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Abstract

Amodel of simultaneous heat and mass transfer through a porous material is presented to explain transient moisture

sorption by paper sheets from humid air. There are three primary resistances to moisture transport: (1) diffusion

through an external boundary layer; (2) diffusion through the pore system and, (3) diffusion from the pore system into

the fibers. It is found that diffusion through the fiber phase perpendicular to the plane of the sheet is not significant for

the moisture content range considered here. The mass transport model is able to predict the results of transverse

moisture gradient experiments which show that moisture content gradients in paper are not as large as previously

thought during transient periods. The model shows that the sigmoidal temperature response of paper to a linear change

of relative humidity is due to non-linearities of the moisture content isotherm and heat of sorption.

� 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Paper is a porous composite material constructed

from chemically and mechanically processed wood fibers

which are self binding when dried from a wet state. In

their uncollapsed condition, these fibers are cylindrical in

geometry with an open lumen in the interior and, al-

though highly variable, have a length on the order of 2

mm, a diameter on the order of 30 lm and a wall

thickness on the order of 5 lm. Each fiber is itself a

cellulosic fiber composite with predominantly crystalline

cellulose fibrils embedded in a matrix of amorphous

lignin and hemicellulose. Although once again highly

variable, each fiber has a crystallinity on the order of

two-thirds. Only the amorphous hemicellulose polymer

is hygrophilic. Even when plasticized by water, the

packing efficiency of these fibers is generally quite low

with minimum practical porosity on the order of 0.5.

Transient sorption of moisture from humid air is

of interest because of the effect of moisture on the

mechanical properties of paper [1] and its dimensional

stability [2,3]. Recently, intense interest has been focused

on this subject because of the dramatic degradation of

paper strength caused by the mechano-sorptive effect

and other moisture transient phenomena [4,5]. These

effects result from the repeated uptake and release of

moisture by sheets in response to cyclic humidity envi-

ronments and is responsible for significantly shorter

lifetimes of paper packaging products in uncontrolled

environments. Conventional theories of moisture diffu-

sion prove ineffective at explaining the duration and

shape of sorption transients [6], and therefore cannot be

trusted to help describe accelerated creep, mechano-

sorption, hygroexpansion, or the later stages of the web

drying process in paper production.

2. Theory

Models of transient moisture sorption by paper must

account for the porous nature of the material. Lescanne
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et al. [7] and Nilsson et al. [8] have demonstrated that

z-direction moisture transport through sheets is domi-

nated by water vapor diffusing through the open net-

work of pores. Hence, moisture transport through the

pore spaces is much more rapid than through the fibers.

When considering the transient uptake of water by the

fibers of a sheet, the humidity inside the pores and the

moisture content of the fibers must be accounted for

separately because they will not necessarily be in equi-

librium.

Salin [9] and Cunningham [10] proposed two phase

models of transient moisture transport in paper but their

models do not include a detailed analysis of the pore-

to-fiber mass transport. These authors also neglect the

temperature change in sheets due to the heat of sorption,

which alters the sorption kinetics through the tempera-

ture-dependent moisture content isotherms. More re-

cently, Fan and Wen [11] and Fan et al. [12] have

applied similar but more detailed two-phase models to

heat and moisture transport in fibrous insulation and

clothing. These models include interphase moisture

transport as well as condensation and freezing of mois-

ture on the fibers and radiative heat transfer. In this

section, the equations of transient mass transport in the

z-direction of paper sheets are outlined, the mass

transfer in the pore-to-fiber direction is characterized

Nomenclature

a, b half-thickness of the average pore space and

fiber wall, m

as pore interfacial area per unit volume of

sheet, 1/m

aw activity of water in the gas phase

A parameter in the high humidity term of

moisture content isotherm

bf , bp interphase transport parameters

C BET isotherm parameterbCCp;f , bCCp;p fiber and pore phase specific heats, J/kg/K

Df , Dp diffusivity of water in the fiber and pore

phases, m2/s

D�
p dimensionless pore phase diffusivity

e paper porosity

DHabs differential heat of absorption, J/kg

DHprim heat of absorption of water onto primary

sites, J/kg

DHcond heat of condensation, J/kg

Keq non-dimensional slope of moisture content

isotherm

kf , kp thermal conductivity of the fiber and pore

phases, J/m/s/K

keff effective thermal conductivity, J/m/s/K

k�eff non-dimensional effective thermal conduc-

tivity

Kh;i pore-to-fiber heat transfer coefficient,

J/m2/s/K

Km;i pore-to-fiber mass transfer coefficient, m/s

Kh;s surface heat transfer coefficient, J/m2/s/K

Km;s surface mass transfer coefficient, m/s

l half-thickness of the sheet, m

Mw;Ma molecular weight of water and air, kg/kmol

NBi;m, NBi;h mass and heat transfer Biot numbers

NLe Lewis number

pw partial pressure of water, Pa

psat saturation partial pressure of water, Pa

P total pressure, Pa

qf , qp density of the fiber and pore phases, kg/m3

qs density of the sheet, kg/m3

t time, s

w non-dimensional time

T temperature, K

T1 temperature far from the sheet, K

Tf , Tp temperature of fiber and pore phases, K

h non-dimensional temperature

h1 non-dimensional temperature far from the

sheet

sf , sp fiber and pore phase tortuosities

xf , xp mass fraction of moisture in the fiber and

pore phases
�xxf , �xxp mass fraction of moisture averaged over the

width of the pore or fiber in the x-direction
xf;0, xp;0 initial mass fraction of moisture in the fi-

