
PEER-REVIEWED SCALE

With the discovery of dioxins in bleach plant effluents
in 1987, mills converted their first chlorination stage

to a chlorine dioxide stage. This change resulted in scale
problems in many mills that had never previously experi-
enced mineral deposits. Initially,many mills set the D

0
stage

pH target at 4.0, the same as the typical target for a D
1

or
D

2
stage. Later research showed that D

0
was much less pH

sensitive and that the optimum was anywhere between pH
2 and 4 [1, 2]. This is readily observed in the bleach
response data shown in Fig. 1. This pH region is very
active for barium sulfate and calcium oxalate precipitation
[3, 4]. Mills targeting the pH 4 side of the operating win-
dow ran the risk of calcium oxalate scale forming in their
D

0
stage. Mills adding enough sulfuric acid to drive the pH

down to 2.5 increased the potential for barium sulfate
scale.

At pH 4, half the pulp ion exchange sites are active in
the anion form and exchanging trace metals (Fig. 2).This
helps carry trace metals into the extraction stage and 
further into the bleach plant. The result is that managing 
a bleach plant to avoid mineral deposits becomes a 
much more challenging task. Meeting this task requires 
an understanding of the chemistry and mechanisms 
of scale formation and trace metals management. In 
the first paper of this series, we reported on seven mill 
case studies in which scale problems were eliminated 
and the chemical basis of the solution was well understood
[5]. The second paper presented the fundamental chem-
istry of precipitation and the acid-base chemistry of 
the scale-forming anions [3].This third paper demonstrates
the chemical principles needed to determine chemical
equilibria in a mill.

Mineral scale management Part III.
Nonprocess elements in the paper industry
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ABSTRACT: Efforts to comply with effluent standards have led to a situation where mills have
little leeway in managing trace metals without developing mineral scale deposits. In most cases, the
trace metals can be managed with minor process changes and suitable levels of process control. The
principal tools available to the mill are pH and good washing in the first chlorine dioxide stage wash-
er. In some cases, mills may need to change shower sources on washers or upgrade the D0 washer.
By determining the chemical equilibrium for critical points in the process and, in some cases mod-
eling the chemical equilibrium-mass balance, it is possible to identify operating conditions that will
eliminate mineral scale buildup in nearly all mill situations. This paper provides information on how
trace metals enter the mill and how pulp ion exchange influences where the metals go in the bleach
plant. It also demonstrates how a fundamental chemical analysis of the effect of pH on anion specia-
tion and solubility product on scale formation can be used to troubleshoot and prevent scale problems. 

Application: This paper provides a detailed equilibrium analysis of conditions in a mill that was
experiencing calcium oxalate scale and describes the process adjustments that eliminated the prob-
lem. The analysis determines how ion exchange, ion activity, and the acid-base equilibrium affect free
ion concentrations of calcium and oxalate and how these free ion concentrations are used to deter-
mine the potential for mineral scale formation.
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Figure 1-Influence of terminal pH in D
0

stage on extract-

ed kappa.

Figure 2-Calcium exchange with protons relative to

solution pH. Solid line is best fit; dashed line is linear

fit to Eq. (1).
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ION EXCHANGE CAPACITY 
OF WOOD PULP

The ion exchange behavior of wood pulp has been known
for about 40 years and has been fairly well understood for
at least 10 years [6, 7].The acids in wood pulp are primari-
ly carboxylic acid groups from oxidized end groups, the
hydrolyzed esters of uronic acid groups, and oxidized frag-
ments of lignin. A typical kraft brownstock pulp contains
about 100 milliequivalents per kilogram (meq/kg) of ion
exchange capacity. This decreases to about 50 meq/kg in
the partially and fully bleached pulp (Fig. 3). Most car-
boxylic acid groups have pKa values that fall between
about 3.5 and 4.5 [8] (see also Fig. 2). At a pH around 4,
about 50% are anions, the dissociated form, and about 50%
are protonated, the acid form. Following typical equilibria,
at a pH around 5, about 90% of the acid groups are disso-
ciated, and at a pH around 3, only about 10% are dissociat-
ed. Figure 2 shows an example of the pH-controlled
exchange of protons and calcium. Although still showing
the characteristic step function of an equilibrium, the tran-
sition from the acid to the base state is not as sharp as a
typical acid-base titration curve. By plotting log data, the
equilibrium expression becomes a linear function with the
intercept equal to log(K) and the slope equal to the stoi-
chiometric coefficient of the reaction. Equation (1) shows
this for an equilibrium involving the calcium ion and pro-
tons with an unspecified organic group R.

