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Infinite Dilution Binary Diffusion Coefficients for Six Sugars at 0.1 MPa and
Temperatures from (273.2 to 353.2) K
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Infinite dilution binary diffusion coefficient®;, for arabinose, xylose, glucose, mannose, galactose, and sucrose
in water were measured over the temperature range from (273.2 to 353.2) K at 0.1 MPa with the Taylor dispersion
method. The values dD;J/T were well correlated with water viscosity for each solute with average absolute
deviation AAD < 1.7 %. The accuracies for various predictive correlations were also examined.

Introduction Table 1. Comparison between the Present Study and Literature
Data for Xylose, Glucose, and Sucrose at 298 K

source method 100 10°D1of m2-s1

Diffusion coefficients for sugars in water are of importance
for reactor design in purification or isolation processes such as
chromatography, membrane filtration, or crystallization in food, Xylose

neutraceutical, and pharmaceutical industries. Measurements of fé? ignt study Rg%?éh 00 0?'774%%
binary diffusion coefficients have been reported by various Glucose
methods, and most data were measured by interferometric present study Taylor 0 0.676
technigues such as the Goly,the Rayleigt?,®-11 the Schlier- ref 3 Gouy 0 0.675
en? the Mach-Zehndert2 and the Jamin methotfsas well as ref9 Rayleigh 0.78 0.6728
other techniques such as the diaphragm *éfl,the Stephan ref 7 Gouy 0 0.673
capillary16 and the Taylor dispersion methétlyamamoto and ref 17 Taylor 0 069
Sand®also determined binary diffusion coefficients for various Sucrose
sugars at 303 K from drying rates. Although a large number of ferfiem study G-L"’xor OO oosggg
diffusion coefficient data for sugars in water or aqueous (g2 Gouy 0.73 0.5174
solutions have been reported, the data are available mainly for ref3 Gouy 0 0.528
sucrosé 6891271618 gnd glucosé,’ 21718 in particular, at ref9 Rayleigh 0.77 0.5209
ambient temperature. The accuracy of the Taylor dispersion gg ggﬂy 8 82?%
methc_;d is rela_tl\_/ely high and a_dequate for measuring blnary ref 12 MaC),;Zehnder 0.60 0.5212
diffusion coefficients over a wide temperature range. In this ref14 diaphragm cell 0 0.593
study, infinite dilution binary diffusion coefficient®, for six ref 13 Jamin 0.1 0.5219
sugars in water were measured by the Taylor dispersion method "ef15 diaphragm cell 0.0007 0.524
Gouy 0.70 0.518

at atmospheric pressure over the temperature range from (273.2 re
to 353.2) K by fitting the calculated response curve to that
measured experimentally. Accuracies of various correlations for

predicting theD;» values were also examined. p-glucose (99.5 %, Sigma)p-mannose (99 %, Aldrich),
D-galactose (99 %, Sigma), and sucrose#98, Aldrich) were
used without further purification.

The experimental apparatus and procedures are almost the The effect of the secondary flow due to the diffusion column
same as those in the previous measurementsgaldhols in coiling is negligible because the criterioPeSé?2 < 8 | is
water?° but a syringe pump (DM100, ISCO) and a differential  fyfijled for all measurement conditions, whebe is the Dean
refracti\{e @ndex detector (model L-7490, Hita(;hi, Japan) WEre hympberDe = (pUthubd?)(Chunddeoi) Y2 Cube anddeoi are the inner
used. Distilled water was degassed and supplied by the syringegiameter of diffusion column and the coil diameter, respectively:

pump to a fused silica diffusion tubing with 0.5274 mm and the Schmidt numbe3c = 7/oD15 p andy are the water

diameter, 0.25 m coil diameter, and 31.17 m long. A sugar density and viscosity, respectively. Alizadeh et’abstimated
sample as an aqueous solution in mass fraction of 0.001 was,

injected through a HPLC sample injector (Rheodyne 7250) with the error c;aused by the secondar.y ﬂ.OW .due t.o golumn coiling
: . . as a function oDe2Sc When the criterion is satisfied, the error
a sampling loop of 2@L. The detector linearity, such that the . .
) - o . . in terms of the second moment is less than 1 %. In most runs
signal intensity is proportional to the sugar concentration, was the fitting error ¢ w bout 0.01. defined b 3 Th
confirmed by injecting each sugar solution at different concen- € g errore was about U.UL, defined by €q o. €

trations.p-Arabinose (99 %, Aldrich)p-xylose (99 %, Aldrich), cor_respondlng uncertainty for_ 2y, values is withind 3 %, .
mainly £ 2.5 %. The uncertainty of temperature measured is

* Corresponding author. Tel:+81 3 3817 1914, Fax:+81 3 3817 1895. + 0.1 K at temperatures up to 333 K add0.2 K above this
E-mail: funazo@chem.chuo-u.ac.jp. temperature.

