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bstract. The electrical and dielectric properties of paper are im-
ortant parameters in electrophotography, influencing both toner

ransfer and runnability in laser printers and in digital printing ma-
hines. These parameters are dependent on the ionic content and
oisture content of the substrate. The effects of NaCl content of the

ubstrate and the ambient relative humidity (RH) on the direct cur-
ent resistivity in different electric fields and on the real part of the
ielectric constant and dielectric loss factor at different frequencies
ave been investigated with experimental papers of different gram-
ages. A physical model of electrical conductivity in papers with

onic addition is proposed, based on the hypothesis that ionic addi-
ion not only increases the number of available free ions but also
hanges the water state and the paper structure, which influence the

onic motion in an electric field. This model is supported by the de-
endencies of the real part of the dielectric constant and the dielec-

ric loss factor on the NaCl content, RH, and frequency. © 2009
ociety for Imaging Science and Technology.

DOI: 10.2352/J.ImagingSci.Technol.2009.53.2.020501�

NTRODUCTION
he ionic and moisture contents of paper influence the elec-

rical and dielectric properties and thus the toner transfer in
ry toner electrophotographic processes. Salts like NaCl are
sed in papermaking, in addition to the moisture content of

he paper, to control the properties of electrophotographic
apers and to ensure that the paper responds to the require-
ents placed on the correct level of static electricity and

oner transfer. Toner particles are transferred using an elec-
ric field in the printing process, which means that the resis-
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. Imaging Sci. Technol. 020501-
ivity and polarization characteristics of paper influence the
oner transfer efficiency and the resulting print quality, inso-
ar as these paper properties influence the electric field in the
oner layer. The optimal electrical and dielectric properties
re also partly dependent on the speed of the printing pro-
ess as this influences the time available for the electric field
evelopment in the transfer nip. The results of direct current
DC) resistivity measurements, which are used to measure
aper resistivity, are time dependent,1 which seriously com-
licates any absolute comparison of the DC resistivity values
nd the toner amount transferred in a dynamic printing
rocess. Even with these limitations, DC resistivity can be,
nd is, widely used in the paper industry to predict the be-
avior of substrates in electrophotographic processes.2–5

hen et al.6 found, however, that toner transfer efficiency
oes not depend on paper moisture content or resistivity
lone but can be better correlated with paper charge relax-
tion time constant (product of dielectric constant and re-
istivity). It is therefore important to have information con-
erning both the resistivity and the dielectric properties of
aper, and the dependencies of these on relative humidity
RH) and ion content of the paper.

The mechanism of electrical conduction in paper is as-
umed to be ionic, with charge carriers passing through the
aper along fibers.1,7,8 According to Murphy,7 the charge car-
iers are cations which move through hydroxyl groups of the
olysaccharide chains, but they can move only when the
ydroxyl group is bound to a water molecule,7 so that the
mount of water in the paper and the concentration of mo-
ile charge carriers determine the conductivity of paper.
owever, Simula and Niskanen concluded that the model

roposed by Murphy assumed an unrealistically high num-
Mar.-Apr. 20091
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er of carboxyl groups able to supply cations in an electric
eld.8 In addition, any model assuming zero conductivity at
ero moisture content does not agree with experimental re-
ults. Simula and Niskanen proposed a model in which re-
istivity is linearly proportional to the fraction of hydroxyl
roups without a water molecule since, as in Murphy’s
odel, such sites would stop the path of conduction. The

xponential dependence of DC resistivity on moisture con-
ent has been clearly demonstrated with various substrates,
ut different mathematical equations for this dependence
ave been proposed.7,8

Smith9 found an exponential dependence between con-
uctivity and charge carrier (ion) concentration in kraft
ulp handsheets. A mechanism was suggested where, below
certain water adsorption limit, conduction would be lim-

ted due to the absence of water molecules when the ion
oncentration is increased. O’Sullivan10 concluded that the
onductivity of cellulose (cellophane, which is hydrated cel-
ulose) containing 1% or more salt is determined primarily
y the moisture content, but when salt content is clearly
elow this limit, as is the case described in this paper, salt
ontent also becomes an important factor for the level of
onductivity.

