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Abstract Moisture adsorption and diffusion were

examined in 17 samples of historical and modern

papers and cardboards, differing in the time of

production and the pulping process. The moisture

adsorption data for paper materials made of rags,

gelatin-sized were close to each other whereas wood-

pulp papers showed higher intra-group variability due

to varying contents of lignin and rosin sizing. The

average adsorption curve for all specimens was close

to that of pure cellulose. In-plane diffusivities along

the paper sheets in a stack, primary direction of uptake

and release moisture by library objects, were deter-

mined as a function of relative humidity and paper

compression. Typically, the in-plane diffusivities fell

within the range of 6 9 10-6–1.7 9 10-5 m2/s and

were significantly affected by the paper fraction in the

specimens which were combination of paper sheets

and thin air layers or pockets between the sheets. The

external mass transfer coefficient at the surface of the

paper objects perpendicular to the paper sheets

exceeded 2 9 10-3 m/s and significantly depended

on the intensity of air motion in typical environments.

Effective use of the adsorption and diffusion informa-

tion obtained was demonstrated in modelling buffer-

ing capacities of books.

Keywords Moisture � Sorption � Diffusion �
Cellulose � Historical paper � Libraries

Introduction

In the recent years, much attention has focused on

managing indoor environments in museums, libraries

and archives in a responsible manner, especially in

terms of reducing energy use and carbon emissions

(Hong et al. 2012; Staniforth 2014). The interest in the

issue has been driven by the idea of ‘greening’

memory institutions so that they maintain high stan-

dards of collection care, while respecting the natural

environment and resources. Cellulose-based materials

such as paper and cardboard contained in books,

manuscripts, historical records, prints and drawings
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are vulnerable to temperature and relative humidity

(RH) and therefore scientific understanding of how

storage conditions ultimately affect these materials is

crucial to the development of rational guidelines for

the long-term control of climate in the repositories.

Research into climate-related issues of the preser-

vation of paper materials has so far predominantly

focused on hydrolysis and oxidation of cellulose

(Strlič 2015), as well as risk of microbiological

activity starting above 60% RH (Sedlbauer 2002).

However, there are two further important conse-

quences of paper’s capacity to gain moisture when

the RH is high, or losing moisture when the surround-

ing air is dry. On one hand paper collections act as

moisture buffers reducing RH fluctuations in the

repositories, on the other paper objects experience

dimensional response—they shrink as they lose

moisture and swell when they gain moisture. Paper

objects may experience uneven moisture distribution,

and consequently uneven dimensional change, in

response to the RH variations as the moisture diffusion

into or out of the object is not instantaneous. The stress

induced by the uneven response will manifest by

deformation like curls and cockles. Obviously, paper

may also experience stress because of restraint on its

dimensional response resulting from binding it into a

book block or mounting into a rigid protective system.

The two key parameters—water sorption isotherms

relating RH and the equilibrium moisture content

(EMC) for a material, and coefficients of water vapour

diffusion and mass transfer on the paper surface—

need to be examined to understand the material

buffering and moisture response.

In the range between 0 and 85% RH, which is of

interest for the preservation of paper collections

indoors, the relationships between EMC in paper and

RH is described by a sigmoid shape of the type II

isotherm in the IUPAC 1985 classification (Sing et al.

1985). It indicates the monolayer-multilayer

physisorption in which an adsorbed surface layer

progressively thickens as the vapour pressure is

increased up to saturation pressure. At high RH

values, the monolayer-multilayer adsorption path can

be accompanied by a more rapid increase in sorbed

water due to the processes of capillary condensation in

the porous structure. The Guggenheim-Andersen-de

Boer (GAB) three-parameter sorption equation has

been used to interpret the physisorption of water on

paper as it is capable of describing the full shape of

type II isotherm and yields meaningful physical

parameters as monolayer capacity and energy constant

related to the net molar heat of adsorption (Timmer-

mann 2003; Parker et al. 2006; Bedane et al. 2015).

