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PEER REVIEWED

I N A PREVIOUS STUDY (1), WE DIS-
cussed the application of two
polymeric carboxylic acids—a
homopolymer of maleic acid

(PMA) and a terpolymer of maleic
acid, acrylic acid, and vinyl alcohol
(TPMA)—to improve the wet perfor-

mance of kraft paper. Although these
two acids are both effective and eco-
nomically feasible, papers treated
with PMA and TPMA suffer from em-
brittlement, as exemplified by a se-
vere loss in folding endurance. Addi-
tion of plasticizers did not prevent
embrittlement.

It is reasonable to infer that acid
degradation of fiber cellulose at ele-
vated temperature is the predomi-
nant reason for the reduction in fold-
ing endurance. The curing process
for acid-impregnated paper is similar
to that in accelerated paper aging,
and the role of pH on paper aging is
well known. However, in a study by
Horie and Biermann (2), the folding
endurance for BTCA-treated (1,2,3,4-
butanetetracarboxylic acid) paper
dropped from an original value of
840 to approximately 640 when no
catalyst was used in the acid solu-
tion. When the molar ratio of cata-
lyst/COOH was increased from zero
to 1/2.3, the folding endurance de-
creased from 640 to near zero. The
catalyst promotes crosslinking,which
increases with increasing catalyst ad-
dition. Moreover, the catalyst, which
is weakly basic in nature, does not
lower the pH of the acid solution any
further. Therefore, the reduction in
folding endurance with increasing
catalyst addition suggests that
crosslinking itself might be another
important reason for the reduction
in  folding endurance.

However, this embrittlement ef-
fect does not occur with the con-
ventional wet-strength resins, even
those for which a “cocrosslinking”
strengthening mechanism has been

strongly suggested, such as glyox-
alated polyacrylamide (PAM) and di-
aldehyde starch (DAS). Indeed, in
both cases, resin addition improved
the folding endurance. Despite the
interference of unreacted amide
groups on the PAM resins and hy-
droxyl groups on the DAS resins, it is
safe to conclude that crosslinking in
both cases does not have a severe
detrimental effect on the folding en-
durance of paper. Among other pos-
sible explanations for these differ-
ences in folding endurance—such as
the method of application and the
amount of resin used—it is notewor-
thy that conventional wet-strength
resins are high-molecular-weight
polymers.

Cellulose fiber is a porous mater-
ial. Low-molecular-weight reagents
can penetrate the pores of the fiber
cell wall and crosslink the accessible
area within the fiber (intrafiber
crosslinking). However, as the
reagent’s molecular weight in-
creases, it tends to adhere to the pe-
riphery of the fiber, and crosslinking
becomes increasingly concentrated
between fibers (interfiber crosslink-
ing). Given these facts, it is possible
that only the intrafiber crosslinks
contribute to the embrittlement of
the paper.

The pore-size distribution within
the fibers depends on the chemical
and mechanical treatments to which
the fibers have been subjected as
well as other processing factors such
as drying, recycling, and the power
of the applied swelling agent. Data
reported by different researchers
vary, depending on the materials and
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ABSTRACT
Multifunctional carboxylic acids show
promise as environmentally benign
wet-strength chemicals. These acids
improve the wet performance of paper
and board through ester crosslinking of
the cellulosic components of paper-
making fibers. The major drawback is
embrittlement of the acid-treated
sheets. This study evaluates the effect
of molecular weight on the wet-
strength performance of multifunc-
tional carboxylic acids. A high-molecu-
lar-weight polymeric carboxylic acid
(EMA, polyethylene maleic acid), and a
low-molecular-weight acid (BTCA,
1,2,3,4-butanetetracarboxylic acid)
were used as crosslinking agents on
sheets of unbleached kraft, bleached
paper, and corrugating medium. Simi-
lar results were obtained for all three
types of paper. The wet strength ob-
tained with EMA was significantly
higher than that achieved with BTCA
at equivalent acid consumption. More
importantly, the folding endurance—a
measure of embrittlement—increased
remarkably up to a very high treat-
ment level for EMA-treated sheets.
However, the high-molecular-weight
EMA was less effective than the low-
molecular-weight BTCA in achieving
high dimensional stability and wet stiff-
ness. These results can be explained by
differences in the proportion of inter-
and intrafiber bonds formed with acids
of widely diverging molecular weights.

Application:

Examines the feasibility of using envi-
ronmentally benign multifunctional
carboxylic acids to increase the wet
strength of paper and board.
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experimental methods used (3–7).
For chemical wood pulp, the pore-
size distributions are generally within
the range of less than 8 Å to 400 Å,
with a peak between 20 Å and 100 Å.

