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Abstract Cellulose fiber charge is a significant

parameter for porous cellulose fibers, and strongly

affects the swelling ability of cellulose fibers and the

properties of cellulose-based materials as well. Actu-

ally, it includes surface charge and inner charge. The

surface charge is mentioned often in papermaking

wet-end chemistry, however, the inner charge or the

total charge is paid less attention to. In this study, the

cationic polydiallyldimethyl ammonium chloride

(poly-DADMAC) with different molecular weight

(Mw) was applied for the accessibility evaluation to

the cellulose fiber charges by using polyelectrolyte

adsorption technique. Results showed that higher fiber

charge was detected by lower Mw poly-DADMAC

(7.5–15 kDa) due to its highly efficient penetration

into the fiber cell walls and neutralization with inner

charges, while lower fiber charge was obtained by

using higher Mw poly-DADMAC (higher than

100 kDa) because of its adsorption onto fiber surface.

As a consequence, high-Mw poly-DADMAC was

used to determine the surface charge of cellulose

fibers, and low-Mw poly-DADMAC could be used to

measure the total charge under the saturated adsorp-

tion and low ionic strength (or salts concentration).

This was confirmed by SEM–EDS analysis. The low-

Mw poly-DADMAC adsorption had a good agreement

with conventional conductometric titration, and a

linear regression equation with slope of 1.03 and

regression coefficient of 0.99 was obtained.
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Introduction

Cellulose fiber, refined from natural plants, is a porous

compound with mainly cellulose and other substances,

such as hemicelluloses and lignin etc. (Maloney and

Paulapuro 1999; Fahlén and Salmén 2005; Kimura

et al. 2014). In recent years, cellulose fiber, as one kind

of biomass raw material, has obtained more and more

application in various fields because of its abundance,

low cost and good properties (Shen et al. 2011;

González et al. 2014; Li et al. 2015; Miao et al. 2015).

Fiber charge is a significant characteristic of

cellulose fibers, which strongly affects the post-

processing of cellulose fibers, such as enzymatic
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modification, and the properties of cellulose-based

end-use products. The cellulose fiber charge correlates

to the amount of anionic functional groups. The

amount of these functional groups, including carboxyl,

sulfonic acid groups and ionizable hydroxyl groups,

varies with cellulose fiber origin and chemical treat-

ments, such as pulping and bleaching processes (Ni

et al. 2011; Bhardwaj et al. 2007; He et al. 2005).

Generally, the charge density is higher for non-wood

cellulose fibers than that for most of wood cellulose

fibers, and more charged groups have been found in

hardwood fibers than that in softwood fibers because

of relatively higher content of glucuronoxylans in

hardwood fibers that constraint more carboxylic

groups (Banavath et al. 2011; Sjöström 1989). Chem-

ical treatments, which are along with oxidation and

degradation of hemicelluloses and lignin in fibers,

always lead to the variation in charge density (He et al.

2005; Horvath and Lindström 2007; Miao et al.

2014b).

Actually, the charge of cellulose fiber includes two

parts, surface charge and inner charge, and the total

amount of both charges is defined as the cellulose fiber

total charge. Some previous studies (Zhang et al. 1994;

Bhardwaj et al. 2007; Sim et al. 2014) reported the

significant effects of fiber charge on various properties

of cellulose fibers and cellulose-based products. Fiber

surface charge affects the bonding strength of cellu-

lose fiber network, while the total charge was highly

relevant to fiber hydrophilicity and swelling ability.

Surface charge and charge ratio (surface charge/total

charge) are important for the adsorption of polyelec-

trolytes and consequently have a significant influence

on the application scopes and chemistry environment

of cellulose fibers (Sezaki et al. 2006; Ni et al. 2011).

Various methods have been developed to measure

the cellulose fiber charge, including conductometric

titration and potentiometric titration used for total

charge measurement (Bhardwaj et al. 2004; Fras et al.