Moisture diffusion in paper occurs through three

principal pathways: diffusion of water vapour in the

pore space, diffusion of water in the condensed form

within cellulose fibres and the moisture exchange

(adsorption or desorption) between the fibres and the

pore space (Ramarao et al. 2003). Whilst vapour

transport through the pore space dominates at low RH

levels, diffusion of the condensed phase can be

significant at high humidity conditions. The effective

diffusivity of moisture in the paper, the outcome of the

three diffusion mechanisms, can be determined exper-

imentally by measuring the total flux of moisture

driven by water concentration gradient through a stack

of paper under steady-state conditions (Gupta and

Chatterjee 2003a). The effective moisture diffusivity

established from the steady-state moisture flux mea-

surements was found to predict also moisture transport

in paper stacks subjected to ramp changes of the

external RH, especially for low speeds of the changes,

characteristic of RH variations in museum or library

repositories (Gupta and Chatterjee 2003b). This indi-

cates that, under slow RH variations, the exchange of

moisture between the pore space and fibres is faster

than moisture diffusion that is to say equilibrium

moisture content is constantly attained in the fibre

phase.

In this study, moisture sorption isotherms and water

vapour diffusion and mass transfer coefficients were

determined for a selection of specimens of historical

papers and cardboards, dated to between the seven-

teenth and twentieth centuries. The composition of

paper-based materials housed in the library and

archival repositories reflects the paper production

processes changing during the centuries. Since its

beginning in the medieval times until well into the

nineteenth century, the European paper making used

linen, hemp and cotton rags as the source of the

cellulosic material. To render the formed paper sheets

water repellent and thus suitable for writing, they were

sized with gelatine extracted from various animal

tissues containing collagen. Only in the second half of

the nineteenth century, wood fibres become dominant

in the paper production, generally, either as mechan-

ical or chemical pulp. Mechanical pulping methods

involved mechanical separating the cellulose fibres
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from one another leaving much of the lignin in the

material. The mechanical pulp was used for low-cost

products as newsprint or paperboards. In turn, chem-

ical pulping involved chemical degradation of lignin

and hemicellulose which could be removed from the

cellulose. Alum-rosin size invented in 1807 gradually

replaced the gelatin size due to its lower cost.

To reflect varying paper characteristics which may

be encountered in typical archival and library repos-

itories, three principal types of historical paper-based

materials indicated above were investigated in this

study: gelatin sized papers made of rags and rosin-

alum sized wood pulp-based papers obtained in the

mechanical or chemical pulping process. The study

focused on establishing experimentally parameters

useful in modelling the ‘real-time’ moisture move-

ment in the historical paper objects in response to RH

variations. The parameters comprised average GAB

constants obtained by fitting water vapour sorption

data for several paper types, characteristic of mixed

paper collections, and effective diffusivities both in

transverse and planar directions that is to say across

the paper stack and along the paper sheets in a stack, as

books or records placed next to each other on a

bookshelf significantly absorb/desorb water vapour

from the surrounding space only along this direction.

Materials and methods

17 samples of historical and modern papers and

cardboards, differing in the time of production and the

pulping process, were used in the testing programme.

Details of the materials along with their photographs

are given in Online Resource 1.

FT-IR spectra were recorded using a Nicolet 6700

FT-IR spectrometer, equipped with the Smart Ark

Accessory (ZnSe crystal). Spectral analyses were

performed at a resolution of 4 cm-1 in the range of

4000–650 cm-1, collecting 64 scans at the room

temperature and ambient humidity.

Moisture adsorption and desorption isotherms were

determined at 24 �C and for a range of RH between 0

and 80%. The measurements were done gravimetri-

cally with the use of a vacuum microbalance from CI

Electronics, UK. Typically, a 0.1 g piece of a material

was weighed and outgassed prior to a measurement

under a vacuum of a residual pressure less than 0.1 Pa.

The aim was to eliminate water physisorbed during the

storage of the sample. A vacuum was maintained until

a constant weight was obtained, then subsequent

portions of water vapour were introduced, and the

respective mass increases due to the sorption and the

respective equilibrium pressures were recorded. Sam-

ples were considered to have reached an equilibrium

when the weight changes were less than 0.05% in

40 min. The equilibrium moisture contents were

calculated on the basis of the initial weight of the

out-gassed sample.

The experimental set-up proposed by Mosequette

et al. (2005) was used for measuring the external mass

transfer coefficient and the water vapour diffusivity of

paper materials in the through-plane (transverse)

direction—shortly Dz. Round Plexiglas diffusion cups

were provided with a step machined into the wall so

that circularly-cut paper sheets of 60 mm in diameter

could be placed in them and held by the Plexiglass

ring, screwed into the cup. The connection was sealed

by wrapping polytetrafluoroethylene (PTFE) tape

around the ring’s thread and spreading a silicone

sealant over the rim of the cup and the ring. In

accordance with the ASTM E96/E96-M standard

(2016), the cups were partially filled with distilled

water (the water method) or anhydrous calcium

chloride (the desiccant method) to obtain nearly dry

or fully saturated with water vapour, respectively, air

inside. The cups were placed inside a climatic

chamber controlling the temperature at 22 �C and

RH at 50% so that the required difference in water

vapour pressure across the paper specimens was

obtained. An additional measurement was done using

the desiccant method but at RH of 70% in the climatic

chamber.

