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Molecular Diffusion of Water in Paper (1)

- Theoretical analysis on vapor sorption properties of fiber surface -

Sung-Hoon Yoon', Yang Jeon, and Jong-Moon Park”

ABSTRACT

The study aimed at the theoretical analysis of vapor sorption properties of papermaking
fibers. Water vapor affinity and sorption thermodynamic properties of fiber constituents were
evaluated based on Henry’ s law and Hildebrand' s solubility theory. Theoretical equilibrium
moisture content(ThEMC) on fiber surface was estimated using functional group contribution.
Crystallinity of cellulose in fiber significantly controlled the water vapor solubility.
Comparisons of the measured equilibrium moisture content data and the estimated ThREMC
data coincidently suggested the fact that crystallinity of cellulose in fibers was around 60% to
70%. Carbohydrates constituents including amorphous cellulose and hemicellulose in fibers
showed higher vapor solubility than lignin molecules. High correlation existed between
ThEMC and vapor solubility as well as between ThEMC and solubility parameter. In the ther-
modynamic analysis on water-vapor sorption process in fibers, the sorption enthalpy
increased as RH increased, whereas sorption entropy and free energy decreased with increas-
ing RH.
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Table 1. Water-vapor solubilities for papermaking pulps and starch: data obtained from refer-
ence(7)
S X S Sg AHS
ource g-crystal/g-pulps Mol/cm?® + atm Mol/cm?® - atm kJ/mol
Wood cellulose 0.65 5.06x107 1.39%x10°® -8.905
UKP 0.57 6.22x10°% 7.49x107 -10.950
ONP 0.31 9.97x10® 8.35x10% -17.555
LBKP 0.59 5.88x107® 9.00x10S -10.355
NBKP 0.62 5.87x10° 9.08x108 -10.329
Starch - 1.45x10* 5.02x108 -25.442
Viscose rayon 0.45 7.95%x10% 2.80x108 -13.993
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Table 2. Group contributions to E.,, and Van der Waals volume(V) for structural groups of
paper constituents: data obtained from reference® 10

E., E,, E.. v

Structural Group JY2em¥4/mol JY2em¥2/mol J/mol cm?/mol
CHjy~ 420 - - 13.7
-CH,~ 270 - - 16.4
-CH= 80 - - 22.3
Phenyl 1,430 110 - 71.4
Phenyl(trisubstituted) 1,270 110 - 33.4
Carbonyl 290 770 2,000 18.5
Ester linkage 390 490 7,000 23.0
Ether linkage 100 400 3.000 8.5
Hydroxyl 210 500 20,000 13.0
Carboxyl 530 420 10,000 28.5
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Table 3. Molar volume, theoretical density, solubility parameters and cohesive energy for chemical
constituents of papermaking fibers: calculation based on molar ratio(* galactose:glucose:man-
nan:acetyl=0.02:0.16:0.66:0.16, ** arabinose:4-O-Me-glucuronic acid:xylose=0.10:0.15:0.75, *** 4~
O-Me-glucuronic acid:xylose:acetyl=0.06:0.56:0.39)1?

Molar

Theoretical

Solubility parameter

Components volume  density Oy d, Oy ) KJE/E:; 1
cm®/mol g/cm® JY2/em®  JY2/em®? J%em®  J/cm?® ©

Cellulose(amorphous) 105.23 1.539 14.254 16.155 25.044 33.036 114,845
Galactoglucomannan® 94.642 1.533 15.183 15.482 23.088 32.000 96,914
Arabinoglucuronoxylan** 97.989 1.467 13.496 13.488 22.395 29.476 85,184
Glucuronoxylan*** 73.782 1.477 15.926 12.977 18.714 28.327 59,202
Coniferyl alcohol 120.44 1.378 20.342 7.886 14.693 26.303 83,328
Sinapy! alcohol 142.61 1.381 20.826 9.148 14.260  26.847 102,789

O = \f—z“E,""' (17)
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Table 4. Moisture content per structural groups of paper constituents at different relative
humidities at 250C expressed as molar ratio: data obtained from reference®

Fractional relative humidity

Group

0.3 0.5 0.7 0.9 1
CHj-
CH»= 1.5x10% 2.5%x10% 3.3x10% 4,5x10% 5.0x107%
CH=
Phenyl 1.0x10% 2.0x107 3.0x1073 4.0x10% 5.0x1073
Carbonyl 2.5x107% 5.5%10? 1.1x101 0.2x10° 0.3x10°
Ester linkage 2.5x1072 5.0x1072 7.5%10? 1.4x10¢! 0.2x10°
Ether linkage 6.0x10°3 1.0x10? 2.0x10? 6.0x1072 1.0x101
Hydroxyl 3.5x101 5.0x10™ 7.5%x107 1.5x10° 2.0x10°
Carboxyl 0.2x10° 0.3x10° 0.6x10° 1.0x10° 1.3x10°
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Fig. 6. Correlation between vapor solubility
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fibers.
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Fig. 7. RH-dependence of vapor sorption
enthalpy in fiber constituents.
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Fig. 8. RH-dependence of standard state
thermodynamic parameters for water
vapor sorption on cellulose.
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