The equilibrium presented in Fig. 2 is shown again as a
log plot in Fig. 4.The linear fit gives a slope of 0.67, not
the slope of 2 expected. This deviation from ideal was
probably first recognized by Towers and Scallan [7], and
has been evaluated in detail by Laine et al [8].The evidence
is quite strong that the deviation from ideal is caused by
the presence of several carboxylic acids with slightly dif-
ferent acid dissociation constants. Some of these acids
seem to be associated with lignin. The result is that the
slope of the line in the log ratio plot is lignin concentration
dependent [8].

In an ion exchange material, the fixed ionic groups
must have their charge neutralized by opposing charges
[9]. In wood pulps, the fixed charge groups lose a proton
to become anions and the fiber develops a net negative
charge.The negative charge attracts cations from solution
until the net charge is near neutral, and just enough
remains to maintain the concentration difference between
the fiber and the bulk solution [9].The basics of this mech-
anism are contained in the Donnan equilibrium theory
developed to explain the electrolyte imbalance common in
dialysis. This process accounts for the ability of ion
exchange materials to collect ions at internal concentra-

tions that exceed the concentration in the external solu-
tion and the ability to collect ions like sodium and potassi-
um that rarely form chemical complexes.

In the Donnan theory, ion attraction to the ion
exchange material is based solely on charge and can be
described by the relationship shown in Eq. (2) [7, 9].

In Eq. (2), [M+]
F

refers to the concentration of monova-
lent cations free in solution,and [M+]

B
the concentration of

“bound” monovalent cations in the cation exchange resin.
[D2+]

F
and [D2+]

B
are the same for divalent cations. In the

Donnan equilibrium, the bound state concentration is the
ion concentration within the solvent-swollen ion exchange
particles.This is not always an easy parameter to measure
and is dependent on the cations present in solution and

Figure 3-Acid groups measured in pulp relative to pulp

kappa number [8, 14-16].

Figure 4-Log fit of calcium ion exchange data as in Eq.

(1b).

(1)

(2)
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the concentration difference between
the internal and external solutions.An
alternative that will be used here is to
use mole fraction to define the con-
centration of cations in the internal
solution. With this approach, the
effect of fiber swelling is contained in
the Donnan distribution constant �.

The Donnan approach provides
an adequate account for the distribu-
tion of ions between the solution and
bound states, but the distribution
coefficient � is not really constant.The
Donnan theory also does not account
for specific complex formation,which
has to be handled as an additional
equilibrium. The formation constants
for most divalent cations with acetic
acid are fairly small, and sodium is nor-
mally regarded as completely dissoci-
ated in nearly all solutions. But pro-
tons are a different story, and the for-
mation of a complex between protons
and an anion is exactly why an acid is
weak rather than strong. So, for ion
exchange processes involving a weak
fixed acid such as the carboxylic acid
groups in pulp, the Donnan equilibri-
um method cannot handle the distri-
bution or partition of protons very
well, and it is limited in accuracy on
other cations by any complex forma-
tion.

An alternative model is the selec-
tivity coefficient formalism.The selec-
tivity coefficient method closely paral-
lels solution chemistry but recognizes
a difference in the concentration basis
for the solution and bound states [9].
For the ion exchange reaction,

Ca2+ + 2NaR -> 2Na+ + CaR
2

Using the same notation as used
for the Donnan equilibrium, the selec-
tivity coefficient expression is 

This formalism is nearly identical
to the chemical equilibrium formal-
ism expressed in Eq. (1), except for
the important distinction that the
bound and free ion concentration
basis is not the same. Note that the
selectivity coefficient and Donnan
equilibrium are effectively the same
when the selectivity coefficient con-

stant has the value 1. The selectivity
coefficient has several advantages
over the Donnan equilibrium. It does
account for specific ion interactions
such as complex formation.The simi-
larity to solution equilibria makes it an
easy fit into solution equilibrium soft-
ware, and the similarity to solution
equilibria means that it can also be
modeled according to the Gibbs free
energy expression. But it greatly com-
plicates calculating the process chem-
ical equilibrium. For simplicity, this
paper uses the Donnan theory.