2004, 2005), and X-ray photoelectron spectroscopy

(XPS), attenuated total reflection flourier transformed

infrared spectroscopy (ATR-FTIR) and different sorp-

tionmethods used for analysis of surface anionic groups

(Fardim et al. 2005). The polyelectrolyte adsorption

technique using high Mw poly-DADMAC was nor-

mally applied to quantitative measurement of fiber

surface charge because these polymers could not

penetrate into porous fiber (Wågberg et al. 1989). The

effect of porous structure in cellulose fibers on polymers

accessibility was involved in some findings (Hubbe

et al. 2007; Fatehi and Xiao 2008; Miao et al. 2014a).

Bhardwaj et al. (2007) summarized that the large

difference in charge ratios (varied from 0.17 to 0.8)

strongly dependedonfiber type andmolecularweight of

polymer used. Horvath et al. (2006) believed that the

polyelectrolyte titration method was a powerful tech-

nique for cellulosefiber surface chargedetermination on

a condition that the adsorbed polyelectrolyte had a

sufficiently highMw as well as the titration was carried

out in a solution with low ionic strength. The charge

stoichiometry and kinetics upon adsorption of cationic

polyelectrolyte onto cellulose fibers were studied

(Wågberg and Hägglund 2001; Horvath et al. 2006).

Althoughmany previous researches concentrated on the

adsorption of high Mw polyelectrolyte on cellulose

fiber, there are limited literatures concerning about the

relation of poly-DADMAC (especially the low Mw

poly-DADMAC) accessibility to cellulose fiber and

fiber detected charge.

In the study, poly-DADMACs with wide range of

molecular weight were used for polyelectrolyte

adsorption onto cellulose fibers. The accessibilities

of the polymers were analyzed by using SEM–EDS

analysis. The low-Mw poly-DADMAC was deter-

mined for the total fiber charge measurement, although

the high-Mw poly-DADMAC was assured that it

could be used for the fiber surface charge measure-

ment. The adsorption time and salts concentration

were investigated respectively to improve this process.

The major objective was to develop a systematic

technique based on polyelectrolyte adsorption for the

determination of not only the surface charge but also

the total charge of cellulose fibers.

Experimental

Chemicals

A series of commercial poly-DADMACs, obtained

from a Chemical Company in Shandong province in

China, were used as cationic polyelectrolytes, and

potassium polyvinylsulfate (PVSK, Mw = 240 kDa,

provided by Wako Pure Chem. Ltd., Japan) with

reagent grade was used as anionic titrant. Other

chemicals with analytical grades, including NaOH,

NaHCO3, NaCl and HCl, were got from the local

chemical companies in Tianjin of China.
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The Mw and Mw distribution of poly-DADMAC

were determined by size-exclusion chromatography

(SEC, Waters 1515, USA) at a mobile phase 0.5 M

NaCl, flow-rate 0.5 ml/min and temperature 25 �C
(Kokufuta and Takahashi 1986). The charge density of

poly-DADMAC was determined by direct polyelec-

trolyte titration with PVSK. The characteristics of

poly-DADMACs are listed in Table 1.

Materials

Four different cellulose fibers used were poplar

alkaline peroxide mechanical pulp performed with

refiner-chemical preconditioning treatment (P-RC

APMP) and poplar chemi-thermal mechanical pulp

(CTMP) used as lignin-enriched high yield pulp fibers,

poplar bleached kraft pulp (HBKP) and softwood

bleached kraft pulp (SBKP) used as cellulose-based

chemical pulp fibers, provided by commercial pulp

mills in China.

P-RC APMP fiber was classified by using Bauer–

McNett fiber classifier (TMI 8901-5, USA) according

to TAPPI standard method T233 cm-95 (1995), and

the fiber fraction P50/R100 was used in this study. The

P-RC APMP fibers with different carboxyl group

contents were obtained by using TEMPO-mediated

oxidation (Ma et al. 2012).

