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ABSTRACT: The adsorption and the interactions of
water-soluble chitosan (DD = 50%) with main components
of reed pulp suspensions were investigated with phenol/
sulfuric acid spectrophotometry, microelctrophoresis, and
retention/drainage methods. The results showed that the
Zeta potential of peroxide bleached reed kraft pulp trans-
formed from negative to zero and then to positive because
of the adsorption of water-soluble chitosan. Nonelectrostatic
forces (hydrogen bonding, Van der Waals force) existed
between the fibers and water-soluble chitosan; electrostatic
force existed between cellulose fines and water-soluble chi-
tosan. The experimental results showed that the fines
existed in pulp suspension would aggregate upon the addi-
tion of water-soluble chitosan. The degree of flocculation

was affected by the type of cellulose substrates, the electro-
lyte concentration and pH in the background. With the
increase of NaCl concentration, the flocculation perform-
ance of water-soluble chitosan decreased slightly for
unwashed pulp, whereas the flocculation efficiency of
water-soluble chitosan decreased significantly for fine sus-
pension. These adsorption and flocculation resulted in
excellent drainage performance of reed pulp, for example,
the SR of cellulosic pulp was reduced by about 39 or 18%
at Cnacr = 0 mol/L, at pH 5 or pH 7, respectively. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 121: 2606-2613, 2011
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INTRODUCTION

Every wet-end additive of papermaking should pos-
sess certain features. For example, it should be com-
patible with the cellulosic surface so that it would
not disrupt the hydrogen bonding among celluloses;
it should interact strongly with the cellulose sub-
strates thereby the retention is efficient; and it
should be nontoxic, and environment friendly.
Chitosan, a linear copolymer containing a mixture
of B-(1,4)-2-acetamido-2-deoxy-d-glucopyranose units
and PB-(1-4)-2-amino-2-deoxy-d-glucopyranose units,'
could meet all these needs. In addition, chitosan is
antibacterial and renewable. The presence of the ba-
sic group (—NH,) transforms chitosan into a polyca-
tion in dilute acidic solution. This property could
make it be adsorbed onto anionic pulp more
strongly by electrostatic force.> Therefore, chitosan
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could be used as wet-end functional additive in
papermaking.>* So far, many attempts have been
made to improve the papermaking process™® and
the properties of paper upon the addition of chito-
san. But the chitosan concentrations in most of the
reported studies were higher than those applied in
industrial process. In addition, fundamental studies
on the adsorption phenomena and the interactions
between paper components, which are related to the
properties of the final product (paper sheets), still
have not been reported to our knowledge. The objec-
tive of this article was to investigate the adsorbed
amount of water-soluble chitosan with degree of
deacetylation of 50% (DD = 50%) on cellulose sub-
strates (cellulose fibers and fines). Furthermore, the
interactions of chitosan additives with colloidal
materials (e.g., cellulose fines) and soluble carbohy-
drates (e.g., dissolved hemicellulose and monomeric
glucose) were also investigated by phenol/sulfuric
acid spectrometry, fines-retention and drainage
methods, and &-potential measurements. In this way,
we could obtain a better comprehension of the
aggregation and the phenomena taking place at sev-
eral representative concentrations of those applied in
industrial papermaking systems.

As an additive in wet-end of papermaking system,
chitosan is generally suitable for the relatively
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outdated production technology system (acidic
papermaking system). It has been reported that chi-
tosan can improve the dry and wet strength of the
handsheet substantially in alkaline conditions. But it
makes no change in the dewatering of the pulp and
the retention of fine fibers. With the development of
paper-making system, transferring gradually from
acidic to neutral and alkaline, it becomes inconven-
ient to use regular chitosan in this specific paper-
making process. Because regular chitosan cannot be
dissolved in the neutral and alkaline condition. So
there would be neither flocculation nor dewatering
of reed pulp by chitosan. Nishimara and his co-
workers” have reported that chitosan (DD = 50%)
could be dissolved in alkaline medium. Hence, it
can be applied to neutral and alkaline paper-making
systems. However, to our knowledge, study on chi-
tosan (DD = 50%) used as functional additive in
papermaking has not been reported until now.