The diffusion or penetration of
large reactants into the fiber matrix
is limited by the size and shape of
the pore opening. If the opening is
circular, the molecule can penetrate
only if the pore is at least four times
larger than the molecule. If the
opening resembles parallel slits, the
polymer can penetrate a pore that is
twice as large or larger.The openings
or pores of cellulose fiber can rea-
sonably be expected to assume an el-
liptical shape, and a penetration fac-
tor of three has been proposed (3).

If the reagent takes a hydrody-
namic coil shape in aqueous solu-
tion, its diameter can be calculated
by the Einstein–Stokes formula (4,
6). However, for the multifunctional
carboxylic acids we used in the pre-
vious research—PMA, TPMA, and
BTCA—an accurate calculation of
the molecular diameter is impossible
because of the lack of data about the
molecular modeling and diffusion
coefficient. Nevertheless, an accu-
rate calculation is not necessary for
our purpose. If we assume these car-
boxylic acids follow the same pat-
tern in this respect as the sugars and
dextrans used by Stone and Scallan
in their pore-size distribution study
(6), the estimated molecular diame-
ter of the three acids would be less
than 20 Å. Considering the similarity
in structures of polycarboxylic acids
and dextrans, such an estimation
seems reasonable. There is no doubt
that these acids could readily pene-
trate into a large portion of the pores
in the fiber wall and form intrafiber
crosslinks. It was also found that
dextran molecules with a molecular
weight of 40,000 or larger could not
penetrate into the fiber pores of
kraft pulp (6).

The loss of strength when paper
is wetted is presumably due to the

pressed between squeezing rolls at
40 psi after soaking, and the
bleached paper sheets were pressed
between blotting paper to remove
the excess acid solution.The pressed
sheets were dried on a photographic
dryer at 80°C to prevent curling. In-
dividual sheets were then cured in a
forced-draft oven at 170 ± 1°C for 2
min.The cured sheets were rinsed in
running water for 15 min to remove
unreacted acid and catalyst and, fi-
nally, dried. After standard condition-
ing (TAPPI T 402 om-93), the physi-
cal properties of these samples were
measured. Control references were
established by soaking the paper
sheets in distilled water instead of an
acid/catalyst solution and then sub-
jecting them to the same treatment
procedures as the treated sheets.

Paper performance evaluation
Tensile strength and folding en-
durance of the samples were evalu-
ated according to TAPPI T 404 om-87
and T 511 om-88, respectively. The
wet tensile strength and wet stiff-
ness were tested after soaking 15-
mm-wide paper strips in water for
12 hours. Stiffness was expressed as
Young’s modulus of elasticity (8).
These mechanical properties were
measured in the machine direction.
Dimensional stability was calculated
according to the formula specified
by Caulfield (9):

DS = 100 ×
L

u
– L

t

L
u

where

L
u
= change in linear dimension (be-

tween water soak and 50% RH)
for untreated sheets

L
t
= change in linear dimension (be-

tween water soak and 50% RH)
for treated sheets

The samples were cycled once be-
fore testing between water soaked
and 50% RH to release internal
strains. For each physical property,
ten specimens randomly selected
from five different treated sheets
were tested. A normalized Z score of

failure of fiber–fiber bonds in resist-
ing the disrupting action of water.
Thus interfiber crosslinking will be
sufficient to render paper wet
strength. By using a multifunctional
carboxylic acid that is large enough
to be excluded from penetrating the
fiber pores, the crosslinking can be
limited to the interfiber area. This
might result in improved wet
strength without embrittling the
paper.

In this research,a high-molecular-
weight polyethylene maleic acid
(EMA) was used to improve the wet
performance of various papers, and
the results were compared with that
from the treatment with BTCA.

EXPERIMENTAL
Materials

The unbleached kraft paper (74
g/m2) used in this study was a com-
mercial product made by Georgia-Pa-
cific. Bleached paper (58 g/m2) con-
taining 70% hardwood and 30%
softwood was made on the labora-
tory paper machine at Western
Michigan University. Corrugating
medium (122 g/m2) was provided by
International Paper.

BTCA and sodium hypophos-
phite (NaH

2
PO

2
) were supplied by

Aldrich. The EMA solution was pre-
pared by hydrolyzing polyethylene
maleic anhydride in powder form
(average molecular weight of
100,000, Zeeland Chemicals) in dis-
tilled water with heating.

