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Apparent molar volumesVΦ,S and viscosityB-coefficients forD-(+)-glucose,D-(+)-galactose,D-(+)-xylose, and
D-(-)-ribose in aqueous amino acid (glycine orL-alanine) solutions have been determined respectively from
density and viscosity measurements at 298.15 K. Infinite-dilution apparent molar volumes for the saccharides
VΦ,S

0 in aqueous glycine orL-alanine solutions have been evaluated, together with the standard transfer volumes
∆tVΦ,S

0 of the saccharides from water to aqueous amino acid solutions. It is shown that values of transfer volumes
and viscosityB-coefficients are positive and increase with increasing amino acid contents. Volumetric parameters
indicating the interactions of saccharides with amino acids in water have been obtained from the transfer volumes
of the saccharides. The interactions between saccharides and amino acids are discussed in terms of the structural
interaction model and the stereo structure of monosaccharide molecules.

Introduction

The properties of carbohydrate solutions are of considerable
interest in various aspects of basic researches and applications.
Saccharides and their derivatives are important chemicals in life
process. Many functional features of saccharides in biology are
now becoming obvious but are far from being fully understood.
Therefore, the increasing interest in biophysical and biochemical
research is presently being directed toward the novel subdisci-
pline termed “glycobiology”.1 Many technological applications
of carbohydrates utilize the exotic rheological properties of their
aqueous solutions,2 including the control of gelling processes3

and the osmoregulation of tissues and organs in cryoprotective
provisions.4,5

In living organisms, interactions of carbohydrates with pro-
teins play a key role in a wide range of biochemical process. In
particular, carbohydrates located at cell surface are receptors
with regard to the bioactive structures of hormones, enzymes,
viruses, antibodies, etc.5 Therefore, the studies of carbohydrate-
protein interactions are very important for immunology, biosyn-
thesis, pharmacology, and medicine. Analysis of literature data
shows that general information about the interaction between
carbohydrates and proteins could be obtained from X-ray crys-
tallography,6-9 NMR spectra,10 computer calculations,11-13 and
chromatography data.14,15There are also investigations devoted
to the kinetics of these interactions.16,17 However, thermody-
namic studies of the interactions between carbohydrates and pro-
teins in solutions are rare, especially the viscosity property. Due
to complex conformation and configuration of proteins in var-
ious solvents, a direct study on proteins is very difficult. As
amino acids are model compounds of proteins, it is necessary
to study the thermodynamic properties for carbohydrate+ amino
acids+ water systems.

Recently, an attention has been paid, in particular, to the rich
conformational variety of carbohydrates.18,19 As part of glyco-
proteins, glycolipids, and other biomolecules, carbohydrates, due
to their conformational flexibility, offer an additional “alphabet”

in many biological processes, such as signaling, cell-cell
recognition, and molecular and cellular communication.20

In our previous work,21-27 thermodynamic studies of some
ternary electrolyte+ saccharide+ water systems have been
carried out using galvanic cells and densimeter. In this paper,
we will explore the interactions between monosaccharides (S)
and amino acids (A) in water. DensitiesF and viscositiesη of
aqueous monosaccharide [D-(+)-glucose,D-(+)-galactose,D-(+)-
xylose, andD-(-)-ribose] solutions will be reported with and
without amino acids (glycine andL-alanine) at 298.15 K. From
these data, the standard partial molar volumesVΦ,S

0 and
viscosity B-coefficients for the monosaccharides will also be
calculated. Results will be discussed in terms of the cosphere
overlap model and the stereochemistry of saccharide molecules.
It is expected that these should provide additional information
on the effect of saccharides on the stability of globular proteins.

Experimental Section
Chemicals.High-purityD-(+)-glucose,D-(+)-galactose,D-(+)-

xylose,D-(-)-ribose, and glycine were all obtained from Sigma
Chemical Company, butL-alanine was from Fluka. They were
used without further purification, dried under vacuum to constant
weight, and then stored over P2O5 in desiccators. The deionized
water was doubly distilled over KMnO4. The water sample with
a conductivity of 1.2× 10-6 s‚cm-1 was used throughout the
experiments.

Measurement of Densities and Viscosities.Solution densities
were measured using a vibrating-tube digital densimeter (model
DMA 60/602 Anton Paar Austria), which has been described
elsewhere.21-23 The temperature around the density meter cell
was controlled by circulating water from a constant-temperature
bath (Schott, Germany). A CT-1450 temperature controller and
a CK-100 ultracryostat were employed to maintain the bath
temperature at (298.15( 0.005) K. The density meter was
calibrated with pure water (the value of density was taken to
be 0.997047 g‚cm-3 at 298.15 K from Kell’s data28) and dry
air. The uncertainty of molalities of monosaccharides and amino
acids is evaluated to be less than( 0.0001 mol‚kg-1. The
uncertainty in density was estimated to be( 3 × 10-6 g‚cm-3.
Solution viscosities were measured by a suspended level Ub-* Corresponding author. E-mail: klzhuo@263.net.

919J. Chem. Eng. Data2006,51, 919-927

10.1021/je050412t CCC: $33.50 © 2006 American Chemical Society
Published on Web 04/01/2006



Table 1. Solution DensitiesG and Apparent Molar Volumes VΦ,S for Monosaccharides in Water and in Aqueous Glycine Solutions at 298.15 Ka

mS F VΦ,S mS F VΦ,S mS F VΦ,S

mol‚kg-1 g‚cm-3 cm3‚mol-1 mol‚kg-1 g‚cm-3 cm3‚mol-1 mol‚kg-1 g‚cm-3 cm3‚mol-1

Glucose in Water
0.2000 1.010418 111.94 0.6000 1.035322 112.22 1.0000 1.057986 112.51
0.4000 1.023160 112.09 0.8000 1.046917 112.37 1.2000 1.068590 112.64

Galactose in Water
0.2000 1.010729 110.36 0.6000 1.036283 110.56 1.0000 1.059604 110.81
0.4000 1.023810 110.43 0.8000 1.048233 110.65 1.2000 1.070559 110.89

Xylose in Water
0.2000 1.007782 95.55 0.6000 1.027997 95.71 1.0000 1.046668 95.89
0.4000 1.018090 95.64 0.8000 1.037513 95.80 1.2000 1.055493 95.96

Ribose in Water
0.2000 1.007829 95.31 0.6000 1.028154 95.44 1.0000 1.046944 95.60
0.4000 1.018185 95.39 0.8000 1.037724 95.53 1.2000 1.055805 95.68