This work focused on the inspection of physical
and chemical interactions between the water-soluble
chitosan (DD = 50%) and cellulose fibers, fine fibers,
or soluble carbohydrates. The possible mechanism
between reed pulp and chitosan as wet-end func-
tional additive in papermaking was brought forward
in this report.

EXPERIMENTAL
Materials

Chitosan: produced by Zhejiang Yuhuan Ocean Bio-
chemistry Co. (Zhejiang, China). Its degree of deace-
tylation was determined to be 85% by a potential ti-
tration method,® and its molecular weight was about
3.0 x 10° measured by GPC method.’

Cellulose substrates: Peroxide bleached reed kraft
pulp (substrate content of 0.5%, w/w) was provided
by Chenming Papermaking Co., (Wuhan, China). The
pulp was first treated by HCI (pH 2) to wipe off the
little metal ions adsorbed on the fibers. Then it was
washed to neutral and beaten to 43°SR (Shopper-
Riegler beating degree) afterward in a Valley beater.

‘Unwashed pulp” was a typical pulp containing
fibers and fines. The fibers and fines were collected
after being separated by 200-mesh screen from the
‘unwashed pulp” suspension. ‘fine suspension’, con-
taining fines and colloidal substances, were used
directly without examining the substrates content in
the experiments. The separated fibers were thor-
oughly washed and screened with doubly distilled
water to get ‘washed pulp’. All the suspensions of
fiber pulp and fines were stored under refrigeration
4°C).

Acid Orange: (C.I. Acid Orange 7), spectral pure,
was purchased from Huamaolong Technology Co.
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(Tianjin, China). Other chemical reagents are all ana-
lytically pure.

METHODS
Preparation of water-soluble chitosan

The water-soluble chitosan was prepared as follows
according to reference.” First, 0.3 g Chitosan (DD =
90%) was added to the mixture of 8 mL of 10% ace-
tic acid and 8 mL methanol. Then the resulting solu-
tion and 0.93 mL acetic anhydride were poured into
100 mL pyridine. Water-soluble chitosan was
obtained after reacting at room temperature for 5 h.
Its molecular weight was about 2.4 x 10° (by GPC’
with water adopted as solvent) with the degree of
deacetylation of 50% (measured by potentiometric
titration®).

Adsorption experiments

The cellulose suspension (pH 7) was added to stock
solutions of chitosan (0.2% w/w). Then adsorption
equilibrium was achieved after stirring the suspen-
sion gently overnight (around 20 h) with a magnetic
stirrer at room temperature. The total mass of sus-
pension wused in adsorption experiments was
constant to minimize the effect of carbohydrate
adsorption on the vessel surface. As carbohydrates
(polysaccharide additives, hemicellulose, degraded
cellulose, and sugar) could be adsorbed by the filtra-
tion medium,'” the supernatant was collected by
centrifugation method. The Model LD5-10 was
employed to centrifuge the samples at 4500 rpm for
30 min, and the supernatant was piped off to
analyze.

Adsorbed amount determination

The residual concentration of chitosan in the super-
natant of aqueous pulp suspensions was estimated
by C.I. Acid Orange 7 (15510) at adsorption equilib-
rium after the addition of chitosan.!' That is, 10 mL
of the supernatant was mixed with 1 mL of aqueous
C.I. Acid Orange 7 (2 x 10~* w/w). The absorbance
of the resulting solution at 484 nm was measured
with the Model 1601 UV/vis spectrophotometer
(Shimdzu, Japan). The residual concentration of chi-
tosan in the supernatant of pulp suspension could
be obtained from a calibration curve based on a
known sample. Accordingly, the adsorbed amount
(C,) of chitosan was calculated as follows:

Ca=(CG—C)xV/m (1)

Where C; is the initial concentration of chitosan, C,
is the residual concentration of chitosan, V is the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Adsorbed amount of water-soluble chitosan
onto the unwashed pulp as a function of electrolyte con-
centration at pH 7 and 20 °C.

volume of pulp dispersion, m is the weight of dried
pulp.