The salt content also changes the conductivity through
ygroscopic effects. Results demonstrating this effect have
een presented by Soetanto et al.11. Due to the importance
f the moisture content for the resistivity of paper, the mag-
itude of this mechanism must be evaluated when analyzing

he relationship between salt addition and the resistivity of
aper.

The impact of moisture and ion content on the electri-
al and dielectric properties of pulp and paper has been
xtensively investigated. Most of the published data relate to
he dielectric properties of capacitor papers,12–14 but some

ore recent work has also referred to the polarization of
aper from the aspect of electrophotography, using commer-
ial coated and copy papers8 and viscose-kraft laboratory
andsheets.15 In the case of paper, the most important
echanisms of dielectric polarization are electronic, atomic,

nd molecular polarization,1 but space charges in paper,16

nd thus their polarization, cannot be ruled out. The effect
f changes in paper moisture content on the dielectric prop-
rties is strongly frequency dependent, since the frequency
etermines which polarization processes can contribute to

he polarization. At low frequencies, all these mechanisms
an operate. In paper made of wood-free pulp, main com-
onents influencing the polarization are carboxyl and hy-
roxyl groups on the fibers as well as water molecules and

ree ions. In the electrophotographic imaging process, it is of
nterest to make measurements at low frequencies, but test-
ng the dielectric properties at higher frequencies can give
dditional information on the mechanisms and materials
ontributing to the polarization.

In general, the literature contains few reports on the role
f the electrical and dielectric properties of paper specific to
lectrophotography, and it is difficult to compare data from

ifferent sources, especially if the experimental conditions o

. Imaging Sci. Technol. 020501-
mainly voltage in DC measurements and properties of pa-
ers) are not reported. To be able to optimize the substrate
roperties for the electrophotographic process, it is neces-
ary to acquire more information on these properties and
elated phenomena. In this report we describe the effects of
on and moisture content of experimental papers of different
rammage on direct current conductivity in different electric
elds and on the polarization of the substrates at different

requencies.

XPERIMENTAL
he DC volume resistivity of paper was evaluated in accor-
ance with ASTM D257, and the DC surface resistivity was
valuated using raker-type electrodes because a small dis-
ance between the electrodes makes it possible to measure
urface resistivity at high electrical field strengths before
lectrical breakdown. The volume resistivity was calculated
rom the resistance values using paper thickness values ob-
ained during dielectric measurements (1.5 kPa pressure).
he mechanical pressure was maintained constant in all the
easurements. The geometry and formulae used in the re-

istivity measurement are described in detail in a previous
ublication.17

Dielectric properties were evaluated by measuring the
lectrical capacitance C and the dielectric loss factor tg�.
he capacitance was measured using a special holder (Figure
) and commercially available bridges: Wayne Kerr Auto-
atic Precision Bridge B905 for measurement in the fre-

uencies range from 100 Hz to 10 kHz, and digital LCR-
eter E7-12 for a frequency of 1 MHz.

The capacitance C was first measured with paper in-
erted into the holder, where electrodes are pressed against
he paper by the spring (pressure 1.5 kPa). The distance
etween the electrodes is fixed by a screw bolt. The paper
as then withdrawn and the capacitance C0 measured for

he same distance between the electrodes. The relative di-
lectric constant is given by �=C /C0. This procedure also
akes it possible to determine the paper thickness
=�0S /C0, where �0 is permittivity of vacuum and S is the
rea of electrodes. This thickness was used in the calculation

igure 1. The holder for the measurement of paper dielectric properties:
–holder base; 2–dielectric; 3–contact electrode; 4–axis of contact elec-

rode; 5–spring, 6–screwbolt.
f the electric field strength. The measurement of C and tg�

Mar.-Apr. 20092
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as performed at frequencies from 100 Hz to 1 MHz. The
ielectric and electrical properties were measured in five dif-

erent relative humidities (RH): 25%, 30%, 40%, 50%, and
0% at 23°C, after the papers had been conditioned for at

east 8 h in the humidity concerned.
The papers investigated (Table I) were made on a pilot

aper machine to three different grammages: 90, 160, and
30 g/m2. The papers contained 15% precipitated calcium
arbonate as filler, an alkyl ketene dimer internal sizing agent
1.5 kg/ ton�, cationic starch �8 kg/ ton�, and a two-
omponent retention system containing bentonite and poly-
crylamide, 1.7 and 0.2 kg/ ton, respectively. The pulp mix-
ure contained 80% hardwood and 20% softwood.