Procedures of paper treatment
Sample sheets measuring 25 × 25
cm2 were brought to equilibrium in
a conditioned room at 25°C and 50%
RH (relative humidity). The condi-
tioned sheets were then soaked for
30 s in BTCA or EMA solutions of
prescribed concentration. Sodium
hypophosphite (NaH

2
PO

2
) was used

as catalyst. All the solutions main-
tained a constant 1:2 weight per
weight (w/w) catalyst-to-carboxyl
ratio. The sheets of unbleached kraft
paper and corrugating medium were
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±3 was used as a standard to detect
outliers. The acid pickup levels were
determined by titration using a stan-
dard 0.1N NaOH solution. (Sheets
were first ground into powder in a
Wiley mill to improve sample unifor-
mity.) The end point of the titration,
pH 9.2, was determined with a pH
meter. The acid pickup level (%
w/w) was calculated by the formula:

Acid pickup = 
V

NaOH
C

NaOH
q

W
× 100

where
V

NaOH
= volume of NaOH, mL

C
NaOH

= concentration of NaOH,
mmole/mL

q = equivalent coefficient
W = vacuum dry weight of the

sheet, mg
and where the equivalent coefficient
q is 73.0 and 58.5 for EMA and
BTCA, respectively.

RESULTS AND DISCUSSION
The wet and dry tensile strengths of
kraft paper treated with EMA and
BTCA at different acid concentra-
tions are presented in FFiigg..  11. At the
same acid pickup level, the wet
strength of EMA-treated paper was
significantly higher than that of
BTCA-treated paper, indicating that
the high-molecular-weight car-
boxylic acid is more effective in im-

ing improvements in wet strength.
More consistent results are obtained
by expressing paper wet strength as
the percentage of wet strength of
treated paper over the dry strength
of untreated paper (W/D ratio). This
is the method used to express wet
strength throughout this paper.

FFiigguurree  22 shows the change in
wet/dry percentage rather than the
actual wet-strength values of kraft
paper subjected to different treat-
ments with EMA or BTCA. The re-
sponse pattern is not altered, but the
quantitative relationship is in better
focus. At an acid pickup of 2%, a wet
strength of 50% of the original dry
strength was sustained with EMA-
treated paper, while that from BTCA
treatment was only 30%.To achieve a
wet strength of 50%, about 3.8% of
BTCA is required.Thus the efficiency
of BTCA relative to EMA at this test
level is only 53%. Note that the result
reported here is for a short curing
time of 2 min at 170°C, so the acids
are not reaching their full capacity.
The amount of acid required to pro-
vide a given wet strength could be
further reduced by extending the
curing time or curing at a higher
temperature.

FFiigguurree  33 shows the folding en-
durance of acid-treated kraft paper.
As expected, below wet strength of
about 59%—which is high enough

proving the wet strength of paper. In
contrast to the BTCA-treated paper,
where the dry tensile strength re-
mained relatively constant, the EMA-
treated paper showed an increase in
dry tensile strength.The relative con-
stancy of the dry tensile strength of
BTCA-treated paper can be inter-
preted as a balance between the
strengthening effect of fiber-to-fiber
bonding by ester crosslinking and
the detrimental effect of acid degra-
dation of the fibers. If this is the
case, then the crosslinking effect
must overshadow the fiber degrada-
tion in EMA-treated paper. The in-
crease in dry strength suggests that
EMA treatment would be useful for
upgrading recycled furnishes, reduc-
ing the softwood pulp or chemical
pulp requirement in the manufac-
ture of some paper grades, or even
saving fiber materials by merely low-
ering the basis weight of paper.

Paper wet strength is tradition-
ally expressed as the percentage of
wet tensile strength over dry tensile
strength of the treated paper. How-
ever, results expressed in those
terms can be quite misleading be-
cause resin addition also changes the
dry strength. One resin might give
higher absolute values of both dry
and wet tensile strengths and still
show about the same wet/dry per-
centage as another resin, thus mask-

1.Wet and dry tensile strength of kraft paper as a function of
acid pickup for two wet-strength acids

2.W/D ratio for kraft paper as a function of acid pickup for two
wet-strength acids
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3. Folding endurance of kraft paper as a function of W/D ratio
for two wet-strength acids

4.W/D ratio for bleached paper as a function of acid pickup for
two wet-strength acids

5.W/D ratio for corrugating medium as a function of acid
pickup for two wet-strength acids