Total residual carbohydrate concentration

There were adsorption equilibriums in the superna-
tant of aqueous pulp suspensions after the addition
of chitosan. The total residual carbohydrate concen-
trations were determined by the phenol/sulfuric
acid spectrophotometric method."?

First, 4 mL of the supernatant, 0.2 mL of 80% dis-
tilled phenol and 10 mL of concentrated sulfuric
acid were subsequently added into a cuvette, stirring
vigorously until amber color appeared. Then the ab-
sorbance of the solution at 490 nm was measured
with the Model 1601 ultraviolet-visible spectropho-
tometer (Shimdzu, Japan), and pure water was used
as blank.

Zeta potential

The Model BDL-B microelectrophoresis apparatus'
(Detecting Instrument Factory, Shanghai Detecting
Technology Institute, China) was employed to deter-
mine the Zeta potential values of the fine particles in
fine suspensions. All suspensions upon addition of
chitosan were gently agitated for 20 min, and then
centrifuged for 2 min at 2000 rpm before being
measured.

Drainage performance of pulp

To find the relation between the effect of polysaccha-
ride adsorption with the drainage in the pulp sus-
pension upon suppression of mechanical entangle-
ment and the filtration effects that are commonly
present during mat formation in paper manufacture,
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1000 mL of unwashed pulp suspension containing
2 g of dried pulp was added with chitosan. After stir-
ring, the "SR values were measured with the Model
ZDJ-100 beating degree tester (Second Materials Fac-
tory of Changchun, China) with a 200-mesh screen.

RESULTS AND DISCUSSION

The relationship between adsorbed amount of
water-soluble chitosan and electrolyte
concentration

The adsorbed amount of water-soluble chitosan
changed with the electrolyte concentration in differ-
ent pulp as shown in Figures 1, 2. From the figures
we can easily see that the adsorbed amount of chito-
san on unwashed pulp had no relationship to NaCl
concentrations (0-10% mol/L) (Fig. 1); it was obvi-
ously observed that the adsorption of chitosan on
fine suspension gradually decreased with the
increasing of NaCl concentration (Fig. 2); the
adsorbed amount of chitosan on washed pulp
increased with the increasing of the electrolyte con-
centration (Fig. 2). It can be inferred from these ex-
perimental phenomena that the interactions of the
chitosan with various components of wet-end were
different. That is, in fine suspension, the interaction
between chitosan and cellulose substrates was domi-
nated by the electrostatic force; in Washed pulp, the
main interaction between the two parts were non-
electrostatic forces, such as hydrogen bonding, Van
der Waals force, etc.; but in unwashed pulp, the pro-
portion of electrostatic force and nonelectrostatic
force was similar.

On the basis of Van der Steeg'* theory, the above
conclusions could be explained as follows:
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Figure 2 Adsorbed amount of water-soluble chitosan
onto fine suspension (fine suspension: 100 g; water-soluble
chitosan: 1.5 mg) and Washed pulp as function of electro-
lyte concentration at pH 7 and 20 °C.
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1. In fine suspension, cellulose substrates existed
mainly in the form of fine fibers and colloidal carbo-
hydrate. There were many carboxyl, sulfonic group,
phenol hydroxyl group exposed outside, which
caused the high potential on the surface. Therefore,
the interaction between chitosan and cellulose was
mainly electrostatic force. It is well known that, at
high salt concentration, the range of the electrostatic
interaction become smaller; i.e., the attraction
between chitosan and surface is screened. Because
the salt ions have a finite volume, the cations also
competed with the chitosan for adsorption sites on
the surface. The chitosan desorbs if the salt cations
are more effective in compensating the surface
charge. When the electrolyte was added, the cationic
salt and chitosan competed for the negative charges
on the surface of the cellulose substrates. As a result,
the attraction between the chitosan chain and cellu-
lose substrate was screened, which would reduce
the adsorbed amount of chitosan. Polyacrylamide
had the similar adsorption phenomenon when it
was adsorbed on the surface of silica gel or
montmorillonite.'®