Stacks of paper sheets varying from 30 to 90 were

investigated, to obtain relationships between water

vapour permeability and stack thickness—the diffu-

sion path length. In a single experiment involving a

specific RH difference, the weight changes of two or

three cups comprising specimens of a given thickness

were measured. The weighing was started 48 h after

placing cups inside the climate chamber, to ensure that

paper specimens had reached a state of dynamic

equilibrium, and was repeated in one or two day

intervals until a satisfactory number of experimental

values were obtained.

A different diffusion cup was used for measuring

the diffusivity in the in-plane direction—shortly Dxy

(Mosequette et al. 2005). A set of paper circles of
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radius of 30 mm were cut with concentric holes of

diameter of 10 mm equal to the inner diameter of the

diffusion cup. The sheets were sandwiched together by

a plate placed on the top of the stack. In an additional

experiment, the stack thicknesses was reduced by

compressing the same number of paper sheets with

clips to imitate more adequately the fact that in reality

books stored on a bookshelf may be squeezed with a

varying degree of tightness.

An uptake of water vapour by two book specimens

in response to an RH step change from dry condition to

approximately 43% was measured gravimetrically in a

plastic container or in a climatic chamber in which

constant RH and temperature of 22 �C was main-

tained. One book specimen was made of Eighteenth

century gelatin-sized rag-based paper—190 mm

(length) 9 195 mm (width) 9 11.5 mm (thickness)

and the other of Nineteenth century machine-made

paper—203 mm (length) 9 125 mm (width) 9

23.4 mm (thickness). The covers and spine of the

specimens was made impermeable to water vapour so

that only three remaining side surfaces were left open

to the water vapour transport. Prior to the experiment,

each book specimen was dried at 105 �C to assure the

removal of water physisorbed.

The numerical modelling of moisture transport in

the book specimens was carried out using COMSOL

Multiphysics. The software allowed the time depen-

dent water vapour diffusion equation to be solved

using finite element modelling.

Results and discussion

Composition of paper materials investigated

Historical papers and boards manufactured prior to

1800 were confirmed to be gelatin sized materials

made of rags. Following the practice of protein

analysis using FTIR, gelatin was identified in all these

materials by the amide I and II bands, near 1650 and

1550 cm-1, associated with C=O stretching vibration

and C–N stretching and N–H bending vibrations of

peptide groups (Rouchon et al. 2010) (Fig. 1).

In turn, rosin sizing was identified in the nineteenth

and twentieth century papers by a double signal in the

range of 1606–1612 cm-1 characteristic of C=C

stretching in conjugated structures included in the

ring systems of rosin as well as the near 1710 cm-1

signal due to the COOH vibration of abietic acid

(Calvini and Gorassini 2002) (paper M1 in Fig. 2).

Further, the wood pulp paper materials containing

lignin could be identified by bands at 1510, 1580 and

1605 cm-1 characteristic of aromatic structures pre-

sent in lignin (board B2 in Fig. 2). The spectra of rosin

and lignin overlap in the 1550–1650 cm-1 range but

bands at 1510 cm-1 (lignin) and 1710 cm-1 (rosin)

remain clear markers of the components in rosin-sized

lignin-containing papers (paper W1 in Fig. 2). The

infrared spectra of all paper-based materials investi-

gated are contained in Online Resource 2 and the types

of the materials used in the study are summarized

below in Table 1.
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Fig. 1 FTIR spectra of historical paper (R5) and board (B1)

made of rags and gelatin sized. The spectrum of pure

microcrystalline cellulose is shown for comparison
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Fig. 2 FTIR spectra of lignin-free (M1) and lignin-containing

(W1) wood pulp papers, rosin/alum sized, as well as unsized

lignin-containing board (B2). The spectrum of pure microcrys-

talline cellulose is shown for comparison
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Adsorption isotherms of water vapour

The relationship between the amount of water

adsorbed on the paper materials and RH is described

by the three-parameter Guggenheim-Andersen-de

Boer (GAB) equation:

EMC RH;T ¼ const:ð Þ

¼ Vm � c� k � RH=100

1 � k � RH=100ð Þ � 1 þ c� 1ð Þ � k � RH=100ð Þ
ð1Þ

where EMC is the equilibrium moisture content in

percent, RH—relative humidity in percent, Vm—the

monolayer capacity in the same units as EMC, c—an

energy constant related to the difference of free

enthalpy (standard chemical potential) of water

molecules in the upper sorption layers and in the

monolayer, and k—the third parameter, related in turn

to the difference of free enthalpy of water molecules in

the pure liquid and the upper sorption layers.