Glucose in Glycine Solutions
mGly/mol‚kg-1 ) 0.1000 mGly/mol‚kg-1 ) 0.2000 mGly/mol‚kg-1 ) 0.3000

0 1.000217 0 1.003340 0 1.006417
0.2000 1.013415 112.18 0.2000 1.016378 112.37 0.2000 1.019309 112.50
0.4000 1.026006 112.30 0.4000 1.028814 112.49 0.4000 1.031615 112.60
0.6000 1.038016 112.43 0.6000 1.040704 112.58 0.6000 1.043372 112.69
0.7991 1.049449 112.54 0.8000 1.052057 112.69 0.8000 1.054610 112.80
1.0000 1.060457 112.67 1.0000 1.062914 112.80 1.0000 1.065365 112.89
1.2000 1.070976 112.76 1.2000 1.073307 112.90 1.2000 1.075655 112.99

mGly/mol‚kg-1 ) 0.1500 mGly/mol‚kg-1 ) 0.2500 mGly/mol‚kg-1 ) 0.3500
0 1.001783 0 1.004883 0 1.007940
0.1999 1.014890 112.30 0.2000 1.017846 112.44 0.2000 1.020754 112.59
0.4000 1.027409 112.41 0.4000 1.030217 112.55 0.4000 1.032986 112.69
0.6000 1.039349 112.53 0.6000 1.042034 112.65 0.6000 1.044669 112.79
0.8000 1.050761 112.64 0.7992 1.053294 112.74 0.7995 1.055813 112.89
0.9928 1.061292 112.74 1.0000 1.064124 112.86 0.9982 1.066430 112.99
1.2000 1.072115 112.86 1.1999 1.074458 112.96 1.2000 1.076763 113.08

Galactose in Glycine Solutions
mGly/mol‚kg-1 ) 0.1000 mGly/mol‚kg-1 ) 0.2000 mGly/mol‚kg-1 ) 0.3000

0.2000 1.013758 110.44 0.2000 1.016729 110.59 0.2000 1.019649 110.76
0.4000 1.026679 110.57 0.4000 1.029501 110.73 0.4000 1.032287 110.87
0.5996 1.038990 110.71 0.6000 1.041704 110.85 0.6000 1.044358 110.99
0.7945 1.050492 110.82 0.8000 1.053374 110.97 0.8000 1.055894 111.11
1.0000 1.062093 110.94 0.9988 1.064477 111.08 1.0000 1.066952 111.21
1.2000 1.072885 111.07 1.2000 1.075225 111.19 1.2000 1.077532 111.32

mGly/mol‚kg-1 ) 0.1500 mGly/mol‚kg-1 ) 0.2500 mGly/mol‚kg-1 ) 0.3500
0.2000 1.015250 110.50 0.1965 1.017960 110.70 0.2000 1.021094 110.86
0.3999 1.028073 110.69 0.4000 1.030896 110.81 0.4000 1.033663 110.95
0.6000 1.040347 110.81 0.6000 1.043039 110.91 0.6000 1.045668 111.06
0.7999 1.052078 110.91 0.8000 1.054642 111.03 0.8000 1.057150 111.17
0.9998 1.063289 111.03 1.0000 1.065742 111.15 1.0000 1.068151 111.27
1.2000 1.074029 111.16 1.2000 1.076385 111.25 1.2000 1.078675 111.38

Xylose in Glycine Solutions
mGly/mol‚kg-1 ) 0.1000 mGly/mol‚kg-1 ) 0.2000 mGly/mol‚kg-1 ) 0.3000

0.2000 1.010817 95.71 0.2000 1.013822 95.79 0.2000 1.016774 95.91
0.4000 1.020998 95.79 0.4000 1.023892 95.86 0.4000 1.026729 95.97
0.6000 1.030792 95.85 0.5996 1.033549 95.94 0.6000 1.036291 96.06
0.8000 1.040200 95.93 0.8000 1.042879 96.01 0.8000 1.045492 96.13
1.0000 1.049261 96.00 1.0000 1.051835 96.09 1.0000 1.054355 96.20
1.2000 1.057980 96.07 1.2000 1.060458 96.16 1.2000 1.062891 96.26

mGly/mol‚kg-1 ) 0.1500 mGly/mol‚kg-1 ) 0.2500 mGly/mol‚kg-1 ) 0.3500
0.1998 1.012311 95.76 0.2000 1.015300 95.86 0.2000 1.018231 95.99
0.3998 1.022440 95.82 0.4000 1.025315 95.92 0.4000 1.028124 96.05
0.5989 1.032139 95.88 0.6000 1.034950 95.97 0.6000 1.037640 96.11
0.8000 1.041555 95.96 0.8000 1.044196 96.06 0.8000 1.046789 96.19
1.0000 1.050557 96.04 0.9999 1.053108 96.13 0.9881 1.055090 96.24
1.2000 1.059247 96.10 1.2000 1.061686 96.21 1.2000 1.064090 96.31

Ribose in Glycine Solutions
mGly/mol‚kg-1 ) 0.1000 mGly/mol‚kg-1 ) 0.2000 mGly/mol‚kg-1 ) 0.3000

0.2000 1.010887 95.35 0.1978 1.013765 95.50 0.2000 1.016845 95.55
0.4000 1.021128 95.45 0.4000 1.024008 95.56 0.4000 1.026854 95.65
0.6000 1.030972 95.54 0.5987 1.033690 95.63 0.6000 1.036487 95.72
0.8000 1.040442 95.62 0.8000 1.043112 95.71 0.8000 1.045751 95.79
0.9776 1.048549 95.68 1.0000 1.052141 95.77 0.9987 1.054612 95.86
1.1950 1.058119 95.76 1.2000 1.060839 95.83 1.2000 1.063279 95.92

mGly/mol‚kg-1 ) 0.1500 mGly/mol‚kg-1 ) 0.2500 mGly/mol‚kg-1 ) 0.3500
0.2000 1.012384 95.44 0.2000 1.015361 95.55 0.1998 1.018283 95.67
0.4000 1.022561 95.54 0.4000 1.025433 95.61 0.3982 1.028168 95.71
0.6000 1.032345 95.62 0.6000 1.035120 95.68 0.6000 1.037832 95.78
0.8000 1.041752 95.70 0.8000 1.044445 95.74 0.7999 1.047043 95.85
1.0000 1.050820 95.76 1.0000 1.053418 95.81 1.0000 1.055902 95.93
1.1978 1.059455 95.83 1.2000 1.062055 95.88 1.2000 1.064450 95.99

a mS ) molality of monosaccharide in water.mGly ) molality of glycine in water.
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belohde viscometer, which was placed in a water thermostat
(Schott, Germany), with a flow time of about 200 s for water
at 298.15 K. The temperature of the water thermostat was con-
trolled to be as precise as the density measurements. The vis-
cometer was calibrated at (298.15 and 308.15) K with water.
The viscosities for water at different temperatures were taken
from the literature.29 Flow time measurements were performed
by a Schott AVS310 photoelectric time unit with a resolution
of 0.01 s. The estimated uncertainty of experimental viscosity
is ( 0.25 %. Solution viscosityη is given by the following
equation:

whereC and K are the cell constants andt is the flow time.
The details of the experimental procedure are given elsewhere.30