2. In Washed pulp, the cellulose substrates were
thick, the negative charge on the surface of these
fibers was lower than those of the fines or colloidal
carbohydrate. Hence, the interaction between fibers
and chitosan were mainly hydrogen bonding, Van
der Waals forces, and other nonelectrostatic forces.
Naturally, at high salt concentration the repulsion is
screened; hence they can adopt conformations with
loops and tails, and the adsorbed amount increases.
A fully screened polyelectrolyte can only adsorb if
there is an attractive interaction between segments.
So, at high electrolyte concentration, the screen of
the repulsion between segments resulted in further
forming of the chitosan chain ring and chain tail
which caused the increase of the adsorbed amount.

3. Unwashed pulp system contained not only
coarse fibers but also fines and colloidal carbohy-
drate. The proportion of the electrostatic force and
nonelectrostatic force between these substrates and
chitosan was similar. Thus, the adsorbed amount
almost had no relation to the electrolyte
concentration.

The relationship between adsorption rate of
water-soluble chitosan and temperature

Temperature was an important parameter in the pa-
per-making process as it restricted the adsorption
process obviously. Adsorbed amount of chitosan in
different pulp under 20, 40, and 60°C were shown in
Figure 3. The results revealed that the adsorption
rate of chitosan increased with the increasing of tem-
perature in unwashed pulp and washed pulp. The
increasing speed of adsorbed amount in Washed
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Figure 3 Adsorption rate of water-soluble chitosan onto
the unwashed pulp, washed pulp, and fine suspension as
a function of temperature (fiber suspension: 100 g; water-
soluble chitosan: 5 mg; pH 7).

pulp was far higher than that in the unwashed pulp
system. But the adsorption rate of chitosan
decreased in fine suspension.

Generally, adsorption is a spontaneous process,
that is AG® < 0. At the same time, the entropy
decreased in the adsorption process. According to
AG® = AH® — TAS, it could be easily inferred that
the adsorption enthalpy (AH) was negative. There-
fore, the adsorption enthalpy fell with the increase
of the temperatures.

The above reasoning was based on the hypothesis
that the adsorbate and adsorbent had no relation to
the temperature, and the adsorbent’s surface was
clean. However, the actual adsorption was a com-
plex process. The adsorption of polymer in the solu-
tion was decided by the interaction balance of three
interactions between the polymer-solvent, the poly-
mer-adsorbent and the solvent-adsorbent. Any
change would inevitably affect these interactions,
thus resulting in the change of adsorbed amount.
Therefore, the caloric effect produced by adsorption
of polymer on the solid surface was likely to be exo-
thermic'”'® or endothermic.'*?°

Adsorption was an endothermic process for the
Washed pulp, so the adsorbed amount increased
with the increasing of temperature. As for the Fines,
the adsorption enthalpy was negative, and the
adsorbed amount decreased with the increasing of
temperature. As unwashed pulp was composed of
washed pulp and fine pulp, the adsorption was
also an endothermic process, but the adsorption en-
thalpy was not as high as that of washed pulp.
So the increasing speed of adsorbed amount in
washed pulp was far higher than that in unwashed
pulp with the increasing of temperature. The ad-
sorption process of the cationic starch with different

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Effect of the water-soluble chitosan dosage on
the absorbance for unwashed pulp as a function of electro-
lyte at pH 7 and 20 °C.

thermodynamic mechanical pulp (TMP) was affected
by temperature in the same way as reported by
Bobacka.?!