Sodium chloride was dosed on pilot-machine base pa-
ers by applying the salt at the size press as an aqueous
olution on both sides of the web. Target dosage levels were
, 0.75, 1.5, 3, and 6 kg/ ton with the 160 g/m2 paper, and
he same amounts per unit area on the 90 and 230 g/m2

ase papers. The actual NaCl contents of the trial papers
ere then determined by ion chromatography of the water-

oluble chloride, where the sample pretreatment procedure
nd determination of water-soluble chloride complied with
SO 9197. The NaCl content [kg/ton] of the 160 g/m2 paper
as in good agreement with the target dosage (Table I). The
aCl content of the 90 and 230 g/m2 papers was
–10.6 kg/ ton and 0–4.3 kg/ ton, respectively. It can be

een in Table I that the 90 and 160 g/m2 base papers took
p similar amounts of NaCl per square meter, but that up-

ake by the 230 g/m2 paper was greater, which may be
inked to the higher pore volume available with the high
rammage.

Samples were laboratory calendered both sides twice at

Table I. Properties of pilot-made papers.

rammage
�g/m2�

Thicknessa

�um�
Density

�g / cm3�
Salt content calculated by means of Cl−

�kg/ton�

89 122 0.73 0.03

90 123 0.73 1.3

89 121 0.74 2.6

91 124 0.73 5.2

91 125 0.73 10.6

158 209 0.76 0.03

169 202 0.84 0.67

167 205 0.81 1.4

168 209 0.80 2.8

164 203 0.81 5.8

234 294 0.80 0.02

236 292 0.81 0.5

238 296 0.80 1.0

238 295 0.81 2.0

237 295 0.80 4.3

Determined from dielectric measurement, pressure 1.5 kPa.
nip pressure of 50 kN/m and a temperature of 100° C, t

. Imaging Sci. Technol. 020501-
esulting in a Print-surf roughness value between
.2 to 5.0 �m (measured in accordance with ISO 8791-4
ith 1.0 MPa clamping pressure) and a density between 0.73

nd 0.84 g/cm3.
The moisture isotherms of papers containing different

mounts of NaCl were obtained in order to assess the rela-
ive importance of hygroscopic effects and other mecha-
isms on the electrical properties of paper when the salt
ontent is varied. For this measurement the papers were first
onditioned to 50% RH and the moisture content at 23° C
as then determined at different relative humidity levels,

tarting from 20% RH and ending at 80% RH, in steps of
0% RH. The conditioning time at each RH level was 24 h,
fter which the A4-size sheets were weighed on a balance
ith a resolution of 0.001 g (Mettler PC440). The dry
eight of each sheet was determined according to SCAN-P4.
he reported moisture content values are average of three

amples.

ESULTS AND DISCUSSION
C Resistivity

urface and volume resistivities of 160 g/m2 papers, deter-
ined at a voltage of 100 V, are shown in Figure 2 on a

ogarithmic scale as a function of RH. The resistivity of pa-
er decreased exponentially when the atmospheric relative
umidity was increased. Since the moisture content of the
aper in the investigated RH range was linearly dependent
n RH (Figure 3), the resistivity of the papers is exponen-
ially dependent on the moisture content. The exponential
ependence of resistivity on paper moisture content is well
nown, but different mathematical expressions for this de-
endence have been proposed.7,8 The surface and volume
esistivity dependence on RH can here be expressed as

R = Ae−RH/B , �1�

here A is the resistivity at zero moisture content and B is a
actor which reflects the sensitivity of the paper resisitivity to

igure 2. Surface �a� and volume �b� resistivity with 100 V test voltage
s a function of RH. 160 g/m2 paper with different amounts of NaCl.
he moisture content or to the RH at which the paper was