Results and Discussion

Apparent Molar Volume.Densities of solutionsF are listed
in Tables 1 and 2. Apparent molar volumes of monosaccharides
VΦ,S were calculated from the equation:31

whereMS andMA are the molar masses of monosaccharide and

Table 2. Solution DensitiesG and Apparent Molar Volumes VΦ,S for Monosaccharides in Water and in Aqueous Alanine Solutions at 298.15 Ka

mS F VΦ,S mS F VΦ,S mS F VΦ,S

mol‚kg-1 g‚cm-3 cm3‚mol-1 mol‚kg-1 g‚cm-3 cm3‚mol-1 mol‚kg-1 g‚cm-3 cm3‚mol-1

Glucose in Alanine Solutions
mAla/mol‚kg-1 ) 0.1001 mAla/mol‚kg-1 ) 0.2002 mAla/mol‚kg-1 ) 0.2999

0 0.999919 0 1.002733 0 1.005483
0.1966 1.012889 112.14 0.2000 1.015747 112.34 0.2000 1.018332 112.50
0.4000 1.025691 112.26 0.4000 1.028167 112.45 0.4000 1.030606 112.58
0.6000 1.037706 112.37 0.6000 1.040033 112.55 0.5992 1.042287 112.68
0.7996 1.049175 112.47 0.7964 1.051188 112.63 0.8005 1.053583 112.76
1.0000 1.060183 112.58 1.0000 1.062247 112.73 0.9987 1.064216 112.86
1.1987 1.070628 112.68 1.2000 1.072636 112.83 1.2000 1.074575 112.94

mAla/mol‚kg-1 ) 0.1500 mAla/mol‚kg-1 ) 0.2500 mAla/mol‚kg-1 ) 0.3502
0 1.001328 0 1.004113 0 1.006853
0.2002 1.014450 112.21 0.2000 1.017037 112.46 0.2000 1.019630 112.52
0.4000 1.026941 112.33 0.4000 1.029387 112.53 0.4000 1.031837 112.60
0.6000 1.038898 112.42 0.6000 1.041186 112.62 0.6000 1.043504 112.70
0.8000 1.050314 112.53 0.8000 1.052475 112.70 0.8000 1.054662 112.79
1.0000 1.061249 112.62 1.0000 1.063256 112.81 1.0000 1.065347 112.88
1.2000 1.071706 112.72 1.2000 1.073624 112.88 1.2000 1.075567 112.98

Galactose in Alanine Solutions
mAla/mol‚kg-1 ) 0.1000 mAla/mol‚kg-1 ) 0.2000 mAla/mol‚kg-1 ) 0.3000

0.2000 1.013441 110.44 0.2000 1.016082 110.60 0.2000 1.018695 110.65
0.4000 1.026355 110.55 0.3999 1.028828 110.72 0.4000 1.031282 110.84
0.6000 1.038690 110.67 0.5997 1.041016 110.81 0.6000 1.043332 110.94
0.8000 1.050487 110.78 0.7999 1.052677 110.93 0.8000 1.054859 111.05
1.0000 1.061769 110.90 1.0000 1.063834 111.04 1.0000 1.065893 111.15
1.2000 1.072574 111.01 1.2000 1.074529 111.14 1.2000 1.076481 111.24

mAla/mol‚kg-1 ) 0.1499 mAla/mol‚kg-1 ) 0.2500 mAla/mol‚kg-1 ) 0.3500
0.2000 1.014757 110.56 0.2000 1.017391 110.64 0.2000 1.019967 110.76
0.4000 1.027591 110.65 0.4000 1.030072 110.76 0.4000 1.032504 110.86
0.6000 1.039863 110.74 0.6000 1.042206 110.84 0.6000 1.044501 110.95
0.8000 1.051580 110.87 0.8000 1.053786 110.98 0.8000 1.055958 111.07
1.0000 1.062805 110.97 1.0000 1.064895 111.07 1.0000 1.066933 111.18
1.2000 1.073553 111.08 1.2000 1.075516 111.18 1.2000 1.077445 111.29

Xylose in Alanine Solutions
mAla/mol‚kg-1 ) 0.09995 mAla/mol‚kg-1 ) 0.2000 mAla/mol‚kg-1 ) 0.3000

0.2000 1.010506 95.68 0.2000 1.013188 95.77 0.2000 1.015823 95.83
0.3923 1.020299 95.75 0.4000 1.023241 95.85 0.4000 1.025770 95.88
0.6000 1.030462 95.84 0.6000 1.032904 95.92 0.6000 1.035324 95.96
0.8000 1.039879 95.90 0.8000 1.042212 95.98 0.8000 1.044521 96.03
1.0000 1.048940 95.97 1.0000 1.051152 96.06 1.0000 1.053367 96.11
1.2000 1.057651 96.05 1.2000 1.059777 96.13 1.2000 1.061890 96.18

mAla/mol‚kg-1 ) 0.1500 mAla/mol‚kg-1 ) 0.2500 mAla/mol‚kg-1 ) 0.3500
0.2000 1.011851 95.75 0.2000 1.014513 95.79 0.2000 1.017129 95.84
0.3920 1.021568 95.81 0.4000 1.024507 95.87 0.4000 1.027015 95.90
0.6000 1.031691 95.88 0.6000 1.034117 95.94 0.6000 1.036511 95.99
0.8000 1.041052 95.94 0.8000 1.043356 96.02 0.8000 1.045653 96.06
1.0000 1.050048 96.02 1.0000 1.052253 96.10 1.0000 1.054446 96.15
1.2000 1.058715 96.09 1.2000 1.060820 96.17 1.2000 1.062927 96.21