Effect of the electrolytes on the gathering of fibers

The gathering of the fine fibers could be explained
by the adsorption of the polyelectrolyte on their sur-
face. But the adsorbility could not determine the
retention levels of the fines, especially for the polye-
lectrolyte with high charge density. Therefore, it
would be a more reasonable method to determine its
flocculation capacity indirectly by the total sugar
content in the white water adsorption system.”® Gen-
erally, the higher the sugar content in the white
water system, the higher absorbency in spectrometer
would be, which meant lower retention capacity of
the retention aids. The effects of chitosan on the total
concentration of sugar in different pulp were shown
in Figures 4, 5. From Figure 4, it could be seen that
the sugar concentration in the white water system
decreased distinctively at low dose of chitosan. The
total sugar content reached a minimum value when
the chitosan concentration was 25 mg/L, after which
there was a weak increase. This phenomenon could
be explained that the adsorption of chitosan could
bridge fines and made them flocculate at low dose,
so the total sugar content decreased. When chitosan
concentration was higher than 25 mg/L, the charge
on the fines” surface would reverse to positive due
to the relatively excessive adsorption of chitosan.
This charge reversal phenomenon would lead to the
increase of repulsion force between fines, and
decreased the flocculation ability. Thus, the total
sugar content in the white water system increased
slightly. This phenomenon matched with the drain-
age properties mentioned later.

Journal of Applied Polymer Science DOI 10.1002/app

GU ET AL.

It could also be seen from Figure 4 that the higher
the electrolyte concentration, the lower the sugar
content in the white water system. The difference
between the decline rate of total sugar content was
not obvious. This was because of the thickness com-
pression of the double layers caused by electrolyte
on the fiber substrate surface. This result was in
agreement with the phenomenon in the unwashed
pulp system, in which the adsorbed amount of chito-
san had no relation to the concentration of NaCl
(shown in Fig. 1).

The effects of chitosan on the total sugar content in
different pulp were shown in Figure 5. It was clearly
shown that the sugar content of white water system
in the unwashed pulp decreased at pH 7 after the
addition of chitosan. But in washed pulp system, the
sugar content was not affected by addition of chito-
san, which was kept at a relatively low level. This dif-
ference was due to that there were many fine fibers
besides cellulose fiber in unwashed pulp; while only
a little fine fibers were maintained in the Washed
pulp system, and thus the total sugar concentration
in the white water was too low to flocculate.

The impact of chitosan on sugar content in fine
suspension system at different pH was shown in Fig-
ure 5. In this system, the trends of the sugar content
in white water were similar to those in Figure 4. With
the increasing of chitosan concentration, the total
sugar content decreased to a minimum value at 10 ~
15 mg/L, after which it increased slightly. However,
the optimum concentration of flocculation was differ-
ent for different pulp. Taking the results at pH 7 for
example, in fine suspension system it was 10 ~ 15
mg/L, whereas in unwashed pulp system it was 25
mg/L. In the fine suspension, the flocculation of fine
particles was caused by chitosan. When the electro-
chemical dose of chitosan was higher than the
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Figure 5 Effect of the water-soluble chitosan dosage and
pH on the absorbance for unwashed pulp, washed pulp,
and fine suspension at 20 °C.
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Figure 6 &-potential of fine suspension upon the addition
of water-soluble chitosan at pH 7 and 20 °C.

cellulose substrate amount in fine suspension, it is
easy for the fines to acquire excessive positive
charges.” The deterioration of flocculation caused the
increase of sugar content in white water. This phe-
nomenon was more obvious at pH 5, as there was an
inflection point when the concentration of chitosan
was about 5 mg/L. The chitosan’s positive charge
density was higher at this point than that at pH 7,
Therefore, the charge reversal was easy to take place,
which was in agreement with the results of the
unwashed pulp at different pH. For the unwashed
pulp at pH 5, the excessive loading of chitosan on the
surface would lead to the excessive positive surface
charges, which strengthened the interaction of chito-
san with the cellulose substrates. Therefore, the floc-
culation was enhanced and the total sugar content in
the white water was decreased. It can be inferred
from the above experimental results that chitosan
(DD = 50%) could be applied to both acidic and alka-
line paper-making system.