Mar.-Apr. 20093
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onditioned. This exponential dependence conforms with
he results of Simula and Niskanen.8 Our results confirm
hat moisture plays a dominant role in paper conductivity,
ut the role of the salt content is not clear. Salt addition

ncreases the ability of paper to absorb moisture, and the
quilibrium moisture content at a given RH is slightly in-
reased (Fig. 3), but this hygroscopic effect of the salt addi-
ion cannot explain the decrease in resistivity when salt is
dded. Combining data of Figs. 2 and 3, it can be seen that
he volume resistivity of 160 g/m2 paper without salt addi-
ion decreases about fivefold when the RH is raised from
0% to 50%, while the moisture content increases by 0.75%.
n 160 g/m2 papers, the difference in moisture content be-
ween papers without salt and with the highest salt addition
5.8 kg/ ton� at RH 50% was only 0.1%–0.2%, while the
olume resistivity was reduced by a factor of about 10 by
ddition of 5.8 kg/ ton NaCl. The hygroscopic effect is re-
ponsible only for a small part of resistivity decrease with
aCl addition. The addition of NaCl increases the concen-

ration of mobile ions and this reduces the resistivity of the
aper. The minor effect of the increased hygroscopicity sug-
ests that the effect of NaCl on the paper resistivity may also
e influenced by other mechanisms. One possible cause is
he change in the paper’s “electrical structure,” the condi-
ions for the formation of space charges in the paper being
ifferent in papers with and without salt. The possibility of
uch effects is seen in the current kinetics shown in Figure 4
fter voltage is applied. The nature of such differences is not
lear, but addition of salt may not only change the character
f formation of space charges but may also affect the paper
icrostructure responsible for the movement of ions in an

lectric field. The change in the slope of the dependence of
he resistivity on RH (Fig. 2) can be considered as some
vidence of this phenomenon. Addition of NaCl decreases
he sensitivity of paper surface resistivity to changes in RH.
he change in the volume resistivity dependence on RH due

igure 3. Moisture content dependence on RH and on NaCl addition
ith 160 g/m2 papers: 1–no salt added; 2–1.4 kg/ton;
–5.8 kg/ton.
o salt addition is not clear, but it must be noted that in this a

. Imaging Sci. Technol. 020501-
ase there are two simultaneous effects: the change in resis-
ivity with RH and changes in the paper structure due to the
ressure arising from the electrostatic forces. If this phenom-
non takes place, some changes in polarizing behavior
hould be detected. It was therefore of interest to investigate
n detail the influence of salt addition on the dielectric
roperties.

It is known that DC resistivity depends on the electric
eld or voltage applied.1,17 At high voltages �500–1000 V�
esistivity decreased as a function of NaCl content, in par-
icular at low dosages, as shown in Figure 5 for papers con-
itioned at 50% RH. At lower test voltages (10 or 100 V) the
ffect was smaller, which was also the case at high voltages,
hen the paper was drier (30% RH); in this case log resis-

ivity decreased more linearly with increasing NaCl content.
his behavior was independent of paper thickness (gram-
age). It can be assumed that when water molecules are

igure 4. Kinetics of electrical current im: a–surface current; b–volume
urrent. 160 g/m2 papers: 1–no salt; 2–0.67 kg/ton; 3–5.8 kg/ton.

igure 5. Surface �a� and volume �b� resistivity of 160 g/m2 papers as
function of NaCl content at 50% RH with test voltages 10 V �1� and

50 V �2�.
vailable bound to hydroxyl groups for ion conduction and

Mar.-Apr. 20094
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he field strength is high, thereby increasing ionic mobility,
esistivity becomes very sensitive to the ion content of paper,
t low ionic concentrations. Above a certain concentration
imit, the resistivity decreases at a slower rate when more salt
s added. These results are in agreement with the analysis of
owe et al. on the conductivity in single fibers.18

ielectric Properties
igures 6 and 7 show the real part �� of the complex dielec-
ric constant (direction across the paper sheet) as a function
f frequency and as a function of NaCl content, respectively.
s expected, the results indicate a significant influence of

requency on the dielectric properties. This influence was
ore marked at higher NaCl contents. In the investigated

requency range, there was no flattening of the �� frequency
ependence at low frequencies. As the frequency increased,