The specific surface area sGAB is obtained from the

monolayer capacity Vm:

sGAB ¼ Vm � q� L� r=M ð2Þ

where M is the molar mass of water, q is water density,

L is the Avogadro number and r is the average area

occupied by one water molecule in the monolayer—

0.114 nm2 was used in this study.

By way of example, the experimental data for water

vapour sorption by a gelatin-sized rag paper are

compared in Fig. 3 with curves calculated using the

GAB equation. For the desorption branch, the hys-

teresis effect is observed i.e. higher moisture content

during desorption when compared to that during

adsorption at any given RH value. This phenomenon

is associated with the swelling of a non-rigid cellulose

structure in the course of adsorption, so that the effect

is in fact a manifestation of elastic hysteresis (Sing

et al. 1985). The GAB constants were determined by a

least-squares regression of the GAB relation for

0%\RH\ 80%, which fully covers RH conditions

relevant for the preservation of paper-based materials

indoors. The regression was performed separately for

the adsorption and desorption branches. It should be

noted that the adsorption branch only yields meaning-

ful monolayer capacity, and consequently specific

surface area, owing to the hysteresis loop between the

adsorption and desorption branches. The GAB con-

stants and sGAB values determined for all paper

materials investigated are contained in Online

Resource 1.

Further to the analysis of sorption data for the

individual paper materials, average GAB constants

were obtained by fitting, to the GAB equation, the

entire sets of adsorption and desorption data available

for two broad groups of the materials analysed. The

first group comprised gelatin sized materials made of

rags (Fig. 4) and the other wood pulp-based papers

obtained in the mechanical or chemical pulping

Table 1 Average GAB constants obtained from the regression of the sets of adsorption data available for groups of the specimens

Material type Number and codes of the specimens ‘Average’ GAB parameters for groups of

specimens

Vm (%) c k R-squared

Paper materials made of rags, gelatine sized 6 (R1–R5, B1) 4.39 13.3 0.72 0.96

Machine-made paper materials 9 (M1–M4, W1–W4, B2) 4.66 13.1 0.64 0.82
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Fig. 3 The experimental data for water vapour adsorption and

desorption by gelatin-sized paper made of rags (R3) are

compared with the curves calculated from the least-square

regression of the data to the GAB equation
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process, therefore varying in the lignin content, alum-

rosin sized, though one specimen (B2) was unsized

(Fig. 5). The respective GAB constants for the average

relationships and R-square values for the two groups

are given in Table 1.

Calculating the best fit average RH-EMC relation-

ships for a number of specimens belonging to a

specific groups of objects allowed the intra-group

variability—reflected in the R-squared value—to be

analysed. The moisture adsorption data for paper

materials made of rags, gelatin-sized are close to each

other as indicated by high R-squared value of 0.96.

Conspicuously, the average adsorption curve for this

category of paper materials is very close to that of

microcrystalline cellulose (Fig. 6) which is a pure

cellulose powder adopted as a certified reference

material in the procedure for the determination of

water sorption isotherms, especially of foods (Jowitt

and Wagstaffe 1989). Also adsorption curves of

contemporary ‘museum’ boards, used in museum,

archive or library storages for mounting paper objects,

box making or book binding, are close to the average

curve analysed, as the materials consists of cotton

fibres built of almost pure cellulose (Fig. 6). Gelatin

used as the size does not alter the water sorption

characteristics of the paper as it is a hygroscopic

material and the amount adsorbed in the RH range of

0–80% is similar that of the cellulose (Rachwal et al.

2012). Therefore, generally, the moisture sorption

curves of the papers are dominated by the sorption of

the cellulose only slightly modified by impurities or

the glue.