ber and pore phases

xf;1, xp;1 final mass fraction of moisture in the fiber

and pore phases

x�
f , x�

p mass fraction of moisture in fiber and pore

normalized by the initial and final values

x1 mass fraction of moisture far from the sheet

xeq equilibrium moisture content isotherm on a

mass fraction basis

x�
eq equilibrium moisture content isotherm nor-

malized by initial and final values

xmc mass fraction of absorbed water on a dry

fiber basis

xprim mass fraction of water bound to primary

absorption sites on a dry fiber basis

xmono mass fraction of water in the completely

adsorbed monolayer on a dry fiber basis

x, x0 distance from the center of the pores and

fibers parallel to the plane of the sheet, m

z distance from the center of the sheet per-

pendicular to the plane of the sheet, m

f non-dimensional distance in the z-direction
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and the thermal energy balance is derived to account for

the temperature change of the sheet and the mass–

energy coupling of the moisture isotherms.

The mass balance of water vapor inside the pores,

written in terms of the weight fraction of water, is

oxp

ot
¼ 1

sp

o

oz
Dp

oxp

oz

� �
� asKm;i

e
½xeqðxpÞ � xf 	 ð1Þ

The diffusion term represents the vapor diffusion in the

direction of the tortuous path of the pore spaces. The

last term represents the mass transport of vapor from

the pores into the neighboring fibers. The interphase

mass transfer coefficient, Km;i, will be derived in terms of

fundamental sheet properties below. The equilibrium

moisture content of the fibers, xeq, will also be described

below.

Similarly, the mass balance for moisture within the

fibers is

oxf

ot
¼ 1

sf

o

oz
Df

oxf

oz

� �
þ

asKm;iqp

ð1� eÞqf

½xeqðxpÞ � xf 	 ð2Þ

The porosity is found from the sheet and the fiber

densities as e ¼ 1� qs=qf . Many relationships have been

proposed between the tortuosity of a pore system and

the porosity. Akanni et al. [13] show that the most re-

liable of such relationships is

s ¼ 1� ln e
2

ð3Þ

which may be applied to both the pores and the fibers,

where, in the latter case, e is replaced by (1� e). Later,
experimental results will verify that the quantity

spð1� eÞqfDf

sfeqpDp

� 1 ð4Þ

and so the z-direction diffusion in the fibers can be

considered negligible. Hence, the diffusion term in Eq.

(2) can be dropped and only two boundary conditions

are required. For a sheet exposed to the same humidity

transient on either side, there is a symmetry plane at the

center

oxp

oz

����
z¼0

¼ 0 ð5Þ

At the surface of the sheet, the resistance through the

boundary layer above the sheet is accounted for with an

external mass transfer coefficient

� eDp

sp

oxp

oz

����
z¼l

¼ Km;s½xpjz¼l � x1ðtÞ	 ð6Þ

where the humidity far from the sheet varies with time.

The initial conditions are usually taken to be a sheet in

equilibrium with the surrounding air

xpðz; 0Þ ¼ x1ð0Þ ð7Þ

Initially, the fibers are considered to be in equilibrium

with the humidity in the pores

xfðz; 0Þ ¼ xeqðxpðz; 0ÞÞ ð8Þ

The interphase mass transfer coefficient, Km;i, is ex-

pressed in terms of measurable parameters by modeling

the mass transport in the direction perpendicular to the

pore–fiber interface, denoted here as the x-direction.
Based on micrographs of cross-sections of paper sheets,

the pores are best described by a slab-like geometry. For

simplicity, the pores and fibers are assumed to be in-

terleaved and to have uniform half-thicknesses of a and

b, respectively, in the x-direction. With these assump-

tions, it can be shown that as, the interfacial area be-

tween pores and fibers, is equivalent to e=a. At any

position z in the pores, the x-direction moisture trans-

port is expressed as

oxpðxÞ
ot

����
z

¼ o

ox
Dp

oxpðxÞ
ox

� �����
z

þ 1

sp

o

oz
Dp

oxp

oz

� �
ð9Þ

where x ¼ 0 at the centerline of the pore. The second

term accounts for x-direction diffusion through the pore

space and replaces the analogous pore-to-fiber transport

term in Eq. (1). In the fibers, since the z-direction dif-

fusion is considered negligible by the condition given in

Eq. (4), the x-direction moisture transport is expressed

as

oxfðx0Þ
ot

����
z

¼ o

ox0
Df

oxfðx0Þ
ox0

� �����
z

ð10Þ

where x0 is parallel with x and x0 ¼ 0 at the centerline of

the fiber. At the pore–fiber interface, the moisture flux

boundary condition is

qpDp

oxp

ox

����
x¼a

¼ qfDf

oxf

ox0

����
x0¼b

¼ �qpKm;i½xeqð �xxpÞ � �xxf 	 ð11Þ

For consistency with Eqs. (1) and (2), the average pore

and fiber moisture contents at any position z are used in

the driving force term of Eq. (11). Also at the interface,

local moisture equilibrium is assumed

xf jx0¼b ¼ xeqðxpjx¼aÞ ð12Þ

Since z-direction diffusion in the pores is rapid compared

to the rate of moisture change in the fibers, the x-di-
rection profiles remain relatively stable for short periods