Ribose in Alanine Solutions
mAla/mol‚kg-1 ) 0.1000 mAla/mol‚kg-1 ) 0.2000 mAla/mol‚kg-1 ) 0.3000

0.2000 1.010556 95.37 0.2000 1.013251 95.45 0.2000 1.015879 95.54
0.4000 1.020796 95.44 0.4000 1.023364 95.53 0.4000 1.025872 95.61
0.6000 1.030652 95.49 0.6000 1.033092 95.60 0.6000 1.035488 95.67
0.8000 1.040114 95.58 0.8000 1.042456 95.66 0.8000 1.044742 95.74
1.0000 1.049238 95.64 1.0000 1.051461 95.74 1.0000 1.053659 95.80
1.2000 1.058030 95.70 1.2000 1.060145 95.80 1.2000 1.062223 95.88

mAla/mol‚kg-1 ) 0.1500 mAla/mol‚kg-1 ) 0.2500 mAla/mol‚kg-1 ) 0.3500
0.2000 1.011916 95.42 0.2000 1.014573 95.49 0.2000 1.017188 95.53
0.4000 1.022092 95.49 0.4000 1.024628 95.56 0.4000 1.027114 95.64
0.6000 1.031878 95.56 0.6000 1.034306 95.62 0.6000 1.036675 95.70
0.8000 1.041300 95.62 0.8000 1.043599 95.71 0.8000 1.045882 95.76
1.0000 1.050355 95.69 1.0000 1.052565 95.77 1.0000 1.054734 95.84
1.2000 1.059092 95.76 1.2000 1.061198 95.83 1.2000 1.063282 95.90

a mS ) molality of monosaccharide in water.mAla ) molality of alanine in water.

VΦ,S )
MS

F
-

(1000+ mAMA)(F - FA)

mSFFA
(2)

η/F ) Ct - K/t (1)
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amino acid;mS and mA are the molalities of monosaccharide
and amino acid; andF andFA are the densities of saccharide+
amino acid+ water and amino acid+ water solutions, re-
spectively. The results are also included in Tables 1 and 2. The
uncertainty ofVΦ,S is ( 0.06 at the lowest molality and( 0.01
cm3‚mol-1 at the highest molality. It has been observed that
plots of VΦ,S versusms are very linear. Therefore, infinite-
dilution apparent molar volumes (VΦ,S

0 ), which are equal to the
standard partial molar volumes, were obtained by least-squares
weighted fitting experimental data to the following equation:
32,33

whereSV is the experimental slope. The weighing factor ofVΦ,S

used in the regression analysis is (δVΦ,S)-2, whereδVΦ,S ) -(M

+ 1000/m) δF/F2, δF is uncertainty of the solution density and
is taken as a constant,32,33andM is the molar mass of the solute.
The resulting values ofVΦ,S

0 , VΦ,A
0 , andSV for monosaccharide

or amino acid are summarized in Tables 3 to 5. They are in
good agreement with those in the literature.34 The partial molar
volumes of transfer of monosaccharides from water to aqueous
amino acid solutions at infinite dilution∆tVΦ,S

0 were evaluated
from

Plots of ∆tVΦ,S
0 versus the molalities of amino acids are

represented in Figures 1 and 2. SinceVΦ,S
0 is, by definition,

Table 3. Standard Partial Molar Volumes and the Experimental Slopes for Monosaccharides in Water and in Glycine Solutions at 298.15 K

mA
a VΦ,S

0 SV mA VΦ,S
0 SV

mol‚kg-1 cm3‚mol-1 cm3‚kg‚mol-2 mol‚kg-1 cm3‚mol-1 cm3‚kg‚mol-2

Glucose Galactose
0 111.81( 0.01 0.69( 0.01 0 110.21( 0.02 0.57( 0.03

111.99( 0.01b 110.52( 0.02b

111.79c 110.29( 0.04d

0.1000 112.09( 0.01 0.57( 0.02 0.1000 110.33( 0.01 0.61( 0.02
0.1500 112.19( 0.004 0.55( 0.005 0.1500 110.43( 0.03 0.60( 0.04
0.2000 112.27( 0.01 0.53( 0.01 0.2000 110.51( 0.01 0.57( 0.02
0.2500 112.33( 0.01 0.52( 0.01 0.2500 110.58( 0.01 0.56( 0.01
0.3000 112.40( 0.004 0.49( 0.01 0.3000 110.66( 0.01 0.55( 0.01
0.3500 112.50( 0.01 0.49( 0.01 0.3500 110.74( 0.01 0.53( 0.01

Xylose Ribose
0 95.47( 0.01 0.41( 0.01 0 95.22( 0.01 0.38( 0.01

95.4( 0.3d 95.26f

95.60e

0.1000 95.64( 0.004 0.36( 0.01 0.1000 95.31( 0.02 0.38( 0.02
0.1500 95.68( 0.01 0.36( 0.01 0.1500 95.40( 0.02 0.36( 0.02
0.2000 95.71( 0.003 0.37( 0.004 0.2000 95.44( 0.01 0.33( 0.01
0.2500 95.76( 0.02 0.38( 0.02 0.2500 95.47( 0.005 0.34( 0.01
0.3000 95.85( 0.01 0.35( 0.01 0.3000 95.52( 0.02 0.34( 0.02
0.3500 95.92( 0.01 0.32( 0.01 0.3500 95.58( 0.01 0.35( 0.02

a mA ) molality of glycine in water.b Ref 21.c Ref 34a.d Ref 34b.e Ref 34c.f Ref 34d.

Table 4. Standard Partial Molar Volumes and the Experimental Slopes for Monosaccharides in Water and in Alanine Solutions at 298.15 K

mA
a VΦ,S

0 SV mA VΦ,S
0 SV

mol‚kg-1 cm3‚mol-1 cm3‚kg‚mol-2 mol‚kg-1 cm3‚mol-1 cm3‚kg‚mol-2

Glucose Galactose
0.1001 112.06( 0.01 0.51( 0.01 0.1000 110.32( 0.003 0.57( 0.004
0.1500 112.13( 0.01 0.49( 0.01 0.1499 110.43( 0.01 0.54( 0.02
0.2002 112.26( 0.01 0.48( 0.01 0.2000 110.50( 0.01 0.54( 0.01
0.2500 112.36( 0.01 0.44( 0.01 0.2500 110.54( 0.01 0.54( 0.02
0.2999 112.41( 0.01 0.44( 0.01 0.3000 110.63( 0.04 0.51( 0.05
0.3502 112.42( 0.01 0.47( 0.01 0.3500 110.63( 0.01 0.55( 0.01

Xylose Ribose
0.09995 95.61( 0.01 0.36( 0.01 0.1000 95.31( 0.01 0.33( 0.01
0.1500 95.67( 0.01 0.35( 0.01 0.1500 95.35( 0.003 0.34( 0.004
0.2000 95.70( 0.005 0.36( 0.01 0.2000 95.39( 0.01 0.34( 0.01
0.2500 95.72( 0.003 0.38( 0.004 0.2500 95.43( 0.01 0.34( 0.01
0.3000 95.74( 0.01 0.37( 0.01 0.3000 95.46( 0.01 0.34( 0.01
0.3500 95.75( 0.01 0.39( 0.02 0.3500 95.49( 0.02 0.34( 0.02

a mA ) molality of alanine in water.

