed
rejection corresponded well to the calculated rejection. We
expressed the 7_in terms of solution conditions, namely, T,
solute concentration and TMP. A relationship between bulk
1, solute concentration and T was established.

The r_of arabinose is more easily changed than that
of xylose under different bulk solution conditions, which
indicates that the more spherical a molecule is, the more dif-
ficult it is to adjust rejection by NE. Change of bond angles
and intramolecular hydrogen bonds could be influence fac-
tors to molecular stereo structure in different physical con-
ditions of solution, which we will do further explanation in
our another research.

0.7 Xylose
2— -—
0.6 - R°=0.9467 N=18
_.
0.5 1 Arabinose
2_ -
~ o4l R’=0.9500 N=18
o
=t
& 0.3 -
0.2 -
0.1 4
0.0 T T T T Y
2 3 4 5 6 7

2 -1
Dp(m s7)

Fig. 7. Relationship between D and R

j(cal)®

The results obtained in this study provide some mea-
sures by which to increase rejection differences between
xylose and arabinose. These measures include maintenance
of TMP at 8.0-12.0 bar, increases in T and decreases in C..
These measures present a potential approach for separatmg
monosaccharide isomers such as xylose and arabinose.

Symbols

B — lower limit of r (m)

C — solute concentration in the pore (mol m=)

C — feed concentration (mol m®)

C{ — solute concentration at inlet of membrane
(mol m)

, — solute concentration at outlet of membrane
(mol m)

permeate concentration (mol m=)
solute concentration in bulk solution (mol m=)

~

a0 o
|

@
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(b) .

Arabinose
R’=0.7846

9.0 7

8.0 1

7.0 1

6.0 1

D, (mzs‘ll

5.0 1

4.0

21

8 10 12 14 16 18 20 22
TMP (bar)

(d)

Arabinose
R*=0.9999
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4.5 1

4.0 4

3.5 A1

2.1
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R’=0.9987

0
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Fig. 8. Relationships between D and (a, b) TMP, (¢, d) operation temperature and (e, f) solute concentration. (a), (c) and (e) refer to
the respective relationships of xylose whereas (b), (d) and (f) refer to those of arabinose.

~

solute concentration in bulk solution (g/100 mL)
diffusivity in bulk solution (m?*s™)

diameter of one water molecule (4 = 0.28 nm)
hindered diffusivity with modification of
viscosity (m*s™)

probability density function of r

lag coefficient

solute flux (mol m2s™)

mean solute flux (mol m2s™)

EeieleXe

<
—

~

—— 0

water flux (m®* m2s™)

mean water flux (mol m=2s)

Boltzmann constant (J K™)

hindrance factor for convection

hindrance factor for diffusion

membrane rejection molecular weight (Da)
molecular width (m)

Péclet number

molecular computational radius (m)
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R/, — observed rejection

R, — calculated rejection

r — effective pore radius (m)

T — temperature (°C)

X — position in a pore from inlet (m)

Y — log (r,=b)

y — meanofiny

AP — applied pressure (Pa)

Ax — pore length (m)

An  — osmotic pressure difference (Pa)

n — viscosity of water in a pore (mPa s)
n, — viscosity of bulk water (mPa s)

A — ratio of solute radius to effective pore radius
o, — standard deviation of r (m)

o, — standard deviation of In y

0] — steric partition factor
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