and a pseudo-steady state approximation is used to solve

Eqs. (9) and (10). This yields parabolic moisture profiles

in the x-direction

xpðxÞ ¼ �xxp �
aKm;i½xeqð �xxpÞ � �xxf 	

2Dp

x
a

� �2
�

� 1

3

�
ð13Þ

and
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xfðx0Þ ¼ �xxf þ
bqpKm;i½xeqð �xxpÞ � �xxf 	

2qfDf

x0

b

� �2
"

� 1

3

#
ð14Þ

The driving force for mass transport between pore and

fiber, xeqð �xxpÞ � �xxf , in Eqs. (13) and (14) is rewritten as:

xeqð �xxpÞ � xf ¼ ½xeqð �xxpÞ � xf jx0¼b	 þ ½xf jx0¼b � �xxf 	
ð15Þ

The driving force on the fiber side is approximated with

a linearization of the moisture content isotherm about

the interface condition and Eq. (15) becomes

xeqð �xxpÞ � �xxf ffi
oxeq

oxp

����
x¼a

ð �xxp � xpjx¼aÞ þ ðxf jx0¼b � �xxfÞ

ð16Þ

The terms in parentheses in Eq. (16) are replaced with

Eqs. (13) and (14), evaluated at the interface conditions.

Now, the xeqð �xxpÞ � �xxf term may be eliminated from Eq.

(16) and from this the overall interphase mass transport

coefficient may be found in terms of measurable material

properties

Km;i ¼
3qfDpDf

bqpDp þ aqfDfðoxeq=oxpÞjx¼a

ð17Þ

which has the form expected of two mass transfer re-

sistances in series.

Based on the assumption of a slab-like geometry, the

half-thickness of the pores can be found in terms of b
and e. The porosity can be expressed in terms of the

thicknesses and the tortuosities as

e ¼ asp
asp þ bsf

ð18Þ

From here, it can be shown that

b
a
¼ ð1� eÞsp

esf
¼ ð1� eÞð2� ln eÞ

e½2� lnð1� eÞ	 ð19Þ

by application of Eq. (3). Now a can be estimated from

b, where b is measured from electron micrographs of

fiber cross-sections.

The equilibrium moisture content of the fibers is a

function of both the relative humidity and temperature

and is also dependent on their moisture content history.

The primary absorption isotherms, namely the moisture

contents approached in a monotonically increasing

manner from a completely dry state, have a sigmoidal

shape typical of type II BET [14,15] isotherms. Primary

absorption isotherms from our study are given in Fig. 1

for three different temperatures. Although the BET

construct is traditionally used to describe adsorption

onto surfaces, it is useful for describing the absorption

of water into the amorphous cellulosic matrix of paper

fibers. Water bonds strongly at the three hydrogen

bonding sites on each of the glucose repeat units whether

they lie on the gas–solid interface or are inside the

amorphous matrix. Additional water solvates the matrix

as ‘‘unbound’’ water to form a gel.

The mass fraction of water absorbed on a dry fiber

basis is

xmc

xmono

¼ Caw
ð1� awÞ½1þ ðC � 1Þaw	

ð20Þ

where the activity of the water vapor is identical to the

relative humidity. The weight fraction of water in the

pores is related to the activity by

xp ¼
Mwpsataw
MaP

ð21Þ

In terms of the mass fraction on a total mass basis, the

equilibrium moisture content is

xeq ¼
xmc

xmc þ 1
ð22Þ

The equilibrium constant C is expressed in terms of the

enthalpy of adsorption of water onto the primary hy-

drogen binding sites and the heat of condensation

C ffi exp

�
� ðDHprim � DHcondÞ

RT

�
ð23Þ

Eq. (20) agrees well with equilibrium moisture content

data for relative humidities below 40%. Between 10%

and 80%, better agreement is found with the semi-

empirical GAB isotherm [16], in which the water activity

in Eq. (20) is replaced by kaw, where k is typically less

than unity for cellulosic materials. At higher relative

humidities, a term of the form Aaw=ð1� awÞ2 is added to

Eq. (20) to fit the upper portions of the isotherm.