EFFECT OF ION EXCHANGE
(AND PRECIPITATION)

The basic effect of the pulp ion
exchange is to prevent trace cations
from being washed out of the pulp at
modestly acid to alkaline pH. In
brownstock washing, this is the
sorbed sodium effect that places a
limit on soda recovery. In the bleach
plant, the ion exchange effect can
carry cations such as calcium and 
barium through the initial chlorine
dioxide stage and into the D

1
and 

D
2

stages. Some of these cations will
be removed in these later stages.
Metals will be added back into these
stages where D

1
and D

2
filtrates 

are used as wash water on the 
first extraction or initial chlorine 
dioxide stages. At an acid content 
of 100 meq/kg of pulp and 10% 
pulp consistency, the ion exchange
can account for a calcium concentra-
tion of 200 mg/kg in brownstock or
D

0
stage pulp. Nonprocess elements

(NPE) data from bleach plants show
the pulp off the D

0
stage washer con-

tains 200-300 mg/kg of calcium. Due
to other factors, the ion exchange is
only responsible for about a quarter of
this total.This will be shown in detail
in an equilibrium analysis later in 
this paper.

Limited washing and precipitation
are the other major issues contribut-
ing to carryover of metals into 
the later stages of the bleach plant.
Even good washing in bleach plants 
is typically limited to a displacement
ratio of about 0.8. That means 20% 
of the calcium would carry into 
the extraction stage even with 
distilled water for wash water. Many
mills operate with displacement 

ratios closer to 0.6. Even more impor-
tant is the evidence that scale is 
just the tip of the iceberg. Where
there is calcium oxalate scale in the
D

0
stage, there is even more calcium

oxalate attached to fibers. In many
cases,mills just analyze for cations and
ignore the anions. Under these condi-
tions, precipitated calcium cannot 
be distinguished from adsorbed calci-
um. It makes sense that much of the
oxalate would get trapped on fiber.
Compared to the surface area of the
pumps, piping, and towers, the fiber
surface area is huge.

SUPERSATURATION
Supersaturation is a phenomenon
whereby ions are known to exceed
the solubility product and do not pre-
cipitate as expected. Supersaturated
conditions can exceed the solubility
product by an order of magnitude or
more [10]. This is regarded as a non-
equilibrium status and eventually a
precipitate will form.The presence of
dissolved organic fragments and
oligomers in bleach plant filtrates may
support supersaturation because
some of these fragments are surface
active and can mimic the activity of
scale inhibitors [11].

Given the typical process varia-
tion that exists in a mill, the possibili-
ty of a supersaturation condition 
persisting for an extended period is
very low.That means that a persistent
supersaturation condition is consid-
ered unlikely. Once the supersaturat-
ed state is broken and scale has
formed, the existing scale will grow 
at the rate that new ions are 
transported to the surface.The super-
saturation condition serves only 
to prevent harmless precipitation 
in solution and on fibers and to 
accelerate the growth rate of the
scale.

CALCULATION OF TRACE 
METAL EQUILIBRIUM

Consider the case study for the 
hardwood bleach line in Mill D of the
first paper in this series [5]. This 
mill operated with a D

0
terminal 

pH between 3 and 3.5 and suffered
from scale buildup on the wash press.
The concentrations of trace elements
and anions are given in the third 

(3)
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column of Table I.These data are determined as total con-
centration reported on an oven-dried pulp basis. As such,
the data include the bound cations and precipitated
cations as well the cations contained in solution. In addi-
tion, column 4 of Table I adjusts the NPE concentration to
the 7.5% consistency of the wash press headbox,column 5
expresses NPEs in molar concentration, column 6 records
the monovalent cation contributions to �2, and column 7
records the divalent cation contribution.The final column
shows the individual cation contribution to ionic strength
(C•z2).

With a few simplifying assumptions, the Donnan
approach provides a direct solution that is sufficiently
accurate for many purposes. Typically, unbleached kraft
pulps have about 100 meq/kg acid functional groups.The
fraction of acid functional groups subject to ion exchange
can be estimated from Fig. 2. At pH 3.5, this is approxi-
mately 20% or 20 meq/kg. This residual ion exchange
capacity is satisfied by the process (Na+) and the non-
process cations (Mg2+, K+, Ca2+, Mn2+, and Ba2+) in the solu-
tion. Remember, the proton concentration in the fibers has
already been accounted for.

The equilibrium has three interdependent parts: ion
exchange, acid-base equilibrium of oxalic acid, and 
precipitation of calcium oxalate. The ion exchange 
influences the concentration of free calcium in solution,
and that value is critical to determine if precipitation 
is likely. The acid equilibrium of oxalic acid determines
how much divalent oxalate is present in solution. That 
also affects the likelihood of precipitation. But when 
the pH is known, the acid equilibrium and ion exchange
equilibrium have little direct effect on each other. It is 
also not necessary to consider the effect of the solubility
product to determine if the concentrations of calcium 
and oxalate exceed the solubility product. This means 
the acid equilibrium and ion exchange equilibrium can 
be calculated independently, greatly simplifying the 
analysis. This is not the case if the goal is to determine 
how much calcium precipitates, because the solubility
equilibrium will affect both the ion exchange and 
acid-base equilibria and then all three need to be 
determined simultaneously.