Table 5. Solution DensitiesG and Apparent Molar Volumes and Standard Partial Molar Volumes for Amino Acids in Water at 298.15 K

mA
a FA VΦ,A VΦ,A

0 mA FA VΦ,A VΦ,A
0

mol‚kg-1 g‚cm-3 cm3‚mol-1 cm3‚mol-1 mol‚kg-1 g‚cm-3 cm3‚mol-1 cm3‚mol-1

Glycine Alanine
0.1000 1.000217 43.27 43.19( 0.01b 0.1000 0.999915 60.34 60.25( 0.01b

0.1500 1.001783 43.33 42.54( 0.02c 0.1500 1.001328 60.40 60.19( 0.01c

0.2000 1.003340 43.37 43.20( 0.03d 0.2000 1.002727 60.45 60.41( 0.01e

0.2500 1.004883 43.42 43.16( 0.02e 0.2500 1.004113 60.50
0.3000 1.006417 43.47 0.3000 1.005485 60.56
0.3500 1.007940 43.51 0.3500 1.006847 60.60

a mA ) molality of glycine or alanine in water.b The experimental slope (SV) is 0.93( 0.03 cm3‚kg‚mol-2 and 1.02( 0.03 cm3‚kg‚mol-2 for glycine
and alanine, respectively.c Ref 34e.d Ref 34f. e Ref 34g.

VΦ,S ) VΦ,S
0 + SVmS (3)

∆tVΦ,S
0 ) VΦ,S

0 (in aqueous amino acid)- VΦ,S
0 (in water)

(4)
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free from solute-solute interactions, it provides some informa-
tion about solute-cosolute interactions.

(a) Dependence of Volumetric Properties on Different
Monosaccharides. For a given amino acid, the differences in
transfer volumes for different saccharides are ascribed mainly
to those in the stereo structure of monosaccharides, whose
dominant conformations in water are illustrated in Table 6.

First, it is seen from Figures 1and 2 that the∆tVΦ,S
0 values

for all saccharides studied are positive and increase with
increasing molalities of amino acids. This can be rationalized
by the cosphere overlap model, as developed by Friedman and

Krishnan.35 The interactions between the monosaccharide and
amino acid molecules can be classified as follows: (1) hydro-
philic-ionic interactions between the OH groups of monosac-

Figure 1. Standard volumes of transfer of monosaccharides from water to
aqueous glycine solutions as a function of molality of glycine:9, glucose;
b, galactose;2, xylose; 1, ribose. Vertical bars indicate the standard
deviations of∆tVΦ,S

0 , which are calculated from the standard deviations of
VΦ,S

0 in glycine+ water and in water byσ(∆tVΦ,S
0 ) ) [σ(VΦ,S

0 in glycine+
water)2 + σ(VΦ,S

0 in water)2]1/2.

Figure 2. Standard volumes of transfer of monosaccharides from water to
aqueous alanine solutions as a function of molality of alanine:9, glucose;
b, galactose;2, xylose; 1, ribose. Vertical bars indicate the standard
deviations of∆tVΦ,S

0 (see the caption of Figure 1).

Table 6. Dominant Conformations of Monosaccharides in Water

carbohydrates dominant conformationsa

D-glucose 1e2e3e4e6exo
D-galactose 1e2e3e4a6exo
D-xylose 1e2e3e4e
D-ribose 1e2e3a4e

a Axial (a), equatorial (e), or exocyclic (exo) hydroxy groups.

Table 7. Volumetric Pair and Triplet Interaction Parameters for
Monosaccharides+ Glycine + Water Solutions at 298.15 K

νSA νSAA

monosaccharides cm3‚mol-2‚kg cm3‚mol-2‚kg2 Ra

glucose 1.423( 0.084 -0.897( 0.194 0.990
galactose 0.677( 0.042 0.162( 0.097 0.998
xylose 0.683( 0.098 -0.115( 0.226 0.973
ribose 0.558( 0.056 -0.101( 0.130 0.989

a Correlation coefficient.

Table 8. Volumetric Pair and Triplet Interaction Parameters for
Monosaccharides+ Alanine + Water Solutions at 298.15 K

νSA νSAA

monosaccharides cm3‚mol-2‚kg cm3‚mol-2‚kg2 Ra

glucose 1.395( 0.094 -0.940( 0.216 0.988
galactose 0.775( 0.093 -0.278( 0.213 0.981
xylose 0.838( 0.025 -0.849( 0.057 0.992
ribose 0.472( 0.009 -0.161( 0.021 0.999

a Correlation coefficient.

Figure 3. Standard volumes of transfer of glucose and galactose from water
to aqueous amino acid solutions as a function of molality of amino acid:
9, glucose in glycine;b, glucose in alanine;2, galactose in glycine;1,
galactose in alanine. Vertical bars indicate the standard deviations of
∆tVΦ,S

0 (see the caption of Figure 1).

Figure 4. Standard volumes of transfer of xylose and ribose from water
to aqueous amino acid solutions as a function of molality of amino acid:
9, xylose in glycine;b, xylose in alanine;2, ribose in glycine;1, ribose
in alanine. Vertical bars indicate the standard deviations of∆tVΦ,S

0 (see the
caption of Figure 1).