Effect of water-soluble chitosan on the potential of
cellulose substrate surface

In the papermaking process, the potential of pulp
surface was an important parameter. It determined
the dewatering capacity and retention performance
of pulp to a certain extent. Generally, the smaller
repulsion among particles, the more retention; and
the weaker hydration process, the higher dewatering
speed. It could be inferred that { = 0 mV would be
the optimum condition for flocculation. But there
were high dewatering and retention efficiencies
because of the effect of bridge interaction in the vi-
cinity of neutral (0 ~ 8 mV) for some other sys-
tems.” The &-potential of the fine suspension upon
the addition of water-soluble chitosan at pH 7 was
shown in Figure 6.

The experimental results showed that, with the
increase of the chitosan dose, the {-potential of the
pulp changed gradually to positive. When water-
soluble chitosan was around 16 mg/L, the potential
of the pulp surface was about zero. The chitosan
neutralized the negative charges in cellulose sub-
strate surface at this point. This isoelectric point
(16 mg/L) was higher than the optimum flocculation
concentration (10 ~ 15 mg/L), as shown in Figure 5.
It could be inferred that the water-soluble chitosan
affected the flocculation of the reed pulp mainly by
the bridge mechanism. Relatively small amount of
long-chain chitosan molecules could make the floc-
culation reach its optimum condition before the reed
pulp surface reached electricity neutrality. This
result matched with theoretical predictions.*

The drainage property of water-soluble chitosan

To understand the practicality of water-soluble chi-
tosan as wet-end additive in paper-making, we
investigated their dewatering properties. The dewa-
tering of reed pulp in different pH, NaCl concentra-
tions were shown in Figure 7. The results revealed
that °SR value of reed pulp decreased slightly when
the concentration of electrolytes was increased. This
phenomenon was in consistent with the results
shown in Figures 1 and 4.

The °SR value of pulp decreased with increase of
water soluble chitosan dose at pH 7. It increased
slightly after reaching the minimum value, shown in
Figure 7, whose trend was similar to the flocculation
results shown in Figure 4. However, it would be
found that the chitosan doses were different to achieve
the minimum °SR (shown in Fig. 7) and the lowest
sugar content (shown in Fig. 4). That was, the opti-
mum dewatering concentration was 4 mg/g o.d.pulp,
whereas the optimum flocculation concentration was

44
—=— pH 5, Omol/l NaCl

424 —e—pH 5, 10°mol/l NaCl
40 —a—pH 5, 10mol/l NaCl
—w— pH 7, Omol/l NaCl
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24 T T T T T T T T T T T
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Figure 7 Effect of the dosage of water-soluble chitosan
on drainage for unwashed pulp suspension at different
pH and electrolyte concentration.
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25 mg/L or 5 mg/g o.d.pulp. The reason for these dif-
ferences was that the content of cellulose substrate
was 0.5% in the adsorption experiment, whereas it
was 0.2% in the dewatering experiment. Satao™ found
the same trend when he studied the adsorption of
polyamide onto metal oxide pigments. And so did
Hedborg when he” investigated the adsorption of cat-
ionic starch onto CaCO; particles.

In addition, Figure 7 showed that the pH of the
system affected drainage property of water-soluble
chitosan greatly. The drainage properties of pulp sus-
pensions were improved with the increasing of acid-
ity. This could be explained as follows, the charge
density of water-soluble chitosan was high at pH 5,
and its interaction with cellulose substrate increased.
Thus, its dewatering efficiency was the optimum
when the charge density was about 3 mg/g o.d.pulp.