Charge determination

Firstly, the cellulose fiber (0.5 g) was soaked with

overdosed 0.01 MHCl to remove metal ions under the

conditions of 1 % fiber consistency, pH value 2, and

30-min stirring. Then, the fiber was filtered by using

Büchner funnel and washed several times with deion-

ized water until the conductivity of filtrate was below

5 lS/cm. This was defined as the protonated form of

the cellulose fiber. Subsequently, the fiber with

protonated form was soaked in 10-3 M NaHCO3

solution under a condition of 1 % fiber consistency,

pH value 9, and 10-min stirring. Then, the fiber was

filtered in a Büchner funnel and washed with deion-

ized water until the conductivity of filtrate was below

5 lS/cm. This was defined as the sodium form of

cellulose fiber.

Polyelectrolyte adsorption

The cellulose fiber (0.5 g) in its sodium form was

dispersed in excess 10-3 N poly-DADMAC solution

with the pH value about 5, temperature 25 �C. The
magnetic stirring was to keep the fiber suspension

uniform. For long adsorption time, the cellulose fiber

was filtered with a pre-weighed quantitative filter

paper and dried in oven in order to record the dry

weight. The filtrate was collected for polyelectrolyte

titration by using a MÜTEK particle charge detector

(PCD-03, Germany). 10 ml of the filtrate was pipetted

into the cell of PCD-03 and titrated with 10-3 N PVSK

until the streaming potential reached 0 mV. Blank

value was determined by titrating 10 ml of the poly-

DADMAC solution. The polyelectrolyte adsorbed

mass or detected charge of cellulose fiber was

calculated according to the following formula, Eq. (1).

q ¼ ðVb � VpÞc
w

ð1Þ

where q is the detected charge of cellulose fiber

(mmol/kg), Vb is blank value (ml), Vp is volume of

titrant used for filtrate (ml), c is concentration of

PVSK titrant (mol/l) and w is weight of cellulose fiber

(g).

To study the desorption of polyelectrolyte by

adding salts, the fiber pre-treated with polyelectrolyte

adsorption was withdrawn from the solution and then

immersed in solution of different salts concentration.

After 12 h, the fiber was filtered with a pre-weighed

Table 1 The characteristics of poly-DADMAC

Mw ranges (kDa) 7.5–15 15–30 60–85 100–280 200–350 460–600

Mw (kDa) 11 28 7.5 200 260 550

Mw
�
Mn 1.7 2.7 1.8 2.5 2.8 3.6

Charge densitya (meq/g) 6.05 6.12 6.15 5.98 6.10 5.92

a Theoretical value of charge density is 6.19 meq/g
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quantitative filter paper and dried in oven in order to

record the dry weight.

The residual polyelectrolyte adsorbed on fiber was

determined by polyelectrolyte titration. The filtrate

and blank solution with high salts concentration were

diluted for polyelectrolyte titration by using PCD-03.

Conductometric titration

About 0.5 g protonated cellulose fiber was dispersed

in 100 ml 10-3 M NaCl solution, followed by the

addition of 0.5 ml of 0.05 M HCl. Then, the titration

was performed with 0.05 MNaOH at 25 �C by using a

METTLER TOLEDO conductivity meter (FE30,

Switzerland) in a nitrogen environment. During the

titration, the suspension was stirred with a magnetic

stirrer. The volume of NaOH added and conductivity

of suspension was recorded correspondingly for curve

plotting. Finally, the suspension was filtered with a

pre-weighed quantitative filter paper and dried in oven

in order to record the dry weight of cellulose fiber. The

total charge was determined using the volume of

NaOH required to reach the second inflection point

from the first inflection point of curve.

SEM–EDS measurement

Firstly, the cellulose fiber sample was soaked in an

overdosed poly-DADMAC solution for overnight, and

then filtered by a Büchner funnel without washing.

The filter disc was dried in a vacuum drying chamber

and then refrigerated with embedding media (mainly

the mixture of polyvinyl alcohol, polyethylene glycol

and potassium formate). The freeze-dried fiber was cut

into thin slices (-5 lm) to obtain the cross-section of

single fiber by an ultramicrotome (Shandon Cryotome

FE/FSE, Thermo Scientific, USA). The prepared

sample was coated with gold film prior for the

observation of scanning electron microscope (SEM,

LEO 1530 VP, Germany) combined with Energy

Dispersive Spectrometer (EDS, Phoenix DX60S,

USA).