The mass transport equations are made non-dimen-

sional by introducing new variables

Fig. 1. The primary absorption isotherms for the laboratory

materials at three different temperatures.
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w ¼ Dp;0t
spl2

; f ¼ z
l
; D�

p ¼
Dp

Dp;0

; Keq ¼
xf ;1 � xf ;0

xp;1 � xp;0

ð24Þ
and

x�
p ¼

xp � xp;0

xp;1 � xp;0

; x�
f ¼

xf � xf ;0

xf ;1 � xf ;0

;

x�
eq ¼

xeqðxpÞ � xf ;0

xf ;1 � xf ;0

ð25Þ

The new weight fractions, x�, vary between 0 and 1

during a moisture sorption transient. Assuming the

condition in Eq. (4), Eqs. (1) and (2) become

ox�
p

ow
¼ o

of
D�

p

ox�
p

of

� �
� bpKeqðx�

eq � x�
f Þ ð26Þ

and

ox�
f

ow
¼ bfðx�

eq � x�
f Þ ð27Þ

where

bp ¼
3asasp

e
l
a

� �2 aqfD
�
pDf

bqpDp þ aqfDfðoxeq=oxpÞjx¼a

" #
and

bf ¼
eqp

ð1� eÞqf

bp ð28Þ

where the quantity asa=e is unity based on the assump-

tion of a slab-like pore shape described above. The

boundary conditions given by Eqs. (5) and (6) become

ox�
p

of

����
f¼0

¼ 0 ð29Þ

and

ox�
p

of

����
f¼1

¼ �NBi;m½x�
pjf¼1 � x�

1ðwÞ	 ð30Þ

where

NBi;m ¼ spKm;sl
eDp

ð31Þ

which is the Biot number at the surface of the sheet. The

initial conditions given in Eqs. (7) and (8) become

x�
pðf; 0Þ ¼ x�

f ðf; 0Þ ¼ 0 ð32Þ

In the case of steady state moisture transport through a

sheet, the fibers are everywhere in equilibrium with the

surrounding pores. Hence, xf ¼ xeqðxpÞ. Assuming the

humidity difference across the sheet is not large and

the isotherms are linear over that range then the steady

state moisture flux in the z-direction is

jss ¼ �
qpeDp

sp

�
þ Keqqfð1� eÞDf

sf

�
oxp

oz

¼ �qpDeff

oxp

oz
ð33Þ

where the derivative is estimated from the humidity

difference across the sheet divided by the thickness.

The thermal energy balance in the pores is

qp
bCCp;p

oTp
ot

¼ 1

sp

o

oz
kp

oTp
oz

� �
� asKh;i

e
ðTp � TfÞ ð34Þ

and in the fibers is

qf
bCCp;f

oTf
ot

¼ 1

sf

o

oz
kf
oTf
oz

� �
� qfDHabs

oxf

ot

þ asKh;i

ð1� eÞ ðTp � TfÞ ð35Þ

The heat of absorption is a function of the moisture

content of the sheet. Water condenses with different

energies depending on whether it is absorbed at a pri-

mary hydrogen bonding site or as unbound water.

Therefore, the heat of absorption is

DHabs ¼ ðDHprim � DHcondÞ
xprim

xmc

þ DHcond ð36Þ

The ratio of water bound to the primary sites compared

to the total absorbed water can be determined from BET

theory

xprim

xmc

¼ 1� aw ¼ 1� 1

2ðC � 1Þ C 1

�24 � xmono

xmc

�

� 2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 1� xmono

xmc

� �2

þ 4C
xmono

xmc

s 35 ð37Þ

where this is now expressed in terms of the moisture

content. This result is identical for the GAB isotherm,

other than that aw is replaced by kaw in Eq. (37).

In a procedure similar to the one above used to derive

Km;i, the overall interphase heat transfer coefficient is

shown to be

Kh;i ¼
3kpkf

bkp þ akf
ð38Þ

Using the values of the material properties listed in

Tables 1 and 2, it is shown that

asl2spKh;i

ekp
� 1 ð39Þ

from which it follows that Tp ffi Tf at all z. Therefore,
using the assumption that Tp ¼ Tf ¼ T , and defining the

effective thermal conductivity as

keff ¼
ekp
sp

þ ð1� eÞkf
sf

ð40Þ

Eqs. (34) and (35) may be combined into a single

equation
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½eqp
bCCp;p þ ð1� eÞqf

bCCp;f 	
oT
ot

¼ o

oz
keff

oT
oz

� �
� ð1� eÞqfDHabs

oxf

ot
ð41Þ

Again, using the values for the material properties in

Table 1, it is found that

ð1� eÞqf
bCCp;f � eqp

bCCp;p ð42Þ

Applying this and introducing the dimensionless tem-

perature and thermal conductivity

h ¼ T
T0

and k�eff ¼
keff
keff ;0

ð43Þ

Eq. (41) becomes

oh
ow

¼
spqp

bCCp;p

ð1� eÞqf
bCCp;fNLe

o

of
k�eff

oh
of

� �
� DHabsbCCp;fT0

ðxf ;1 � xf ;0Þbfðx�
eq � x�

f Þ ð44Þ

where Eq. (27) was applied in the last term and the

Lewis number is defined as

NLe ¼
qp

bCCp;pDp;0

keff ;0
ð45Þ

At the surface of the sheet

�keff
oT
oz

����
z¼l

¼ Kh;s½T jz¼l � T1ðtÞ	 ð46Þ

which becomes

oh
of

����
f¼1

¼ �NBi;hðhjf¼1 � h1Þ ð47Þ

The Biot number for heat transfer is defined as

NBi;h ¼
Kh;sl
keff

ð48Þ

where Kh;s is estimated from the measured value of Km;s

using the empirical relation

Kh;s ffi Km;s

kp
Dp

� �2=3

ðqp
bCCp;pÞ1=3 ð49Þ

valid for 103 < NRe;L < 3� 105 [17].