The interaction between Chitosan
and cellulose substrate

Both the primary structure and the remote structure
were similar for chitosan and cellulose, which
resulted in good compatibility between them.' As
shown in Figure 8, some interactions were certain
existed between chitosan and fiber.

Hydrogen bonding

Chitosan molecule contained a large number of
hydroxyl and primary amino groups, while cellulose
molecules contained hydroxyl groups. All these
groups could form intermolecular hydrogen bonding
in the form of —OH—NH,, —OH—OH.

Ionic bond

Hemicelluloses in the pulp substrate contained glu-
curonic acid, as a certain amount of carboxyl

Journal of Applied Polymer Science DOI 10.1002/app
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(—COOH) groups were introduced to the molecular
chain after the pulp being bleached.”” The —NH, in
chitosan molecules was alkaline group, so it would
form an ionic bonding as —NH3—COO~, whose
interaction would increase with the strengthening of
the potential on the cellulose substrate surface.
Unbleached pulp contained lignin phenolic hydroxyl
groups, and certain amount of sulfonic groups intro-
duced in the process of mechanical pulp sulfite
treatment. These phenolic hydroxyl and sulfonic
groups could also form ionic bond with —NH,.

Covalent bond force

A small amount of —CHO were introduced into the
molecular chain after cellulose molecules being
bleached. These aldehyde groups could form Schiff
bond with —NH, in chitosan molecules.?®

Van der Waals forces

In the pulp suspension, when the gap between the
chitosan and other components was less than Van
der Waals radius—the Van der Waals force—which
was universal gravitation in all atoms, was the
obvious interaction form. Its intensity depended on
the polarity, size, contact area, deformation of the
two sides, etc. For wet-end system in paper-making
(colloidal dispersion), the Van der Waals force,
which was in inverse proportion to the 6 power of
distance in short distance, became very obvious.

The relative strength of the aforementioned forces
was different. The interaction between chitosan and
cellulose substrate was often controlled by one main
force among them. Because the proportion of vari-
ous forces was not only related to the type of pulp
substrate, surface physical and chemical morphol-
ogy—the properties of chitosan, such as molecular
weight, the degree of deacetylation—but also related
to the system condition such as pH, electrolyte con-
centration, etc. Therefore, the main force would be
different under different conditions. From the dis-
cussion in this paper it can be easily seen that the
proportion of electrostatic force in fine suspension
was higher than that of nonelectrostatic force; non-
electrostatic force was stronger than electrostatic
force in washed pulp system; and nonelectrostatic
force was similar to electrostatic force in unwashed
pulp system.

CONCLUSIONS

The adsorption and flocculation behaviors which
occurred in pulp suspension were affected not only
by the surface physicochemical properties of cellu-
lose substrates but also by background such as tem-
perature, pH, and electrolyte concentration.
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The adsorbed amount of water-soluble chitosan on
unwashed pulp increased slightly with the increas-
ing of temperature, but retained almost the same
with the changes in ionic strength. The adsorbed
amount of chitosan on fine suspension decreased
with the increasing of temperature and ionic
strength. However, the adsorbed amount of chitosan
on washed pulp increased with the increasing of
temperature and ionic strength.

Among the interactions between them, the non-
electrostatic force was similar to the electrostatic
force in unwashed pulp; whereas the main interac-
tion between chitosan and fines was electrostatic
force for fine suspension; and nonelectrostatic was
the dominant force for washed pulp.

Chitosan can flocculate the cellulose substrate,
especially fines, colloidal, and soluble carbohydrate.
We investigated the adsorption and flocculation
processes in different pulp. The optimum flocculent
concentration was about 25 mg/L (5 mg/g
o.d.pulp), which was similar to the best dewatering
property (4mg/g o.d.pulp). On the basis of the
results described above, it was concluded that water
soluble chitosan (DD = 50%) was full of some prom-
ises as wet-end additive and could be used in paper-
making production.
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