he real part of the dielectric constant gradually decreased,
nd no steep drop was observed. This must correspond to a
omparatively large-scale polarization phenomenon with a
ong range of relaxation time. It is usually considered8,19 that
he amount of water, and its state in the paper structure, play

significant role in the polarization phenomenon in paper.
ater in paper can be in several states: localized (adsorbed)

nd firmly bound to the cellulose structure as water mol-
cules which cannot rotate; absorbed but relatively free mol-
cules; and molecules as free as in liquid water. It must also
e taken into account that fibers on which water is adsorbed
re oriented in different directions with respect to the elec-
ric field,8 and the number of the different water states with
espect to the electric field direction therefore becomes sig-
ificantly larger. These water states have different polariza-

ion properties and different relaxation times, which can ex-
lain the observed dependence of the real part of the
ielectric constant on the frequency.

The real part of the dielectric constant �� increased
arkedly with NaCl content. The effect of NaCl was more

ronounced at low frequencies, while at 1 MHz, frequency
ifferences were quite small. The real part of the dielectric

Figure 6. Real part of the dielectric constant �� of
NaCl amounts as a function of frequency at 50% R
onstant �� depended on paper grammage, increasing with o

. Imaging Sci. Technol. 020501-
rammage and consequently with thickness at all frequen-
ies. The influence of NaCl on the real part of dielectric
onstant �� was greater in papers with higher grammage
Fig. 7). It is evident in Fig. 7 that the increase in �� depends
ot only on NaCl content but also on RH; i.e., on the mois-

ure content. The addition of NaCl led to only a small in-
rease in moisture content (Fig. 3). In 160 g/m2 paper, the
oisture content at 50% RH increased from 5.81% (no salt)

o 5.95% (5.8 kg/ ton of NaCl). If it is assumed that this
dditional water is free (dielectric constant is about 80), then
he input of additional water due to NaCl addition would
ncrease �� by about 0.1. The input due to NaCl also would
e very small, because the maximum content of NaCl in
aper is 1% or less. The increase in the real part of the
ielectric constant �� cannot therefore be explained by
imple summation of the dielectric properties of the
onstituents.

Another possible cause of the change of dielectric prop-
rties could be a difference in paper density.8,13 The density

igure 7. Real part of the dielectric constant �� of 90 �a�, 160 �b�, and
30 g/m2 �c� papers at 1000 Hz frequency and 23° C as a function
f NaCl content at different RHs.

160 �b� and 230 g/m2 �c� papers with different
23°C.
90 �a�,
f the papers in our trial was varied within a limited range

Mar.-Apr. 20095
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nd was not influenced by the NaCl addition (Table I). The
esults do not therefore need to be corrected to constant
ensity using the Clausius–Mossotti relation, and the density
ifferences cannot explain the significant increase in the real
art of the dielectric constant ��.

Two possible explanations of the experimental results
emain. One possibility is that the addition of NaCl changes
he microstructure of paper, resulting in changes in the state
f water and in changes in the amount and type of polariz-
ble groups in the paper constituents. It is also possible, due
o the method of introducing NaCl into the paper (the salt
as applied in the size press) that the surface and bulk of the
aper containing NaCl have significantly different conduc-
ivities. If so, space charges which influence the dielectric
roperties can be formed in paper in the presence of an
lectric field. The difference in conductivity of the paper
urface and bulk should be more significant in thicker pa-
ers, and the influence of space charges on dielectric prop-
rties should then be more prominent.

The addition of NaCl significantly affected dielectric
oss (Figures 8 and 9). The dielectric loss factor tg� increased
ith NaCl content at 30% and 40% RH in all investigated

ases. At a low NaCl content (up to approximately
kg/ ton), the dielectric loss increased at all RHs. At higher
aCl content and higher RH, a decrease in the dielectric loss

actor tg� was observed. NaCl increases electrical conductiv-
ty, which causes tg� to increase, but the conductivity in-
rease cannot explain the unusual tg� dependence on NaCl
ontent and RH. The frequency dependence of tg� provides
dditional information. Dielectric loss depends on fre-
uency, and the addition of NaCl changes the dependence of
g� on frequency (Fig. 9). At low NaCl content, tg� gradually
ecreased with frequency, in agreement with results of
imula and Niskanen8 and of Morton and Hearle.19 At
igher NaCl concentrations, however, a maximum appeared
t a frequency of about 1 kHz. We interpret this result to
ean that at higher NaCl contents new microstructures are