BET analysis

The pore size of cellulose fiber was determined by

Brunauer–Emmett–Teller (BET), according to

Kimura et al. (2014). The samples were sequentially

solvent-exchanged by using ethanol to replace water

and then vacuum dried at room temperature in a

vacuum oven. Before nitrogen adsorption measure-

ment, the samples were heated at 105 �C for 8 h.

Nitrogen adsorption/desorption isotherms were mea-

sured by a Nova 2000e with NovaWin2 data process-

ing (Quantachrome Instruments, USA).

Results and discussion

Effect of molecular weight of poly-DADMAC

on the detected charge of cellulose fibers

A series of poly-DADMACs with different molecular

weights were used for the polyelectrolyte adsorption

onto cellulose fiber. To simplify the evaluation, the

classified P-RC APMP fiber fraction (P50/R100), with

total charge of 158 mmol/kg determined by conduc-

tometric titration, was used, and the proposed time for

adsorption was 2 h.

The results of fiber charges detected by different

molecular weights of poly-DADMAC are shown in

Fig. 1. Fiber detected charge strongly depended on the

molecular weight of polyelectrolyte. When the molec-

ular weight decreased from 100 to 8.5 kDa, the fiber

detected charge increased from 29 to 107 mmol/kg

correspondingly. It seemed that lower Mw poly-

DADMAC used for adsorption resulted in a higher

detected fiber charge. Similar results have been

reported by Horvath et al. (2006) when using bulk

carboxymethylated cellulose fiber, as well as reviewed
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on different cellulose fibers by Bhardwaj et al. (2007).

However, the fiber detected charge was nearly

unchanged when the Mw varied from 600 to

100 kDa, which implied a similar accessibility of

these polymers with relatively high Mw to the fiber

cell wall.

The accessibilities of polymers to fiber cell wall can

be affected by fiber pores and polymer dimensions

(Fatehi et al. 2009, 2011; Horvath et al. 2008). The

average pore diameter of this fiber determined by BET

was 11.4 nm, and pore size distribution was mainly in

8–20 nm, similar with the report of Kimura et al.

(2014). It should be stated that the cellulose fiber was

well dried before BET measurement. Fiber drying

would lead to the collapse of fiber pores, along with

the reducing of pore size (Park et al. 2006). The pore

size in an aqueous solution might be higher. Andreas-

son et al. (2003) reported the average fiber pore radius

determined by nuclear magnetic resonance (NMR)

measurement was in range of 10–25 nm. Findings of

Fatehi et al. (2011) reported that the average radius of

assumed cylindrical pores determined by solute

exclusion technique was 14.4 nm. By contrast, as

obtained earlier by Burkhardt et al. (1987), the radius

of gyration was about 8.5–12 nm for poly-DADMAC

(Mw = 7.5–15 kDa), versus 24.4–38.1 nm for poly-

DADMAC (Mw = 100–280 kDa) respectively in

1 M NaCl solution (Wågberg and Hägglund 2001;

Hubbe et al. 2011). If the effect of salt concentration

on polymer configuration and the interaction between

polymer and fiber were not considered, we could

conclude that the low Mw polyelectrolyte

(Mw\ 15 kDa) with smaller size could penetrate

into most of fiber pores, and high Mw polyelectrolyte

(Mw[ 100 kDa) would be effectively excluded by

pore size. In fact, when considering that the polymer

would extend in a much diluted solution and the

electrostatic interaction between polymers and fiber

would reinforce the penetration (Horvath et al. 2006,

2008; Hubbe et al. 2010), this conclusion should be

careful. However, the leveling-off value in high Mw

poly-DADMAC (Mw[ 100 kDa) adsorption reason-

ably suggested that these polymers only adsorbed on

fiber surface regions by electrostatic interactions and

could not reach the fiber inner charge sites through the

pores. Therefore, higher Mw poly-DADMAC were

chosen as probes for fiber surface charge measurement

by using polyelectrolyte adsorption, as shown in

Fig. 2. As for the low Mw poly-DADMAC

(Mw = 7.5–15 kDa) adsorption, the gradually

increased detected charge obtained was attributed to

the penetration of these polymers into pores (Hubbe

et al. 2007; Fatehi et al. 2009, 2011). The detected

charge ratio of 0.68 appeared to confirm that this low

Mw polymer could penetrate into most of pores in 2 h.