In contrast, the water adsorption characteristics of

wood-pulp papers showed higher intra-group variabil-

ity reflected in a lower R-squared value of approxi-

mately 0.8. The reason for the increased variability lies

in the opposing effects of alum/rosin sizing on one

hand and presence of lignin in the paper on the other,

on the water vapour adsorption properties of the
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Fig. 4 The experimental data for water vapour adsorption by

gelatin-sized paper materials made of rags—modern laid paper

(R1), four historical papers (R2–R5) and paperboard in a book

binding (B1)—are compared with the average curve calculated

from the least-square regression of the data to the GAB equation
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Fig. 5 The experimental data for water vapour adsorption by

machine-made paper materials—alum/rosin sized papers of

varying lignin content (M1–M5 and W1–W4) and lignin-

containing unsized paperboard in a book binding (B2)—are

compared with the average curve calculated from the least-

square regression of the data to the GAB equation
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Fig. 6 The experimental data for water vapour adsorption by

microcrystalline cellulose and contemporary museum board

(B3) are compared with the average adsorption curves for rag

and wood pulp paper materials. Adsorption curves of the highest

(B2) and lowest (M4) adsorption are provided to define the

upper and lower limits of adsorption by paper collections
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papers. Rosin-sizing imparts water-repellent proper-

ties to the paper and, hence, reduces hydrophilic

surface of cellulose available for the water adsorption

(Hubbe 2011). Lignin in turn shows higher water

adsorption than cellulose in the entire RH range

(Rawat and Khali 1999; Volkova et al. 2012). As the

result, machine made paper materials used in the same

book printed in 1898 exhibited the highest and the

lowest water vapour adsorption by lignin-rich unsized

paperboard in the binding and lignin-free, alum/rosin

sized paper, respectively, measured in this study

(Fig. 6). Notwithstanding the increased variability

among the machine-made paper materials, the average

adsorption curve for this group of specimens is again

very close to that of the rag papers and pure cellulose.

Such generalized adsorption information can be useful

in modelling buffering capacities of library and

archival collections by quantifying ‘real-time’ mois-

ture movement across the paper objects of varying

shape and thickness with the use of the finite element

method—the modeling being based on experimentally

determined material properties: adsorption/desorption

of water vapour, water vapour diffusion and external

mass transfer coefficients. Further, constantly varying

uptake and release of moisture from paper collections

can be coupled to the modelling of indoor microcli-

mate and energy consumption in collection storage

spaces with the use of the building simulation software

(Kupczak et al. 2018).

External mass transfer coefficient

Figure 7 shows an exemplary plot of mass loss of

water contained in a diffusion cup, due to a steady state

water vapour flux through the paper stack driven by

the RH gradient of 50% (the water method). The water

vapor transfer rate (WVTR, kg/s) through the speci-

men was determined as a slope of the linear relation-

ship between specimen’s mass and elapsed time.

Knowing the WVTR, one can calculate the material

water vapour transfer resistance Y (in s/m):

Y ¼ ADc=WVTR ð3Þ

where A is the surface through which the water vapour

is transported (2.8 9 10-3 m2), and Dc is the gradient

of water vapour concentration in air (in kg/m3) driving

the water vapour flux—Dc can be calculated from the

RH gradient assuming the ideal-gas law:

c ¼ RH

100

� �
psat Tð ÞMwater= RTð Þ ð4Þ

where psat(T) is the saturated water vapor pressure at a

given temperature (2642 Pa at 295 K), R is the gas

constant (8.3145 Pa m3/mol K), T is temperature

(295 K) and M is molecular mass of water

(0.018 kg). Plotting a water vapor transfer resistance

against the specimen thickness H (in m) allowed two

key parameters describing the moisture transport

through the material to be found (Fig. 8):
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Fig. 7 Mass loss of water in a diffusion cup due to water vapour

flow through 6.6 mm layer of paper M4, temperature and RH in

the climatic chamber were 22 �C and 50%, respectively
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Fig. 8 Overall water vapour transfer resistance Y in the

diffusion measurements versus the paper (M4) stack thickness H
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Y ¼ H=Dz þ R0 ð5Þ

the effective material diffusivity Dz (in m2/s) as an

inverse of the slope and R0—sum of water vapour

transfer resistance above and below of the specimen

top and bottom surfaces, acting in series, as the

intercept (zero specimen thickness):

R0 ¼ L=Dw þ 1=kf ð6Þ

where L is the thickness of the air layer in the diffusion

cup between the surfaces of water or desiccant and the

bottom face of the paper sample—kept at approxi-

mately 13 mm, Dw is the water vapour diffusivity in

quiescent air at the experimental temperature

(2.7 9 10-5 m2/s at T = 295 K), and kf is the external

mass transfer coefficient (on the outside paper sur-

face). It should be noted that the effect of convective

currents in the diffusion cups was neglected.