Eqs. (26), (27) and (44) are solved numerically using

orthogonal collocation for the spatial derivatives with

five collocation points at f ¼ 0:1834, 0.5255, 0.7967,

0.9603 and 1.0 (see Finlayson [18]). A semi-implicit

Bulirsch–Stoer method with variable time-stepping de-

scribed in Press et al. [19] was used for the time inte-

gration with a maximum Jacobian error of 10�10 and a

maximum relative error of 10�8.

3. Experimental procedures

Five different types of experiments were conducted in

order to assess the fundamental mass and heat transfer

properties of paper sheets. All experiments were con-

ducted with laboratory sheets made of Kraft processed

and bleached red alder (Alnus rubra) pulp.

Table 1

Material and transport properties common to all experiments

Parameter Value

T1 296 K

qf 1550 kg/m3

qp 1.18 kg/m3

qs 633 kg/m3

e 0.6

b 1.3 lm
asa=e 1

Dp 2:53� 10�5 m2/sbCCp;p 1:004� 103 J/kg/K

kp 0.026 J/m/s/K

kf 0.615 J/m/s/K

Km;s 2:27� 10�3 m/s

DHcond �2:453� 106 J/kg

DHprim �3:164� 106 J/kg

xmono (for xeq) 0.04513

C (for xeq) 11.55

k (for xeq) 0.79

Kh;s 2.45 J/m2/s/K

Kh;i 3:37� 104 J/m2/s/KbCCp;f 1:72� 103 J/kg/K

Table 2

Experimental conditions and additional material and transport

properties used to characterize a single sheet absorption tran-

sient

Parameter Value

T1 296 K

RHi 10%

RHf 60%

xp;i 1:78� 10�3

xp;f 0.01057

xf ;i 0.0244

xf ;f 0.0716

Keq 5.36

tramp 21 min

l 0.3445 mm

a 2.26 lm
e=sp 0.07

b=a 11.33

l=a 152.4

sp 2.0

Df 3:8� 10�14 m2/s

bp 2:43� 10�2

bf 2:77� 10�5

NBi;m 0.442
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The first experiment involved the measurement of

equilibrium moisture content isotherms at three tem-

peratures. These measurements were performed in an

environmental chamber, a replicate of which is described

by Chatterjee et al. [20]. The humidity inside the

chamber was controlled to a precision of 0.2% and

measured to an accuracy of 1.0% (2% above 90% RH).

The temperature was maintained to within 0.5 �C of the

set point by placing the entire chamber in a temperature

controlled room. The moisture content of a sheet was

measured by suspending it by a wire from a Mettler

PM200 analytical balance placed outside of the chamber

to an accuracy of 1.0 mg. Moisture contents were mea-

sured this way to an accuracy of 5� 10�4 when ex-

pressed as the weight fraction of the dry fiber. In a

typical absorption isotherm measurement, the sheet was

first dried at 0% RH at the temperature of interest to

obtain the equilibrium dry mass. The results of the pri-

mary absorption experiments are given in Fig. 1.

In a second set of experiments, the transient moisture

content of a single sheet was measured in response to a

change in humidity. The sheet was first preconditioned

to start the transient on the appropriate isotherm. The

humidity was then brought from the starting value to

the new value along a linear ramp of duration tramp and

held there for the remainder of the experiment.

In a third set of experiments, the z-direction moisture

profiles were measured during a moisture absorption

transient using a stacked composite constructed from six

identical sheets. One side of the composite was covered

with aluminum foil so that moisture could penetrate

only the uncovered side. All sheets were held in close

contact by slightly bending the composite. A moisture

transient was initiated with the composite sheet in the

same way as for a single sheet transient. However, at a

certain time during the transient, the composite sheet

was quickly removed from the environmental chamber,

disassembled, and each sheet was placed in its own

separate polyethylene bag. After all sheets were bagged,

they were removed one at a time and weighed on a

Mettler PM200 balance in a 50% RH room. To capture

the weight of the sheet just as it was removed from the

bag, the weight data was collected through the balance

RS232 port at 1 Hz for two minutes. The moist weight

of the sheet was determined by extrapolating the data

back to the time the sheet was removed from the bag.

Because the composite sample was destroyed to obtain

data, the experiment was repeated several times with

identical new sheets, in each case stopping at different

times after the beginning of the transient.

In a fourth experiment, the effective diffusivity of

moisture in paper was measured using a diffusion stack,

a modified form of one proposed by Lescanne et al. [7].