Accessibility analysis by using SEM–EDS

As known, there is no any nitrogen element in the

original cellulose fiber cell wall and many nitrogen

elements existing in the poly-DADMAC structure, so

that the accessibility of the polymers to fiber cell wall

can be analyzed based on the local nitrogen element

information tested by SEM–EDS technique. The

SEM–EDS image of a single treated P-RC APMP

P50/R100 fiber cross section is shown in Fig. 3. The

marked ‘‘A’’ represented the fiber surface region, the

marked ‘‘B’’ represented the interior region of fiber

cell wall and ‘‘C’’ was the inner surface of fiber cell

wall, close to the lumen.

It can be seen in Fig. 3 that the nitrogen element

was detected in three regions of A, B and C in the

cellulose fibers treated by low-Mw poly-DADMAC

(Mw = 7.5–15 kDa), whereas it was only found in

surface area for cellulose fibers treated by high-Mw

poly-DADMAC (460–600 kDa). This strongly con-

firmed the fact that the low-Mw polymer could

penetrate into cellulose fiber pores and have a fully

accessibility to the fiber cell wall, while the high-Mw

polymer was excluded by pores and consequently only

adsorbed on the fiber surface.

Time for saturated adsorption

The extension of contact time reinforces the penetra-

tion of polyelectrolytes to porous cellulose fibers and

leads to the saturated adsorption (Wågberg and

Hägglund 2001; Sezaki et al. 2006; Fatehi et al.

2011). It was of great interest to evaluate the extent of

the penetration for low-Mw poly-DADMAC. The

substantial increasing values of detected charge mea-

sured with these lower Mw polyelectrolytes (seen in

Fig. 1) implicated the state of unsaturated adsorption,

that is, the low-Mw poly-DADMAC was not fully

accessible to all of cellulose fiber charges in 2 h.

Adsorption contact times for the low-Mw and high-

Mw poly-DADMAC on aspen P-RC APMP (high-

yield pulp fiber) and HBKP (chemical pulp fiber) were
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investigated, respectively. As shown in Fig. 4, the

adsorbed polymers initially increased over the time,

and then leveled off at a certain level for both P-RC

APMP and HBKP, indicating that the adsorbed mass

gradually reached plateau. The cationic poly-DAD-

MACwith lowmolecular weight (Mw = 7.5–15 kDa)

showed more adsorbed mass consistently than that

with high molecular weight, since low-Mw poly-

DADMAC could penetrate and neutralize the inner

fiber charges, as discussed above. As the contact time

was extended to more than 24 h, the trend changed a

little whatever the Mw of poly-DADMAC was low or

high. This is in agreement with that summary of

Horvath et al. (2008).

Whereas, the different contact times for saturated

adsorption process were obtained with the variation

of poly-DADMAC molecular weight and cellulose

fiber type. For P-RC APMP, the leveling-off value

for high-Mw poly-DADMAC was about 2 h, much

shorter than that (9 h) for low-Mw poly-DADMAC,

and similar trends could be obtained for HBKP. As

expected, the high-Mw poly-DADMAC with large

dimension only adsorbed onto the cellulose fiber

surface, hence, less contact time was needed (Hubbe

et al. 2011). In comparison, more contact time was

needed for the diffusion of low-Mw poly-DADMAC

into the fiber cell walls. It was obvious that the

adsorption rate of these low-Mw polymers for

HBKP was higher than that for P-RC APMP. This

phenomenon was presumably due to difference in

pore size distribution of two cellulose fibers.