Figure 8 shows a plot of the water vapour transfer

resistance Y versus the paper stack thickness for the

RH gradients of 50% produced by water or the

desiccant, respectively. Since the plot is linear, the

external resistance R0 could be determined by extrap-

olating a linear least-square fit to the data to the

intercept (zero specimen thickness). If the resistance

of the air layer in the diffusion cup between the bottom

surface of the sample and the surface of water or

desiccant L/Dw (480 s/m) is subtracted, the resistance

of the external boundary layer or 1/kf is obtained

(kf = 1.1 9 10-3 m/s for the analysed case).

The mass transfer resistance in the boundary layer

adjacent to the top surface of the paper samples is

affected by the air movement surrounding the diffu-

sion cups. To quantify this influence, two further

measurements of Dz and kf were carried out. In one

experiment, the diffusion cups containing water were

placed in a large glass desiccator with saturated water

solution of potassium carbonate with an equilibrium

RH of 43%. It was assumed that this configuration

produced nearly quiescent air adjacent to the surfaces

of the test specimens, which would mimic environ-

ments with little air circulation. In the other experi-

ment, the diffusion cups were placed in the climatic

chamber close to a fan forcing air circulation which

would imitate environments with considerable air

motion. The Dz and kf values obtained in the exper-

iments are listed in Table 2 with 95% prediction

intervals about the kf value.

As expected the mass transfer coefficient was the

greatest when the specimens were placed closed to

the operating forced air-circulation system in the

chamber, and the smallest for the measurement in

the desiccator. The tendency and the ranges agree

well with external mass transfer coefficients for

paper specimens determined previously using vari-

ous experimental approaches. For the diffusion cups

placed in climatic chambers, minimal values of the

coefficient were estimated at 1.2–1.8 9 10-3 m/s

from the analysis of profiles of RH or moisture

content in the paper samples under the steady-state

water vapour transport (Gupta and Chatterjee 2003a;

Massoquete et al. 2005). In a later paper, Chatterjee

(2008) reported higher values of the coefficients (2-

2.8 9 10-3 m/s) from similar measurements but

under unsteady-state transport of moisture. A similar

value of 2.5 9 10-3 m/s was determined from

measurements of liquid water evaporation in a

chamber (Bandyopadhyay et al. 2000). In turn,

Bedane et al. (2016) derived an average value of

3 9 10-3 m/s from measurements of transient

moisture uptake rates by paper materials over a

wide range of RH. 7 9 10-3 m/s (Bandyopadhyay

et al. 2002; Nilsson et al. 1993) were maximum

values of the coefficient reported.

The effective paper diffusivity of approximately

2 9 10-6 m2/s agrees well with values determined for

relatively porous papers of low density between 500

Table 2 Water vapour diffusivity of paper M4 in the through-plane direction Dz and external mass transfer coefficient kf

Environment of the diffusion cups Airflow rate (m/

s)

Dz (10-6 m2/

s)

kf with 95% prediction interval (10-3

m/s)

In the middle of a climatic chamber 0.15 2.7 1.1 (0.5–5)

In a climatic chamber close to a fan forcing air

circulation

0.35 2.0 1.6 ([ 0.7)

In a glass desiccator Stagnant air 2.1 0.7 (0.4–1.6)
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and 800 kg/m3 (Massoquete et al. 2005; Nilsson and

Stenström 1995).

Effective diffusivity in the in-plane direction

The in-plane diffusion through the cylindrical paper

stack used in the experiment occurs along the radial

dimension and the effective diffusivity is calculated

using the following equation derived from the steady-

state diffusion equation in cylindrical coordinates

(Massoquete et al. 2005):

Dxy ¼ ln
router

rinner

� �
= 2pH

DcMwater

WVTR
� R0

� �� �
ð7Þ

where r are the outer and inner radii of the paper

cylinder, 30 and 10 mm, respectively, and:

R0 ¼ L

Dwpr2
inner

� 1

kf 2prouterH
ð8Þ

Derluyn et al. (2007) estimated the values of

external mass transfer coefficient kf for surfaces of

paper stacks perpendicular to the paper sheets by

measuring transient moisture uptake rates in the in-

plane direction for two specimens imitating books

differing in paper fractions (0.9 and 0.6) in the total

book volume. The external mass transfer coefficients

was 1.4 9 10-3 and 2.7 9 10-2 m/s, for the low and

high paper fraction books, respectively. The authors

attributed this considerable difference in the parameter

to the unevenness of the exposed surface of the low

paper fraction book. In turn, Massoquete et al. (2005)

used the average kf value derived from the measure-

ments of water vapour flow in the transverse direction.