am, mass fraction? Extrapolated value.
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Table 2. Measured Binary Diffusion Coefficients of Sugars in Water at 0.1 MPa

compound formula TIK D1/10 9 m2st wi0—2m-s?t 10Pe De-S¢/2
arabinose 6H100s 273.2 0.359 0.5280.529 1.16-1.43 5.05-5.06
293.2 0.682 0.530 0.620.94 4.91
298.2 0.773 0.5290.530 0.64-1.21 4.88-4.89
313.2 1.11 0.532 0.971.31 4.77
333.2 1.67 0.5370.538 0.93-1.40 4.62-4.63
353.2 2.37 0.5440.546 0.76-0.77 4.48-4.50
xylose GH100s 273.2 0.348 0.5290.530 0.86-1.07 5.14-5.15
293.2 0.665 0.5290.530 0.8+1.58 4.96-4.97
298.2 0.769 0.5290.530 0.8+1.21 4.89-4.90
313.2 1.11 0.5310.535 0.72-1.03 4.81-4.83
333.2 1.64 0.5370.539 0.7+1.14 4.66-4.68
353.2 2.33 0.5420.544 0.62-1.00 4.50-4.52
glucose GH1206 273.2 0.323 0.5290.530 1.18-1.55 5.33-5.34
293.2 0.605 0.5290.531 0.471.42 5.20-5.22
298.2 0.676 0.5260.530 0.98-1.66 5.19-5.23
313.2 0.997 0.533 0.58.92 5.04
333.2 1.49 0.5370.539 0.59-1.29 4.89-4.91
353.2 2.13 0.543 0.640.87 4.72
mannose eH1206 273.2 0.334 0.5290.530 0.89-1.52 5.24-5.25
293.2 0.620 0.5360.531 0.8+1.51 5.15-5.16
298.2 0.704 0.5290.531 0.85-1.36 5.11+5.13
313.2 1.02 0.5320.533 0.72-0.96 4.974.98
333.2 1.59 0.5370.538 0.99-1.40 4.74
353.2 2.16 0.5430.544 0.54-0.69 4.68-4.69
galactose 6H1206 273.2 0.319 0.5290.530 0.773-1.43 5.375.38
293.2 0.625 0.5290.530 0.8+1.13 5.12-5.13
298.2 0.706 0.5360.531 0.76-1.08 5.1+5.12
313.2 1.01 0.5320.533 0.76-1.15 5.06-5.01
333.2 1.51 0.538 0.691.31 4.87
353.2 2.17 0.5440.545 0.54-0.60 4.68-4.69
sucrose @&H22011 273.2 0.255 0.5290.530 1.24-2.04 6.00-6.01
293.2 0.487 0.529 1.641.49 5.80
298.2 0.546 0.5290.530 0.76-1.08 5.80-5.81
313.2 0.792 0.5310.537 0.96-1.63 5.63-5.70
333.2 1.17 0.5370.539 0.93-0.16 5.52-5.54
353.2 1.69 0.5460.546 0.46-0.74 5.275.31
Analysis radius of the diffusion column, arid;, is the binary diffusion

When a dilute aqueous sugar solution was injecter=at0

to a fully developed laminar flow moving in a circular cross-
sectional diffusion tubing, the sugar concentration at column

exit z= L can be expressed 3

o(t) =

where
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andc(t) is the solute concentratiomis the amount of the sugar
injected,u is the average velocity of watdR is the tube inner

D, T/ 102 m?-s1-K!

Figure 1. D1J/T vs water viscosity for sugars at temperatures from (273.2
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to 353.2) K: +, xylose; O, glucose;a, sucrose.

coefficient. In this study, two parameters Dfi, and u were
determined so that the root-mean-square fitting esrdefined
by eq 3 is minimized:

e=[J. IZ (Ceaf®) — Coxd®)? ait ftltz (Cog®)?d]™2  (3)

whereCc,((t) and Cex(t) are the calculated and experimentally
measured concentrations, respectively, both normalized by peak
area C(t) = c(t)/fyc(t) dt), andty andt, (t; < tp) are the times
that correspond to the 10 % peak height of the response
curve2*25 The integration in eq 3 was numerically made by
the Simpson’s 1/3 rule method at time intervalis= (0.01 to

0.1) min (mainly 0.1 min). In practice, the values were
calculated for various sets of assum@gh andu values, and

the best fit values dD;, andu with the minimume value were
determined by depicting an error contour maa$ versusu
values?425

Results and Discussion

Table 1 compareB, values measured in the present study
and those reported in the literature for xylose, glucose, and
sucrose at 298 K. The present datum for glucose is almost in
agreement with the literature data while the present value for

Table 3. Values of Constants Involved in Equation 4

soluté arabinose xylose glucose mannose galactose sucrose

10%a 2.224 2.057  1.947 2.011 1.855 1.602
g —1.007 -1.016 —1.009 —-1.010 -—1.019 -1.005
100AAD 0.81 0.52 1.38 1.70 0.86 1.17

aUnits of a andf are based oD1/m?s~ andz/Pas.
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Table 4. Accuracies for Various Predictive Correlations

100ADD
correlation arabinose xylose glucose mannose galactose sucrose overall

Wilke and Chang?