Significant changes to existing pores in cellulose

fiber cell walls and the formation of new pores

could be involved in the delignification of kraft

pulping process and pulp refining (Berthold and

Salmén 1997; Maloney and Paulapuro 1999; Fahlén

and Salmén 2005). In this study, the mesopore size

of P-RC APMP and HBKP determined by BET was

11.4 and 14.8 nm, respectively. Related findings of

Hubbe et al. (2011) reported the faster diffusion of

poly-DADMAC to large pores than that to small

pores of silica. The effect of pore size of cellulose

fibers on polyelectrolyte adsorption kinetics needs to

be further investigated.

Fig. 2 Schematic

illustration of different Mw

poly-DADMACs adsorption

and penetration into

cellulose fibers
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Effect of salts concentration on adsorption

and desorption

The interactions of low and high Mw poly-DADMAC

with the cellulose fiber were investigated at different

salts (NaCl and CaCl2) concentration respectively.

Time for adsorption was fixed at 12 h. As shown in

Fig. 5, adsorbed mass of high and low Mw poly-

DADMAC appeared similar variation with the addi-

tion of salts, although divalent CaCl2 showed more

sensitive effect on polyelectrolyte adsorption.

The adsorbed mass of poly-DADMAC increased

first with the salts addition in Fig. 5, mainly due to the

adsorption and penetration of the coiled poly-DAD-

MAC chains onto the surface or into the cell wall of

cellulose fiber, whatever the poly-DADMAC Mw is

high or low. This phenomenon is caused by the

screening effect of high ionic strength, and deviates

from 1:1 stoichiometry (Kokufuta and Takahashi

1986; Horvath et al. 2006; Hubbe et al. 2007; Horvath

et al. 2008). With the continuous increase of ionic

strength, the adsorbed mass of two poly-DADMACs

decreased dramatically. This is mainly because of the

reduced electrostatic attraction between polyelec-

trolyte and substance surface at a high salts concen-

tration (Van de Steeg et al. 1992). This phenomenon

was in accordance with the previous studies of

Lindström and Wågberg (1983) using cationic poly-

acrylamides. Therefore, the process of polyelec-

trolyte adsorption must be conducted with a pretty

low ionic strength, avoiding the deviation from the

stoichiometry.

Fig. 3 SEM–EDS of

cellulose fiber treated with

two different poly-

DADMACs
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Also, we found that the pre-adsorbed poly-DAD-

MAC (regardless of low and high Mw polymers) on

cellulose would be desorbed at a very high salts

concentration, as seen in Fig. 6. With the increase of

ionic strength, the interaction between polyelectrolyte

segments and fiber surface became unstable since

electrostatic screening. The pre-adsorbed polyelec-

trolyte was replaced by small ions (Van de Steeg et al.

1992). The decrease of low-Mw polyelectrolyte

adsorption also indicated that the poly-DADMAC

distributed in fiber inner regions could exude from

fiber pores.

Comparison with conductometric titration

For a monolayer of adsorbed polyelectrolyte on

cellulose fibers, it was verified that a high stoichiom-

etry (above 0.9) was for both high and low Mw

polyelectrolytes adsorption on cellulose fibers (Wåg-

berg 2000). Recent study (Horvath et al. 2006)

clarified the rational conformity in ESCA analysis

between these two polyelectrolytes and the similar

thickness of adsorbed layer for both polyelectrolytes.

These conclusions essentially also proved the well

applicability of these polyelectrolytes used for charge

analysis of cellulose fiber. It should be stated that

enough contact time (more than 9 h in this study) must

be kept for low-Mw polyelectrolyte fully accessible to

fiber wall, when this polymer was used for measuring

fiber total charge. On the contrary, relatively less time

is required for surface charge measurements because

high-Mw polyelectrolyte only need to adsorb onto the

cellulose fiber surface. Besides, the polymer adsorp-

tion process must conduct in a much diluted solution.