In this study, we adopted the ‘best-fit’ kf value of

7 9 10-3 obtained by fitting the curve of the moisture

uptake by a book specimen placed in a climatic

chamber with the use of the finite element modelling

(see part ‘Moisture uptake by book specimens’

below).

The effective diffusivities in the in-plane direction,

calculated with the use of Eq. (7), are listed in Table 3

for different RH gradients and two compression

degrees of the specimens. Uncertainty of Dxy was

1 9 10-6 m2/s calculated using the propagation of

uncertainty method by taking into account the uncer-

tainty of all the variables that were measured in the

experiment—time, mass, RH and length.

Several tendencies are evident from the data.

Increases of Dxy were observed at 75% RH whereas

the parameter had constant lower values at dry

conditions. The tendency was described earlier by

several authors (Gupta and Chatterjee 2003a; Masso-

quete et al. 2005) and interpreted by a change in the

mechanism of water transport through paper. At dry

conditions, the water transport is assumed to occur

primarily as diffusion of vapour through the pore

space, whereas at higher moisture contents, diffusion

of water in the condensed phase through the fibre

matrix is assumed to become more significant and add

to the overall moisture transmission.

Further, it is clear from the data that Dxy was

affected by the paper fraction in the specimens which

were combination of paper sheets and thin air layers or

pockets between the sheets. When a specimen is

compressed, the thickness of air layers or pockets

between the sheets is reduced, paper fraction increases

and the diffusivity decreases. Massoquete et al. (2005)

determined much lower Dxy values of 3–4 9 10-6 m2/

s just for the paper structures by introducing the poly-

isobutylene adhesive between the sheets which

blocked any moisture transport though air layers or

gaps. Finally, the diffusivities for the more porous, less

Table 3 Effective in-plane diffusivity (Dxy) of papers investigated at 22 �C for different RH gradients calculated using Eq. (8) with

kf of 7 9 10-3 m/s

Material type Dxy (10-5 m2/s) (min–max)

Desiccant method average RH (%) Water method average RH (%)

25 35 75

Loose Compressed Loose Compressed Loose Compressed

Paper R4 made of rags, gelatine sized 1.0 0.7 1.0 0.9 1.3 1.3

Paper M4, machine made 0.7 0.6 1.0 0.8 1.0 0.9
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dense eighteenth century paper made of rags (R4) are

generally higher than for the denser machine-made

nineteenth-century material (M4).

Fibre mass transfer coefficient

The rate of water vapour uptake or release by fibres

were determined using the linear driving force model:

oMC

ot
¼ ki EMC �MCð Þ ð9Þ

where MC—moisture content in fibres, EMC—equi-

librium moisture content in fibres, ki—fibre mass

transfer coefficient.After integration Eq. (9) becomes:

MC ¼ EMC 1 � e�kit
� �

ð10Þ

ki determined by least-squares regression of the

moisture uptake data on the step change of RH from

0 to 10% to Eq. (10) (Fig. 9) was 3.8 9 10-3 s-1.

During the measurement water vapour was introduced

under the vacuum condition with no air present in the

paper so the adsorption rate reflected only the rate of

water vapour uptake be the fibres. The value was very

close to 3.5 9 10-3 s-1 determined previously

(Bandyopadhyay et al. 2000, 2002).

Moisture uptake by book specimens

Figure 10 shows the plots of transient water uptake by

two different book specimens of rather loose arrange-

ment of sheets, exposed to an RH abrupt change from

dry condition to 43%, at constant temperature of

22 �C, within a plastic container or a climatic

chamber.

The curves were fitted using the finite element

modelling of moisture transport to extract the external

mass transfer coefficients and the in-plane diffusivi-

ties. The following equation governing water vapour

transport in the book specimens along paper sheets

was used:

qp
dEMC RHð Þ

dRH

dRH

dt
¼ r � psat Tð ÞDxy RHð ÞrRH

� �
ð11Þ

where qp is paper density.

Equation governing water vapour flux at the

specimen’s boundary was of the form:

�n � Dxy RHð ÞrRH
� �

¼ kf RHext � RHð Þ ð12Þ

where n is a unit vector normal to the surface and RHext

is external RH.