6. Folding endurance of bleached paper as a function of W/D
ratio for two wet-strength acids

7. Folding endurance of corrugating medium as a function of
W/D ratio for two wet-strength acids

8. Dry stretch of kraft paper as a function of W/D ratio for two
wet-strength acids
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to meet most of the wet-strength re-
quirement—EMA treatment in-
creased the folding endurance signif-
icantly. At the wet strength of 59%,
the folding endurance of EMA-
treated paper was 509, a 55% in-
crease from the original value of 328
for the untreated paper. At the same
wet strength, folding endurance of
BTCA-treated paper dropped to 55,
about sixfold lower than the original
value. When the wet strength ex-
ceeded 59%, folding endurance fell
off even for EMA-treated paper. This
drop is either the result of severe
acid degradation at high acid pickup
levels, or excessive crosslinking, or
perhaps both. If the goal is to
achieve a wet strength as high as
possible without negatively affecting
the folding endurance, then a
wet/dry value of more than 70% can
be obtained, which is exceptionally
high compared with wet strengths
obtained using conventional wet-
strength resins.

To test this phenomenon further,
we treated two other substrates—
bleached paper and corrugating
medium—with BTCA and EMA. The
original properties of bleached
paper and corrugating medium are,
of course, significantly different from
unbleached kraft paper.

The wet strengths of acid-treated
bleached paper and corrugating
medium are illustrated in FFiiggss..  44  aanndd
55, respectively. In both cases, higher
wet strength was obtained with the
EMA-treated samples at equivalent
levels of acid pickup, which is in
agreement with the results for kraft
paper. However, the absolute wet-
strength increment of acid-treated
corrugating medium was lower com-
pared with the tremendous incre-
ment in kraft paper and bleached
paper. Corrugating medium is made
from chemimechanical pulp, where
the hydroxyl groups in the fiber are
less accessible because of the rela-
tively larger amount of lignin. Thus
the extent of crosslinking was not

Second, EMA-induced linkages
between two fibers may be longer
than those induced by BTCA. Be-
cause there are only four adjacent
carboxylic acid functional groups in
the BTCA molecule, the linkage
length is limited. EMA is a long-chain
copolymer, and there may be a series
of unreacted ethylene maleic acid
units between the connecting
points. Thus the bridge formed be-
tween reacted hydroxyl groups will
be markedly longer than it is for
BTCA. Quantitative analysis of the re-
acted and unreacted carboxyl
groups, which we will discuss in
greater detail in a future paper,
showed that this is theoretically the
case.The crosslinked network formed
in EMA-treated paper will thus be
looser and will not cause embrittle-
ment.

Considering the results from
other wet-strength-resin applications
and the dry stretch reduction of
BTCA- and EMA-treated kraft paper
(Fig. 8), the first explanation appears
to be most correct. Note that the
two explanations are not mutually
exclusive of each other. It is possible
that a combination of both explana-
tions provides a more thorough ac-
count of the differences between
EMA- and BTCA-treated paper.

An interesting phenomenon—
one that has a direct bearing on this
work—is that the method of apply-
ing the wet strength agent appears
to affect performance. When syn-
thetic wet-strength resins were first
used on an industrial scale,
urea–formaldehyde was applied to
paper as a tub size or surface appli-
cation treatment, which is similar to
the method we used in this study.
One negative aspect of this treat-
ment was that the paper tended to
become embrittled, as evidenced by
the reduction in folding endurance
(10–12). Attempts to minimize this
drop in folding endurance with vari-
ous cures, accelerators, and even
plasticizers were complete failures.

large enough to give the corrugating
medium a high level of wet strength.

The folding endurances of EMA-
and BTCA-crosslinked bleached
paper and corrugating medium are
given in FFiiggss..  66  aanndd  77, respectively.
Surprisingly,the EMA-treated bleached
paper showed an increment in fold-
ing endurance that was more than
four times the original value over a
wet-strength range of 40–65%. A
modest increment in folding en-
durance at low acid pickup levels
was obtained for the BTCA-treated
bleached paper. We attribute this
large upgrade in the folding en-
durance of EMA-crosslinked bleached
paper to the weakness of the bonds
in the untreated sheet. The folding
endurance of the EMA-treated corru-
gating medium was also significantly
higher than that treated with BTCA,
mirroring the trends observed for
the kraft paper and the bleached
paper.