It consisted of a container of water with the same di-

ameter as the circular sheets above which several sheets

were stacked, each separated by rings. The rings between

the paper samples were 5 mm in height and 150 mm in

inner diameter. Unshielded temperature and humidity

probes (Omega, HX93C with accuracies of 2.5% RH

and 0.6 �C) were placed in the void spaces between each

sheet. To prevent moisture transport through the walls,

the container and rings were constructed of high density

polyethylene and the edges of the sheets were waxed.

The steady state moisture flux through the sheets, jss was
found by measuring the rate of mass loss of water from

the stack while in the humidity chamber. After the

moisture flux was measured, the humidity between each

sheet was measured to obtain the z-direction moisture

gradients.

In the final set of experiments, the surface tempera-

ture of a sheet was measured using a non-contact in-

frared pyrometer (Omega, OS65-V-R1-1) during

sorption and desorption transients. A 50� 50 mm sheet

was suspended in a frame so that both sides of the sheet

were unobstructed from air flow. The pyrometer was

focused onto a 12 mm diameter spot at the center of the

sheet. Since paper is a layered material, the temperature

measured is that of the surface fibers. The surface tem-

perature of the sheet was measured to a precision of

0.04 �C.

4. Moisture transport results

The value of sp=e, which appears in Eq. (28) and

required for the analysis of transients, can be approxi-

mated by measuring the z-direction effective diffusivity

using a steady-state diffusion stack. The effective diffu-

sivity experiment was performed with the diffusion stack

assembly enclosed in a 23 �C and 10% RH environment.

After accounting for the moisture gradients across the

air gaps between the sheets, a mean value of Deff ¼
1:8� 10�6 m2/s (st. dev: ¼ 7� 10�7 m2/s) was found for

the six sheets in the stack. This magnitude suggests that

most of the moisture transport through the sheet occurs

by vapor diffusion through the pore spaces. Using Eq.

(33), e=sp is found to have a value of 0.07, assuming that

all moisture diffuses through the pores and none through

the fibers.

With the value for e=sp, Eqs. (3) and (19) are used to

evaluate e ¼ 0:14, sp ¼ 2:0, and b=a ¼ 11:33. The values
for these parameters obtained from the effective diffu-

sivity measurements differ significantly from those de-

rived from physical measurements, as listed in Table 1.

The small value of e=sp suggests that the effective diffu-

sional thickness of the fiber wall is much larger than its

physical cross-section, due to the highly consolidated

state of the fibers in the sheet, and that not all pores

participate as paths for moisture diffusion, either due to

dead-end pores or closed lumen spaces.

The diffusivity of water into the fibers is estimated by

comparing the results of a transient sorption experiment
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with the mass transport model (assuming isothermal

conditions) and choosing a value for Df which match the

experiment. In the experiment, the moisture content of a

sheet, initially at equilibrium with 10% RH vapor, is

measured as the relative humidity is changed in a 21 min

linear ramp from 10% to 60% and then held constant at

60%. The comparison between the model and experi-

ment is shown in Fig. 2 where the parameters used for

the calculations are listed in Table 2. For the calculation

of bp, given by Eq. (28), the term inside the brackets

represents fiber-to-pore mass transport and so a value of

b=a ¼ 11:33, determined from the effective diffusivity

measurements, is used there. The terms outside the

brackets represent the relative volumes of the pores and

fibers and so are evaluated based on the porosity re-

turned by the sheet density. For the pore tortuosity, a

value of sp ¼ 2:0 is used. As Fig. 2 shows, the best fit of

the data is given by a choice of Df ¼ 3:8� 10�14 m2/s.

This value is consistent with a polymer gel model of the

fiber wall, reflecting the effects of a low diffusivity

through the amorphous polymer gel and the limited

amount of amorphous polymeric material in the semi-

crystalline solid. Presumably, the small amorphous

fraction results in a tortuous path for diffusion of ab-

sorbed water through the fiber wall, reducing the diffu-

sivity.

The composite sheet experiments are used to verify

the performance of the mass transport model. The ma-

terial parameters used are listed in Table 3. The results

of this experiment and accompanying simulation results

are shown in Fig. 3. This figure shows the moisture

content of each of the six sheets that make up the ex-

perimental composite at six different times after the start

of a 33.5 min ramped transient from 10% to 70% RH.

The moisture content data are plotted at the position of

the mid-plane of each sheet.

The composite sheet data confirm the model predic-

tion that at no time are the moisture gradients large,

even for this very thick composite sheet. These data also

demonstrate that the moisture content of the surface

does not immediately equilibrate with the surrounding

Fig. 2. Absorption transient compared with theoretical esti-

mates at various values of the diffusivity of water in the fibers.

The humidity is ramped from 10% to 60% RH in 21 min along a

nearly linear portion of the isotherm.