Journal of Chemical and Engineering Data, Vol. 51, No. 3, 2006923



charide and the zwitterionic center of amino acid; (2) hydro-
philic-hydrophilic interactions between the OH groups of
monosaccharide and the OH groups of amino acid mediated
through the hydrogen bond; (3) hydrophilic-hydrophobic
interactions between the OH groups of monosaccharide/amino
acid and the nonpolar groups of the amino acid /monosaccharide;
(4) hydrophobic-hydrophobic interactions between the nonpolar

groups of monosaccharide and amino acid. The interations of
types (1) and (2) make positive contributions to the transfer
volume, whereas the contributions of types (3) and (4) are
opposite. Therefore, the observed increasing positive transfer
volumes suggest that the first two interactions are predominant
in the ternary systems studied. In addition, an increase in
concentration of amino acid leads to stronger interactions of

Table 9. Viscositiesη of the Monosaccharide+ Water and Monosaccharide+ Glycine + Water Solutions at 298.15 K

ca η c η c η c η

mol‚dm-3 mPa‚s mol‚dm-3 mPa‚s mol‚dm-3 mPa‚s mol‚dm-3 mPa‚s

Glucose
mGly/mol‚kg-1 ) 0 mGly/mol‚kg-1 ) 0.1500 mGly/mol‚kg-1 ) 0.2500 mGly/mol‚kg-1 ) 0.3500

0 0.8904b 0 0.910 0 0.922 0 0.935
0.1951 0.974 0.1937 0.996 0.1930 1.010 0.1922 1.025
0.3818 1.065 0.3793 1.091 0.3778 1.106 0.3762 1.122
0.5606 1.166 0.5571 1.195 0.5548 1.211 0.5526 1.230
0.7320 1.270 0.7276 1.308 0.7240 1.326 0.7213 1.346
0.8964 1.389 0.8853 1.427 0.8876 1.452 0.8826 1.472
1.0756 1.517 1.0481 1.553 1.0439 1.582 1.0400 1.610

mGly/mol‚kg-1 ) 0.1000 mGly/mol‚kg-1 ) 0.2000 mGly/mol‚kg-1 ) 0.3000
0 0.903 0 0.916 0 0.929
0.1942 0.988 0.1934 1.003 0.1926 1.018
0.3802 1.083 0.3786 1.099 0.3770 1.114
0.5583 1.186 0.5560 1.203 0.5537 1.221
0.7283 1.298 0.7261 1.317 0.7232 1.336
0.8929 1.418 0.8893 1.439 0.8944 1.466
1.0502 1.540 1.0461 1.572 1.0321 1.591

Galactose
mGly/mol‚kg-1 ) 0 mGly/mol‚kg-1 ) 0.1500 mGly/mol‚kg-1 ) 0.2500 mGly/mol‚kg-1 ) 0.3500

0.1951 0.971 0.1939 0.994 0.1897 1.006 0.1922 1.023
0.3820 1.060 0.3795 1.086 0.3780 1.102 0.3764 1.117
0.5611 1.158 0.5576 1.188 0.5554 1.204 0.5531 1.221
0.7329 1.266 0.7284 1.298 0.7255 1.316 0.7226 1.335
0.8978 1.379 0.8923 1.419 0.8889 1.438 0.8854 1.459
1.0563 1.505 1.0500 1.551 1.0459 1.572 1.0417 1.594

mGly/mol‚kg-1 ) 0.1000 mGly/mol‚kg-1 ) 0.2000 mGly/mol‚kg-1 ) 0.3000
0.1943 0.986 0.1935 1.001 0.1926 1.016
0.3804 1.077 0.3788 1.094 0.3772 1.110
0.5584 1.179 0.5565 1.196 0.5542 1.213
0.7253 1.286 0.7270 1.306 0.7240 1.326
0.8943 1.409 0.8898 1.429 0.8871 1.449
1.0521 1.534 1.0480 1.562 1.0439 1.583

Xylose
mGly/mol‚kg-1 ) 0 mGly/mol‚kg-1 ) 0.1500 mGly/mol‚kg-1 ) 0.2500 mGly/mol‚kg-1 ) 0.3500

0.1957 0.953 0.1942 0.976 0.1936 0.990 0.1928 1.004
0.3842 1.023 0.3815 1.047 0.3802 1.061 0.3786 1.077
0.5658 1.096 0.5613 1.122 0.5600 1.139 0.5577 1.155
0.7410 1.175 0.7365 1.203 0.7335 1.220 0.7305 1.238
0.9102 1.257 0.9046 1.289 0.9010 1.308 0.8876 1.321
1.0732 1.343 1.0671 1.384 1.0626 1.401 1.0584 1.420

mGly/mol‚kg-1 ) 0.1000 mGly/mol‚kg-1 ) 0.2000 mGly/mol‚kg-1 ) 0.3000
0.1948 0.968 0.1940 0.983 0.1932 0.997
0.3825 1.039 0.3810 1.054 0.3794 1.070
0.5635 1.115 0.5608 1.131 0.5588 1.147
0.7380 1.195 0.7350 1.212 0.7320 1.230
0.9064 1.281 0.9027 1.298 0.8991 1.317
1.0690 1.372 1.0647 1.391 1.0605 1.409

Ribose
mGly/mol‚kg-1 ) 0 mGly/mol‚kg-1 ) 0.1500 mGly/mol‚kg-1 ) 0.2500 mGly/mol‚kg-1 ) 0.3500

0.1957 0.950 0.1944 0.971 0.1936 0.984 0.1926 0.998
0.3842 1.010 0.3818 1.034 0.3802 1.049 0.377 1.063
0.5659 1.075 0.5624 1.102 0.5601 1.117 0.5578 1.133
0.7412 1.145 0.7364 1.173 0.7337 1.190 0.7306 1.207
0.9103 1.215 0.9048 1.250 0.9012 1.268 0.8975 1.285
1.0737 1.292 1.0672 1.328 1.0630 1.348 1.0589 1.369

mGly/mol‚kg-1 ) 0.1000 mGly/mol‚kg-1 ) 0.2000 mGly/mol‚kg-1 ) 0.3000
0.1949 0.963 0.1919 0.977 0.1932 0.991
0.3826 1.026 0.3810 1.041 0.3794 1.057
0.5636 1.094 0.5601 1.109 0.5589 1.126
0.7382 1.165 0.7352 1.182 0.7322 1.199
0.8881 1.233 0.9030 1.259 0.8983 1.276
1.0653 1.318 1.0651 1.339 1.0609 1.358

a c ) molarity of monosaccharides (in mol‚dm-3). b Ref 29.
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types (1) and (2); consequently, the∆tVΦ,S
0 values of saccha-

rides increase.
Second, as presented in Figures 1 and 2, the∆tVΦ,S

0 values
for monosaccharides in a given aqueous amino acid solution
are in the order: glucose> galactose> xylose> ribose except
at low molality of amino acids (mA ) 0.13 mol‚kg-1). For
pentoses or hexoses, their molecules are essentially all structural

isomers differing only in the stereochemical configurations of
hydroxyl group on the ring (equatorial or axial position), as a
result, their properties in aqueous solutions, such as their
equilibrium anomeric ratios, are distinct.36 Consequently, the
∆tVΦ,S