The approach involved varying kf and Dxy used as

the input parameters in the modelling: kf was varied

using logarithmic division and assuming 50 steps per

decade in the range of 3 9 10-4–1.3 9 10-2 m/s and

Dxy was varied using the same method in the range of

3 9 10-6–3 9 10-5 m2/s. For each pair of kf and Dxy,

the R-squared value was calculated. The outcome of

the calculation were three pairs of ‘best fit’ external

mass transfer coefficients and in-plane diffusivities

which minimized the error, indicated in Fig. 10. As

expected, the kf values determined for the
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Fig. 9 Experimental data for uptake of water vapour—intro-

duced under vacuum conditions—by paper M4, subjected to a

step RH change from dry condition to 10%, are compared with

the curve calculated from the least-square regression of the data

to Eq. (10)
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Fig. 10 Gravimetrically measured uptake of water vapour by

the book specimens, subjected to a step RH change from dry

condition to 43% in a plastic container or a climatic chamber,

compared with the numerical simulations
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measurements in the climatic chamber—with more

intense air movement—shifted to larger values when

compared to the measurements in the container. Also,

the kf values for surfaces of paper stacks perpendicular

to the paper sheets (Fig. 10) proved to be higher than

the kf range determined for surfaces parallel to the

paper sheets (Table 2). Further, the data indicated

9 9 10-6–1.7 9 10-5 m2/s as the Dxy range, which

agrees reasonably with the results of the laboratory

measurements of the same parameter shown in

Table 3.

Conclusions

There are several significant aspects of this study.

Firstly, the analysis of the water sorption isotherms for

historical cellulose-based materials—papers and

boards—using the Guggenheim-Andersen-de Boer

equation has provided a good tool for the comparison

of moisture properties of various specimens typical of

library or archival collections: gelatin sized materials

made of rags and rosin-alum sized wood pulp-based

materials obtained in the mechanical or chemical

pulping process. It has also been demonstrated that the

‘average’ sorption isotherms can be derived from the

sorption data available for various sets of specimens.

In particular, the average adsorption curve for all

specimens representative of typical library and archive

collections was found to be close to that of pure

cellulose. Such generalised information can be very

useful in modelling buffering capacities of mixed

collections stored in libraries and archives. Secondly,

in-plane diffusivities along the paper sheets, the

primary direction of uptake and release of moisture

by books or stack of archival records, were deter-

mined. The measurements encompassed not only two

principal categories of historical papers—made of

rags or based on wood pulp—but also a range of RH

levels and paper compression degrees, reflecting for

example loose or squeezed books placed next to each

other on a bookshelf. It is generally agreed that

repositories for archive and library materials should

maintain RH optimally below 60% above which level

an increasing risk of microbiological activity occurs

(ISO11799 2003). At such dry conditions, the in-plane

diffusivities fell within a range of 6 9 10-6–

1.7 9 10-5 m2/s within which higher values charac-

terize loose books and stacks of sheets, and less dense

hand-made papers, whereas lower values characterize

squeezed books and denser machine-made papers.

Finally, the external mass transfer coefficients at the

surface of the paper objects perpendicular to the paper

sheets were established to be over 2 9 10-3 m/s, the

specific values depending on intensities of air motion

which can be expected in typical environments of

libraries and archives.

The findings of the study can be put into meaningful

synthetic information on the ‘general’ values for the

key parameters which can be used in modelling the

moisture buffering and response of cellulose-based

objects in typical library and archive collections in

which books or records are placed next to each other

on a bookshelf: water sorption isotherms character-

istic of pure cellulose, in-plane water vapour diffu-

sivity of 1 9 10-5 m2/s and external mass transfer

coefficient of 7 9 10-3 m/s. The data on water

sorption can be further used in equations describing

the rate of cellulose degradation through the hydrol-

ysis reactions, which critically depends on the water

content in paper, next to temperature and concentra-

tions of acids (Strlič 2015).

The present work can be also extended to

modelling buffering capacities of paper collections

that can be more easily exploited in the practice of

humidity control in libraries and archives. As the

complex numerical simulations of moisture transport

in paper objects require specialized software and

high computational load, the moisture uptake and

release can be simplified by adopting the effective

moisture capacity approach (Janssen and Roels

2009; Steeman et al. 2010). The approach assumes

that the moisture mass in the objects is always in

equilibrium with the room air. This allows the

moisture buffering capacity of the objects and the

room air to be integrated by multiplying the

moisture capacity of the interior air by a constant

multiplication factor. Using the moisture adsorption

and diffusion parameters determined in this study

attempts will be undertaken to express buffering

capacities in the repositories in terms of effective

moisture capacity of indoor air for ranges of

buildings, collections and time-scales of RH

variations.
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