¢=26 135 15.3 14.6 10.8 12.5 3.0 11.6

@ =2.26° 5.8 7.5 6.8 3.3 4.9 9.6 6.3
Hayduk and Laudi®@ 5.6 7.3 6.8 3.7 5.1 8.9 6.3
Tyn and Calu¥ 30.6 31.7 334 31.1 32.2 30.5 31.6
Nakanisht® 1.1 1.0 1.9 2.0 1.0 6.5 2.3
Hayduk and Minha® 9.5 10.2 8.8 6.4 6.8 334 12.5
Siddigi and Luca® 9.4 10.1 8.7 6.3 6.7 33.4 12.4
eq5 2.7 3.4 2.2 2.8 3.4 2.9 2.9

1P A/m2-s1 1.464 1.511 1.334 1.377 1.423 1.026

E/kJmol~t 18.77 18.89 18.83 18.82 18.95 18.74

sucrose (0.546 10-9 m?-s71) is higher than the literature values
by 4.8 % from the mean value of 0.524 10~° m?-s™1 of the
data measured by the optical methéds?12-14 The reason is
not clear, butD;, for glucose by van de Ven-Lucassen and
Kerkhof'® with the Taylor dispersion method is also somewhat
higher. Table 2 lists the measur&d, values, which are the

Arrhenius-type equation given in eq 5 is also examined:

E/Jmol*
(RIFK™L-mol ) (T/K)

D,/m*s t = (Alm*s ™) ex;{—
(5)

mean values from three or four measurements at each conditionyhereA, E, andR are the pre-exponential factor, the activation

together with the ranges af ¢, andDe-Sd/2
Figure 1 shows logarithmic plots dDiJ/T versus water

energy, and the gas constant, respectively. Hayduk and Mthas
modified the association factap in the Wilke and Chang

viscosity for xylose, glucose, and sucrose at temperatures fromequation to be 2.26 instead of 2.6 in the original equation.

(273.2 to 353.2) K. Thd®;, values for each solute were well-
represented with each straight line in eq 4:

D,/m*s = a(y/Pas)(TIK) (4)
where D;; is the binary diffusion coefficientp. and S are
constantsT is the temperature, angl is the water viscosity.
Equation 4 is effective, while constardsandg are specific to
each solventsolute system foD;, values for G-monoalcohol
in watef® and for organic compounds in supercritical £20
in mixtures of hexane and dense g and in liquid organic
solvents?® Table 3 presents the values @fand 8 determined
for each solute, and the average absolute deviations (AAD),
defined as (M)|(D12,prdD12,exy — 1I, whereN is the number
of data points.Disprg and Dizexp are the predicted and
experimentally measured values. If the StokEsstein equation
can be applied, thg value should be-1.0. The values off
range from—1.019 to—1.005. Similarly, the absolute values
of g for Cs-monoalcohols in water are slightly higher than
unity.20

Table 4 lists the AAD values for various correlations tested
for the presenb;, values. Although the most correlations listed
in Table 4 are based on the Stokdsnstein equation, the
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Figure 2. #D1JT vs T for sugars: +, xylose; O, glucose;a, sucrose.

Nakanishi's equatio? when the solute interaction parameter
I, = 1.5, is most accurate while the accuracy for sucrose is
lower. Equation 5 is also preferable, and the Hayduk and
Laudie’® equation and the Wilke and Chang equation wyitkr

2.26 are acceptable. The Hayduk and Minhas, the original Wilke
and Chanéf with ¢ = 2.6, the Tyn and Calu¥,and the Siddiqi
and Lucas equatiofsare less accurate. As compared with these
equations, the correlation with viscosity in eq 4 is found to be
more accurate while the two adjustable constantndf are
involved: these values are specific to solutes. The accuracy in
the Arrhenius-type equation in eq 5, which has also two
adjustable constants for each solute, is better than those based
on the StokesEinstein relationship. However, the accuracy in
eq 5 is lower than that in eq 4.

Figure 2 showgD12/T versusT for the present data of xylose,
glucose, and sucrose listed in Table 2. If the Stekeimstein
equation is valid, the values @fD12/T should be independent
of temperature if the molecular diameter is unchanged with
temperature. However, the values pD1,J/T increase with
temperature. Thus, the correlations based on the Stdkastein
equation are limited.

Conclusions

Infinite dilution binary diffusion coefficients for arabinose,
xylose, glucose, mannose, galactose, and sucrose in water were
measured at 0.1 MPa over the temperature range from (273.2
to 353.2) K by the Taylor dispersion method. The, values
were well-correlated with water viscosity, and the accuracy for
the correlation was highest among those for the common
correlations examined such as the equations of Wilke and
Chang, Hayduk and Laudie, Tyn and Calus, Nakanishi, Hayduk
and Minhas, and Siddigi and Lucas and the Arrhenius-type
equation.
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