There are two possible explana-
tions for the difference in folding en-
durance of EMA- and BTCA-treated
papers:

First, EMA-induced crosslinks are
concentrated in the interfiber area,
with little intrafiber crosslinking.
While these interfiber crosslinks in-
crease the bonding force between
fibers, they would not increase the
stiffness of the fibers themselves.
The fibers remain flexible enough to
relax in response to the stress ap-
plied during the test. Because fold-
ing endurance depends both on
fiber bonding and flexibility, the net
result is an increase in fold. In con-
trast, a significant amount of in-
trafiber crosslinks are formed within
the BTCA-treated paper. These in-
trafiber crosslinks, together with in-
terfiber crosslinks, greatly restrict
the flow property of paper and
cause embrittlement. The results of
stretch testing in FFiigg..  88 show that the
EMA-crosslinked sheets were signifi-
cantly more flexible than the BTCA-
treated sheets.
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9.Wet stiffness of kraft paper as a function of acid pickup for
two wet-strength acids

10. Dimensional stability of kraft paper as a function of acid
pickup for two wet-strength acids

11.Wet stiffness of bleached paper as a function of acid pickup
for two wet-strength acids

12.Wet stiffness of corrugating medium as a function of acid
pickup for two wet-strength acids
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13. Dimensional stability of bleached paper as a function of acid
pickup for two wet-strength acids

14. Dimensional stability of corrugating medium as a function of
acid pickup for two wet-strength acids
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When the method of resin applica-
tion evolved from tub size to stock
addition, there came a rather aston-
ishing discovery: the folding en-
durance of the resin-treated paper
was higher than that of comparable
untreated papers. No further expla-
nation has been found in the litera-
ture than the difference in “method
of application” (12).

The facts behind this difference
in application method lead us to be-
lieve that this interesting phenome-
non also reflects differences in intra-
and interfiber crosslinking. First, the
urea–formaldehyde used for tub size
had a low degree of polymerization,
while that used for stock addition
was characterized by a high degree
of polymerization (11). Second, the
molecular weight of urea–formalde-
hyde condensate used for stock addi-
tion is not uniform. High-molecular-
weight fractions tend to be more
substantive to fibers and are more
easily trapped in the fiber mat than
low-molecular-weight materials,
which can wash away with the white
water. Third, urea–formaldehyde
resin for stock addition is charged.
The resins tend to be adsorbed on
the fiber surface because of electro-
static forces. If the resins manage to
enter the large pores in the fiber wall
after prolonged contact time,they ad-
here to the inner surface of the pores
and form a monolayer, leaving the
central portion of the pores unoccu-
pied. The resins used for tub size are
uncharged, and the resin concentra-
tion employed is much higher than
that used for stock addition. Resin
molecules,especially small ones,have
more opportunities to penetrate into
the fiber cell wall and fill the pores.
Given these tendencies, it is clear
that tub size application of
urea–formaldehyde produces a much
higher level of intrafiber crosslinking,
resulting in embrittlement of paper.
While the chemistry of crosslinking
with urea–formaldehyde is different
from that of carboxylic acids, the
mechanism runs parallel.

high wet stiffness and dimensional
stability. We tentatively attribute dif-
ferences in the behaviors of papers
treated with high- and low-molecu-
lar-weight carboxylic acids to differ-
ences in the extent of interfiber and
intrafiber crosslinking. TJ
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FFiigguurree  99 shows the wet stiffness
values of kraft paper treated with
EMA and BTCA. The increase in wet
stiffness for EMA-treated kraft paper
proceeded more slowly than for the
BTCA-treated paper, although the
EMA-treated paper was slightly
higher at low levels of acid pickup.
To achieve higher levels of wet stiff-
ness, crosslinks are required both
within the cell wall and between
fibers. Once a sufficient level of
bonding forces between fibers has
been developed, intrafiber crosslink-
ing becomes more important.The re-
sults from this study are in agreement
with Van den Akker’s conjecture that
stiffness is more of a matter of indi-
vidual fiber rigidity (13).

The dimensional stability of EMA-
and BTCA-treated kraft paper is illus-
trated in FFiigg..  1100. EMA has a small ad-
vantage over BTCA in achieving a
moderate level of dimensional stabil-
ity but has difficulty reaching a high
level. This trend also reflects the rel-
ative importance of interfiber and in-
trafiber crosslinking.

Corresponding data of wet stiff-
ness and dimensional stability from
bleached paper and corrugating
medium are given in FFiiggss..  1111––1144, re-
spectively. Although there are some
minor differences compared with
the results from kraft paper, the gen-
eral trends are the same. In this re-
spect, small carboxylic acids are
more effective than large ones in
achieving good wet stiffness and di-
mensional stability.

CONCLUSIONS
High-molecular-weight polyfunctional
carboxylic acids are more effective
wet-strength agents than low-molec-
ular-weight acids. Moreover, the
fiber–fiber crosslinks induced by
high-molecular-weight acids increase
the sheet’s folding endurance, while
folding endurance drops for sheets
treated with low-molecular-weight
carboxylic acids. On the other hand,
high-molecular-weight carboxylic
acids are less effective in obtaining
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