ormed with a relaxation time of the order of 10−3 s. If so,

Figure 9. Dielectric loss factor tg� of 90 �a�, 16
contents as function of frequency at 50% RH and 2
. Imaging Sci. Technol. 020501-
hen this is additional evidence that salt changes the micro-
tructure, which, in turn, changes the electrical and dielectric
roperties of the papers described in this article. A similar
ffect on cotton fibers (pure cellulose) was observed by

orton and Hearle;19 at relatively low RH (up to 56%–60%)
he power factor gradually decreased with frequency, but at
igher RH (68%–95%) a maximum appeared at
.1–1.0 kHz, attributed to some element with a relaxation
ime of the order of 10−2 –10−3 s.

Our assumption that NaCl leads to the formation of
ew microstructures which influence the electrical proper-

ies of paper is supported by the dependence of dielectric
oss on RH. As was shown by Simula and Niskanen,8 dielec-
ric loss increases with RH and this increase is related to the
mount of water in the cellulose fibers. Fig. 8 shows that the
ielectric loss factor tg� does not always increase with RH:

n many cases at high NaCl content, tg� is lower at higher
H. This can mean that the state of at least part of the water

s changed in the presence of NaCl. It can also be supposed

and 230 g/m2 �c� papers with different NaCl

igure 8. Dielectric loss factor tg� of 90 �a�, 160 �b�, and 230 g/m2

c� papers at 1000 Hz frequency as a function of NaCl content at differ-
nt RHs.
0 �b�,
Mar.-Apr. 20096
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hat NaCl forms new structures with the water in paper—
lusters which may have specific dielectric properties and
hereby influence the ion movement and paper conductivity.

ONCLUSIONS
he addition of NaCl results in an essential decrease in the

urface and volume resistivity of paper, as expected. The rate
f decrease of both surface and volume resistivity depends
n the salt content, and also on the voltage applied in the
esistivity measurement. The dependence of resistivity on
elative humidity and consequently on the moisture content
f paper is exponential. The addition of NaCl slightly in-
reases the moisture content of paper but this small hygro-
copic effect cannot explain the decrease in resistivity. The
hange in resistivity of paper with changing salt content
ust be controlled by other mechanisms. The effects are

resumably related to the amount of free ions, which, ac-
ording to current theories, enable ions to pass through the
ydroxyl groups that are occupied by water molecules. The
ime dependence of the conductivity suggests, however, that
hanges in salt addition also influence the character of for-
ation of space charges. It can also be assumed that salt

hanges the microstructure of paper, and thus influences its
lectrical properties. Evidence for this possibility includes
hange in the dependence of resistivity on RH on salt addi-
ion, changes in current kinetics after the voltage is applied,
nd the character of the changes in dielectric properties with
hanging NaCl content at different relative humidities.

The real part of dielectric constant �� decreased with
ncreasing frequency in all the investigated papers without
ny flattening at low frequencies. This must correspond to a
omparatively large-scale polarization phenomenon with a
ong relaxation time range, and thus it is related to the dif-
erent states of water in the cellulose fiber network, with
espect to the direction of the electric field; �� increases with
ncreasing salt content and increasing relative humidity. The
ncrease cannot be explained solely by the addition of mois-
ure and NaCl. It is supposed, as in the interpretation of the
esistivity data, that space charges can be formed in the pa-
ers with salts and that some changes in the microstructure
f papers occur, especially related to the state of water. These
ssumptions are supported by the observed maxima in the
requency dependence of the dielectric loss factor on the
aCl content and on the RH. These maxima are attributed

o the formation of new structure with a relaxation time of
he order of 10−2 –10−3 s.
. Imaging Sci. Technol. 020501-
Despite the evidence for the formation of new struc-
ures in paper and the assumed effects of space charges, both
nfluencing the resistivity and dielectric properties of paper
hen moisture and NaCl are added, these hypotheses re-
uire more experimental data. A study of the dependence of
he electrical and dielectric properties on temperature may
rovide such additional information.
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