0 values seem to depend on the contribution of different
kinds of OH groups: equatorial (e), axial (a), and exocyclic
(exo) OH groups. We can observe from the experimental results

Table 10. Viscositiesη of the Monosaccharide+ Water and Monosaccharide+ Alanine + Water Solutions at 298.15 K

ca η c η c η

mol‚dm-3 mPa‚s mol‚dm-3 mPa‚s mol‚dm-3 mPa‚s

Glucose
mAla/mol‚kg-1 ) 0.1000 mAla/mol‚kg-1 ) 0.2000 mAla/mol‚kg-1 ) 0.3000

0 0.912 0 0.935 0 0.958
0.1939 0.999 0.1928 1.024 0.1916 1.049
0.3795 1.093 0.3773 1.121 0.3752 1.149
0.5574 1.197 0.5542 1.226 0.5504 1.256
0.7279 1.307 0.7209 1.336 0.7199 1.372
0.8916 1.429 0.8867 1.464 0.8808 1.499
1.0486 1.561 1.0431 1.601 1.0375 1.640

mAla/mol‚kg-1 ) 0.1500 mAla/mol‚kg-1 ) 0.2500 mAla/mol‚kg-1 ) 0.3500
0 0.923 0 0.946 0 0.970
0.1933 1.011 0.1922 1.036 0.1911 1.062
0.3784 1.106 0.3763 1.134 0.3741 1.163
0.5558 1.211 0.5526 1.240 0.5496 1.273
0.7259 1.322 0.7219 1.355 0.7179 1.393
0.8892 1.445 0.8843 1.482 0.8795 1.519
1.0459 1.580 1.0403 1.619 1.0348 1.661

Galactose
mAla/mol‚kg-1 ) 0.1000 mAla/mol‚kg-1 ) 0.2000 mAla/mol‚kg-1 ) 0.3000

0.1940 0.995 0.1928 1.020 0.1917 1.045
0.3798 1.087 0.3775 1.115 0.3754 1.143
0.5579 1.188 0.5545 1.219 0.5516 1.248
0.7289 1.298 0.7247 1.330 0.7207 1.364
0.8929 1.413 0.8880 1.446 0.8832 1.484
1.0506 1.545 1.0341 1.575 1.0393 1.620

mAla/mol‚kg-1 ) 0.1500 mAla/mol‚kg-1 ) 0.2500 mAla/mol‚kg-1 ) 0.3500
0.1934 1.007 0.1923 1.032 0.1911 1.059
0.3787 1.101 0.3765 1.128 0.3744 1.157
0.5564 1.203 0.5532 1.233 0.5501 1.264
0.7268 1.314 0.7228 1.347 0.7188 1.381
0.8905 1.429 0.8856 1.465 0.8809 1.506
1.0478 1.561 1.0421 1.599 1.0365 1.641

Xylose
mAla/mol‚kg-1 ) 0.1000 mAla/mol‚kg-1 ) 0.2000 mAla/mol‚kg-1 ) 0.3000

0.1945 0.978 0.1934 1.003 0.1923 1.028
0.3780 1.047 0.3797 1.075 0.3775 1.101
0.5626 1.123 0.5594 1.152 0.5562 1.181
0.7368 1.204 0.7327 1.234 0.7286 1.265
0.9050 1.286 0.9000 1.319 0.8951 1.349
1.0674 1.376 1.0616 1.409 1.0558 1.443

mAla/mol‚kg-1 ) 0.1500 mAla/mol‚kg-1 ) 0.2500 mAla/mol‚kg-1 ) 0.3500
0.1940 0.990 0.1928 1.015 0.1917 1.041
0.3783 1.060 0.3786 1.088 0.3765 1.115
0.5610 1.138 0.5578 1.166 0.5547 1.195
0.7348 1.219 0.7307 1.250 0.7266 1.281
0.9025 1.301 0.8975 1.333 0.8926 1.366
1.0644 1.394 1.0588 1.428 1.0531 1.463

Ribose
mAla/mol‚kg-1 ) 0.1000 mAla/mol‚kg-1 ) 0.2000 mAla/mol‚kg-1 ) 0.3000

0.1945 0.972 0.1934 0.997 0.1923 1.022
0.3820 1.035 0.3788 1.061 0.3776 1.088
0.5627 1.102 0.5595 1.130 0.5563 1.158
0.7370 1.174 0.7329 1.203 0.7288 1.233
0.9053 1.245 0.9003 1.276 0.8953 1.307
1.0678 1.325 1.0619 1.356 1.0560 1.389

mAla/mol‚kg-1 ) 0.1500 mAla/mol‚kg-1 ) 0.2500 mAla/mol‚kg-1 ) 0.3500
0.1940 0.984 0.1928 1.009 0.1917 1.035
0.3809 1.048 0.3787 1.074 0.3765 1.102
0.5611 1.116 0.5579 1.144 0.5548 1.173
0.7349 1.188 0.7308 1.218 0.7268 1.249
0.9028 1.260 0.8978 1.292 0.8928 1.323
1.0648 1.340 1.0591 1.373 1.0533 1.407

a c is the molarity of monosaccharides (in mol‚dm-3).

Journal of Chemical and Engineering Data, Vol. 51, No. 3, 2006925



that the interaction ofe-OH with amino acids contributes more
positive value to∆tVΦ,S

0 than thea-OH group. Therefore, the
values of ∆tVΦ,S

0 for galactose and ribose are smaller than
those for glucose and xylose, respectively. On the other hand,
the positive contribution ofe-OH to ∆tVΦ,S

0 is larger than the
sum of a-OH andexo-OH at low molality of amino acids so
that there are smaller values for galactose than for xylose at
mA ) 0.13 mol‚kg-1 (see Figures 1 and 2). But at high
concentration of amino acids (mA > 0.13 mol‚kg-1), thea-OH
and exo-OH play an important role and lead to the order of
∆tVΦ,S

0 values: galactose> xylose.
McMillan and Mayer37 proposed a theory of solutions that

permits the formal separation of the interactions between two
or more solute molecules. According to this treatment, at infinite
dilution, ∆tVΦ,S

0 can be expressed as22,23

whereνSA andνSAA are pair and triplet interaction parameters,
respectively. These parameters were obtained from the fit of
experimental data to the equation and given in Tables 7 and 8
together with correlation coefficients. It appears from Tables 7
and 8 thatνSAA lacks precision because of experimental errors.
However, this is not too important because we are interested
principally in the pair interaction parameterνSA, which is most
important in dilute solutions. The values ofνSA follow the
order: glucose> xylose> galactose> ribose, which may be
due to the difference in stereo structure of monosaccharides
(Table 6). It proves further the conclusion that, at very dilute
solutions of amino acids, the contribution ofe-OH to ∆tVΦ,S

0 is
predominant over the sum ofa-OH andexo-OH.