Table 3

Experimental conditions and additional material and transport

properties used to characterize the composite sheet experiment

Parameter Value

T1 296 K

RHi 10%

RHf 70%

xp;i 1:78� 10�3

xp;f 0.01231

xf ;i 0.0380

xf ;f 0.0871

Keq 4.66

tramp 33.5 min

l 2.024 mm

e 0.23

Dw;f 2:3� 10�14 m2/s

bp 0.819

bf 1:87� 10�4

NBi;m 2.60
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Fig. 3. Moisture content gradients in a composite at various

times during an absorption transient. One side of the six sheet

composite stack is covered with a water impermeable foil bar-

rier and the other side is exposed to a changing humidity en-

vironment.
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environment. These effects are caused by the large re-

sistances to mass transfer in the laminar boundary layer

outside the sheet and within the fiber walls and the rapid

moisture transport through the pore spaces. Further-

more, the diffusivity of water through the fibers pre-

dicted in the analysis of the z-direction gradients in the

composite sheet experiment is consistent with the diffu-

sivity predicted by analysis of the transient uptake by

single sheets.

5. Heat transport results

The heat of sorption, required by the transient

heating analysis, is found as a function of moisture

content by applying the Clausius–Clapeyron relation to

the experimentally determined moisture content iso-

therms shown in Fig. 1. The heat of sorption at a given

moisture content is found from the slope of lnðpwÞ versus
1=T where pw is the partial pressure of water. These are

plotted at various moisture contents in Fig. 4.

Eqs. (36) and (37) are also plotted in Fig. 4 for two

different sets of parameters. Although a value of C ¼ 10

is typical of the experimental paper sheets used in this

study, the fit using C ¼ 30 is used in subsequent calcu-

lations because it fits the heat of absorption data more

accurately at low moisture contents. Values for the

material parameters found in Eqs. (36) and (37) are

contained in Table 1.

The surface temperature measured during an ab-

sorption transient is shown in Fig. 5. The heating occurs

in two stages, one near the beginning and one near the

end for the linear ramp in the surrounding humidity. The

combined heat and mass transport model demonstrates

Fig. 5. Theoretical fit of surface temperature in response to a

1 h ramp from 10% to 90% RH.
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circles are evaluated from primary absorption isotherm data and the solid lines represent theoretical fits for two different sets of

parameters.
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that this two-stage behavior results from the non-lin-

earity in both the moisture content isotherm and the heat

of absorption. The surface temperature predicted by the

solution of Eqs. (44) and (47), using the material prop-

erties listed in Tables 1 and 4, is also shown in Fig. 5.

Since the energy balance is coupled with the moisture

balances, the heat transport equations are solved simul-

taneously with the mass transport problem described by

Eqs. (26), (27) and (30). The non-linear moisture content

isotherm, described by the GAB modified form of Eq.

(20), and the non-linear heat of absorption, described by

Eqs. (36) and (37), again in the GAB form, are used in

this analysis. The calculated results accurately predict the

shape of the two stage heating behavior. They also pre-

dict the drop in temperature immediately following the

completion of the humidity ramp. The mismatch in

magnitude of the predicted temperature response may be

due to inaccuracies of the Biot number for heat transfer

given in Eq. (48) or use of a heat of absorption that is

slightly higher than measured at low moisture contents.

6. Discussion

There exists a considerable body of literature re-

garding the nature of moisture sorption in wood pulp

fibers. Some of this work presupposes that water ad-

sorbs onto the surfaces of micropores between the fibrils

of cellulosic fibers. This work, in contrast, relies on an

absorption model, which assumes that most water held

by cellulose based fibers resides in the amorphous re-

gions of the various hygroscopic components as a mix-

ture in a swollen polymer matrix.

The absorption model is well supported by experi-

mental evidence. The water associated with the primary

hydrogen bonds of the hygroscopic components in the

cell wall represents far more water than can be adsorbed

onto the available surfaces. Analysis of the absorption

isotherm at 23 �C shown in Fig. 1 returns a value of

0.0374 kg of water associated with the primary bonds

per kg of dry fiber. Using an adsorbed surface area of

0.125 nm2 for water molecules, this gives an adsorption

area of approximately 1:56� 105 m2/kg. Electron mi-

crographs of swollen pulp fibers show no more than

1:5� 104 m2/kg of exposed surfaces [21] but this is more

likely on the order of 3� 103 m2/kg [22]. Furthermore,

nitrogen adsorption typically gives values of 5� 102–

1� 103 m2/kg for the surface area of dry, unswollen pulp

fibers. The glucose repeat unit of cellulose has a length

and width of 1.3 nm and so if all three available hy-

droxyl groups are exposed on one surface, they would

represent only about 20% of the exposed physical area

for forming primary hydrogen bonds. Therefore, even in

the most extreme case of 1:5� 104 m2/kg for the exposed

surface area, only about 2% of primary sorption of

water occurs as adsorption onto surfaces. The vast

majority of primary sorbed water must solvate the

amorphous regions, diffuse through the entangled cel-

lulose polymer and bind directly to hydroxyl groups

inside the solid matrix.