Conductometric titration, a conventional method

based on the conductivity technology (Fras et al.

2004), was widely used for cellulose fiber total charge

determination for its convenient operation. The fiber

charges obtained from polyelectrolyte adsorption

technique were used for comparison with the charges

measured by conductometric titration to verify the

reliability.

Table 2 shows the values of fiber charge analyzed

for the four pulp fibers. The high yield pulp fibers (P-
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Fig. 5 Adsorption of poly-DADMAC at different salts
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Fig. 6 Desorption of pre-adsorbed poly-DADMAC with addi-

tion of salt
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RC APMP and CTMP) had a higher total charge than

chemical pulp fibers (HBKP and SBKP), which was

related to the high retention of hemicelluloses and

lignin containing many charged groups in high yield

pulps (Buchert et al. 1995; He et al. 2005). Meanwhile,

hardwood cellulose fiber had a higher total charge than

softwood cellulose fiber for its higher content of

glucuronoxylans that combined numerous carboxylic

groups (Buchert et al. 1995; Ni et al. 2011). The total

charges obtained from polyelectrolyte adsorption

technique were similar to the results detected by

conductometric titration. The deviation (in range of

0.08) between both methods was negligible. The

corresponding charge ratios were 0.26, 0.21, 0.34 and

0.4 based on conductometric titration, and 0.24, 0.21,

0.32, 0.38 based on polyelectrolyte titration, respec-

tively for P-RC APMP, CTMP, HBKP and SBKP.

The P-RC APMP fibers with different carboxyl

group contents, obtained by TEMPO-mediated oxida-

tion, were used for total charge measurement and

further correlation analysis of both methods. It can be

seen in Fig. 7 that the polyelectrolyte adsorption

charges were in a strong agreement with the conduc-

tometric titration charges. The linear relationship,

with slope of 1.03 and regression coefficient of 0.99,

was obtained for the fibers with a wide difference in

charge density, which substantially gave a strong

credibility to the idea that the low-Mw poly-

DADMAC could be applied to accurate analysis of

cellulose fiber total charge by using polyelectrolyte

adsorption technique.

Conclusions

The fiber charge detected by polyelectrolyte adsorp-

tion was high relevant to the molecular weight of poly-

DADMAC used. Low-Mw polymers resulted in high

detected charge, whereas high-Mw polymers led to

low detected charge. The results could be effectively

confirmed by SEM–EDS images that low-Mw poly-

mers could penetrate into the cellulose fiber cell walls

while high-Mw polymers only adsorbed on the fiber

surface. On a condition that the ionic strength was

much low and the contact time was long enough, the

low-Mw poly-DADMAC (7.5–15 kDa) could be used

for fiber total charge measurement and the high-Mw

poly-DADMAC (Mw[ 100 kDa) could be used for

fiber surface charge measurement. The fiber total

charge measured by polyelectrolyte adsorption tech-

nique with low-Mw poly-DADMAC showed a strong

agreement to the charge detected by conductometric

titration.
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Fig. 7 Correlation of two methods used for fiber total charge

determination

Table 2 Comparison of two methods: conductometric titration and polyelectrolyte adsorption technique

Wood fibers P-RC APMP CTMP HBKP SBKP

Total chargesa (mmol/kg) Conductometric titration 144 ± 3 146 ± 4 91 ± 2 47 ± 2

Polyelectrolyte adsorptionb 155 ± 3 151 ± 2 98 ± 3 50 ± 2

Deviation 0.08 0.03 0.08 0.06

Surface charges (mmol/kg) Polyelectrolyte adsorptionb 37 ± 1 31 ± 2 31 ± 2 19 ± 1

a Fiber total charge determination included two methods: conductometric titration and polyelectrolyte adsorption technique with

low-Mw poly-DADMAC (7.5–15 kDa), while the surface charge was determined by polyelectrolyte adsorption with high-Mw poly-

DADMAC (200–350 kDa)
b The contact time for low-Mw poly-DADMAC and high-Mw poly-DADMAC was 12 and 2 h, respectively
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