(b) Dependence of Volumetric Properties on Different
Amino Acids. Transfer volumes for different amino acids depend
on their structures. Figures 3 and 4 show roughly that the
∆tVΦ,S

0 values for each of four monosaccharides considered
decrease overall at givenmA in the same order: glycine>
alanine. Glycine is the simplest amino acid in nature. The
interactions between glycine and saccharides in water include
types (1) and (3), and the former is dominant. This results in
positive values of∆tVΦ,S

0 . Alanine is regarded as a derivate of

glycine whose one hydrogen atom of theR-carbon is replaced
by a methyl group. Therefore, the hydrophobility of alanine is
stronger than glycine. The interactions between alanine and
monosaccharides include types (1), (3), and (4). As a result,
the ∆tVΦ,S

0 values for monosaccharides from water to alanine
+ water are more negative than to glycine+ water, as reported
in the literature.34e

Viscosity B-Coefficient.The experimental viscosity data for
the systems studied are collected in Tables 9 and 10. The relative
viscosityηr can be analyzed using the Jones-Dole equation:38

where η is the viscosity of the ternary solutions,η0 is the
viscosity of the binary solvents (amino acid+ water), c
(mol‚dm-3) is the molarity of monosaccharides, andB andD
are empirical coefficients known as the viscosityB- and
D-coefficients. Equation 6 can be rearranged as

Values ofB and D were obtained from a linear plot of left-
hand side of eq 7 versusc. TheB-coefficients are collected in
Tables 11 and 12. Recent literature data39 for glucose in water
are also represented in these tables. TheB-coefficients measure
the size and shape effects as well as the structural effect induced
by solute-solvent interactions,40 whereasD-coefficients reflect
solute-solute interactions as well as solute-solvent interactions.
Therefore,D-coefficients are too complex to analyze especially
in the presence of amino acid and are not considered here.

It can be seen from Tables 11 and 12 that all the viscosity
B-coefficients for monosaccharides are positive and that they
decrease both in water and in aqueous amino acid solutions in
the order: glucose> galactose> xylose > ribose. Glucose
and galactose have similar size and shape, similarly for xylose
and ribose; consequently, this order of viscosityB-coefficients
may be explained in terms of the solute-solvent interactions.
Glucose or xylose interacts with amino acids stronger than
galactose or ribose. It can be concluded that thee-OH interacts
with amino acids stronger thana-OH. The stronger interaction
offers the larger resistance to the movement of solute particles

Table 11. ViscosityB-Coefficients of Monosaccharides in Aqueous Glycine Solutions at 298.15 K

mA B mA B mA B mA B

mol‚kg-1 dm3‚mol-1 mol‚kg-1 dm3‚mol-1 mol‚kg-1 dm3‚mol-1 mol‚kg-1 dm3‚mol-1

Glucose Galactose Xylose Ribose
0 0.440( 0.004 0 0.416( 0.004 0 0.336( 0.001 0 0.319( 0.004

0.45a

0.1000 0.441( 0.001 0.1000 0.424( 0.004 0.1000 0.343( 0.002 0.1000 0.318( 0.002
0.1500 0.442( 0.003 0.1500 0.426( 0.006 0.1500 0.345( 0.004 0.1500 0.321( 0.003
0.2000 0.443( 0.005 0.2000 0.429( 0.007 0.2000 0.349( 0.003 0.2000 0.323( 0.004
0.2500 0.445( 0.005 0.2500 0.432( 0.006 0.2500 0.352( 0.004 0.2500 0.324( 0.003
0.3000 0.446( 0.007 0.3000 0.436( 0.007 0.3000 0.353( 0.002 0.3000 0.324( 0.002
0.3500 0.449( 0.006 0.3500 0.438( 0.008 0.3500 0.355( 0.003 0.3500 0.326( 0.004

a Ref 39.

Table 12. ViscosityB-Coefficients of Monosaccharides in Aqueous Alanine Solutions at 298.15 K

mA B mA B mA B mA B

mol‚kg-1 dm3‚mol-1 mol‚kg-1 dm3‚mol-1 mol‚kg-1 dm3‚mol-1 mol‚kg-1 dm3‚mol-1

Glucose Galactose Xylose Ribose
0.1000 0.443( 0.006 0.1000 0.422( 0.005 0.1000 0.347( 0.002 0.1000 0.317( 0.002
0.1500 0.444( 0.007 0.1500 0.426( 0.004 0.1500 0.349( 0.003 0.1500 0.320( 0.002
0.2000 0.445( 0.007 0.2000 0.427( 0.005 0.2000 0.351( 0.002 0.2000 0.322( 0.002
0.2500 0.446( 0.007 0.2500 0.428( 0.003 0.2500 0.353( 0.003 0.2500 0.324( 0.002
0.3000 0.448( 0.006 0.3000 0.430( 0.004 0.3000 0.355( 0.003 0.3000 0.327( 0.003
0.3500 0.448( 0.005 0.3500 0.433( 0.004 0.3500 0.356( 0.003 0.3500 0.329( 0.003

∆tVΦ,S
0 ) 2νSΑmΑ + 3νSΑΑmΑΑ

2 + ... (5)

ηr ) η/η0 ) 1 + Bc + Dc2 (6)

(ηr - 1)/c ) B + Dc (7)
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(monosaccharides). Therefore, there is the order:B(glucose)
> B(galactose),B(xylose)> B(ribose). Similarly, we can explain
why the viscosityB-coefficients increases with increasing the
amino acids content in the ternary system. In addition, hexose
has larger volume than pentose, and the size effect of solute
molecules results in larger viscosityB-coefficients of hexose
than pentose. On the other hand, theB-coefficient values for
monosaccharides in aqueous amino acids are larger than in
water, indicating that the presence of amino acids strengthens
the structure of the solution.
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