Additional evidence for the absorption model comes

from the mechanical changes of fibers upon exposure to

humidity. When penetrating the amorphous regions,

water acts as both a plasticizer and swelling agent. This

leads to dramatic reductions in fiber stiffness and chan-

ges in fiber dimensions. The first absorbed water breaks

existing intra and interchain hydrogen bonds that make

the dry cellulose amorphous matrix rigid, and replaces

them with more flexible water bridges, initially only one

water molecule in length. Additional adsorbed water

either adds to these bridges or solvates the matrix as free

water, forming a gel. At a humidity of 80%, the amount

of absorbed water represents three times the water as-

sociated with primary absorption, or nine water mole-

cules per glucose repeat unit of the cellulose. Since the

repeat unit has a molecular mass of 162 kg/kmol, the

amorphous regions are swollen to a moisture content of

50% by weight, causing a considerable swelling and

weakening of the amorphous regions. Furthermore,

at high moisture contents, more free water is available

for diffusion and presumably the diffusivity is higher

[23].

The isotherms provide insight into the nature of

the cellulose–water gel state. At low moisture contents,

absorption equilibrium is dominated by the enthalpic

interactions associated with the disruption of cellulose-

to-cellulose hydrogen bonds and reformation of water-

to-cellulose hydrogen bonds. Since these interactions are

strong, moisture is preferentially drawn to these sites

Table 4

Experimental conditions and additional material and transport

properties used to characterize the surface temperature of a

sheet during moisture sorption

Parameter Value

T1 296 K

RHi 10%

RHf 90%

xp;i 1:78� 10�3

xp;f 0.0158

xf ;i 0.0244

xf ;f 0.161

Keq 4.66

tramp 63 min

l 0.3445 mm

A (for xeq) 2:5� 10�3

xmono (for DHabs) 0.034

C (for DHabs) 30

keff 0.181

NBi;m 0.13

NBi;h 0.1

NLe 0.0612
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and the moisture content is considerably higher than the

water activity. This positive deviation from ideality gives

rise to the characteristic type II isotherm shape where

the isotherms lay above ideal solution curve. As the

moisture content increases and more primary sites are

occupied, a larger fraction of water absorbs as free water

solvating the polymer and creating a gel. Here, the wa-

ter–cellulose interaction is now dominated by entropic

restrictions to the motion of the polymer chains in the

solution. These restrictions act to exclude moisture and

the moisture content drops below the water activity.

Hence, the isotherms are overpredicted by the extension

of the BET analysis to this region. As the activity in-

creases to unity (100% RH), the amorphous cellulose is

not completely solvated because the cellulose in the

amorphous regions is physically held together by intra-

chain links to the non-solvating crystalline regions.

Hence, the fibers swell to their saturation point and

exclude any additional water. In the thermodynamic

sense, this can be viewed as phase splitting between the

solvated polymer phase and the pure solvent phase, a

possibility for polymer solutions with a Flory–Huggins

interaction parameter greater than 0.5.

Based upon the simulation and experimental results

presented here, the value of the single fiber diffusivity,

Df , is suggested to be 3� 10�14 m2/s. This is a very small

value but one that is consistent with a polymer gel model

of the fiber wall. The value of the diffusivity reflects the

combination of a small diffusivity through the amor-

phous polymer gel and the limited amount of amor-

phous cellulosic polymer in the semi-crystalline solid of

the fiber wall.

Although the simple combined mass and thermal

transport model presented here does well, improvements

are needed in the way in which the porous system is

represented. Measurements of sheet porosity based on

the density differ from the value of porosity which is

required to represent the diffusive system. This suggests

that a significant portion of the pore system is not a

pathway for moisture transport. This portion of the air

space may either be inaccessible volume inside partially

collapsed fibers or dead-end pores. In addition, for

typical sheet porosities on the order of 0.5, there are

several interfiber bonds along the length of each fiber.

This means that the proportion of external surface area

of a fiber directly exposed to the diffusive pore system is

much smaller than the geometry of a single fiber would

suggest. One would expect then that the diffusive dis-

tances into the fiber wall would be greater than the wall

thickness. All of this suggests that one-dimensional ge-

ometries assumed in the model are not entirely adequate.

One can envision a model where there is a passive pore

space, an active pore space, fiber surface area which is

exposed to the active pore space and surface area ex-

posed to the passive pore space.

7. Conclusion

The goals of this work were to clarify the mechanisms

by which paper sheets absorb moisture from humid air

and to measure the fundamental variables of this mass

and heat transport process. When the humidity around a

paper sheet increases, the sheet absorbs moisture and its

temperature increases. The rate of that moisture sorp-

tion is dependent on the magnitude of three mass

transport resistances. These are the laminar boundary

layer above the surface of the sheet, the quiescent air

filled pores between the fibers of the sheet, and the pore-

to-fibers region. In this work, moisture transport in

paper was modeled to account for these three resistances

and they were related to fundamental mass transport

and geometric parameters. The temperature behavior of

the sheet during the sorption process is also explained by

linking a heat transfer model to the mass transfer model.

The measured surface temperature transients exhibit a

two-stage rise in temperature during moisture absorp-

tion which is predicted by the coupled heat and mass

transport model.
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