Adding specific cations to the Donnan relationship in
Eq. (2) results in the following equation:

Squaring both sides of each equality and rearranging
Eq. (4), we get

Obviously, there are similar equations for Mg, Ba, and
Mn. By adding the right-side equalities of Eq. (5) and con-
verting to the summation notation, we get           

For practical purposes, the sum of the monovalent
cations in this case is just sodium and potassium, and the
sum of the divalent cations is magnesium, calcium, man-
ganese, and barium. In Table I, the sum of the squared con-
centrations of monovalent cations is 1.5 E-5, where the
sum of the divalent cations is 0.00238.The error in �2 from
ignoring the monovalent contribution in this case is about
0.6%, presumably in both the numerator and denominator.

We do not know either the numerator or the denomi-

(4)

TABLE I. CONCENTRATION OF TRACE ELEMENTS AND TOTAL OXALATE IN D
0
TOWER DISCHARGE STREAMA.

Element Atomic OD pulp Total

weight (mg/kg) (mg/kg) M M2 D C•z2

H+ 1 0.0316 0.0316

Na+ 23 1205 90.38 0.00393 1.5 E-5 0.00393

Mg2+ 24.3 39.5 2.96 0.000122 0.000122 0.000488

K+ 39 59.2 4.4 0.000114 1.3 E-8 0.000114

Ca2+ 40 1185 88.9 0.00222 0.00222 0.00888

Mn2+ 54.9 18.6 1.4 2.5 E-5 2.5 E-5 1 E-4

Ba2+ 137.3 21.5 1.61 1.2 E-5 1.2 E-5 4.8 E-5

Total C2O4 88 12.5 0.000142 1.5 E-5 0.00238 0.0139

a M2 is concentration of monovalent cations squared; D, concentration of divalent cations; Cz2, molar concentration of all

cations times charge squared.

(5.a,b,c)

(6.a,b,c)
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nator in this equation or, for that mat-
ter, the contribution of the divalent
cations to either.But if we assume that
the divalent cations will dominate the
bound state, the numerator has a mole
fraction value close to 0.5. (The fibers
can only absorb half as many moles of
divalent cations as there are moles or
equivalents of ion exchange sites. If
this condition is exceeded, the fibers
become positively charged and repel
the cations.) To increase the accuracy
of this estimate, it can be adjusted by
the approximate divalent contribu-
tion to the ion exchange.

In Eq. (7), the subscript T denotes
that this is total ion concentration.

The Donnan equilibrium, as
expressed in Eq. (4), does not include
the effect of ion activity. Technically,
the concentrations of both the bound
and free states are reduced by the
respective ion activity coefficients in
each. Because we do not really know
the volume of the bound state, we
cannot calculate an accurate activity
coefficient. If we ignore it, the activity
coefficient in the bound state gets
incorporated into the value of the dis-
tribution coefficient. Unfortunately,
this value is quite different for mono-
valent and divalent cations at high
concentrations. Nothing can be done
about this; it has to be accepted as
part of the overall error.

Considering just the divalent
cations and rewriting the Donnan
equation with the solution activity
coefficient (f

2
) gives

The sum of the bound and free
states is the sum of the total divalent
cation concentration that we know
from the chemical analysis. The con-
stant [Ie] is introduced to express the
bound ion concentration as a total
solution concentration, so that the
bound and free states are on the same
concentration basis and can be added
and subtracted in the mass balance.
For this case,

[IE}= 20(meq/kg)*(kg/1000g)*

(eq/1000meq)*(7.4%/100%)*(1000g/L
) = 0.0015 eq/L.

Solving Eq. (9) for the free cations
and inserting this into Eq. (8) gives

On the right side of Eq. (10), the
numerator is approximately 0.5F

D
; the

mole fraction of 100% divalent
reduced by the fraction as divalent
from Eq. (7). The denominator is the
activity coefficient for divalent cations
times the sum of the concentration of
all divalent cations. With these
assumptions, it is possible to approxi-
mate �.

From Table I, �[D2+]
T

= 0.00238.
F

D
= 0.00238/(0.00238+1.5E-5) =

0.994.
The fifth column in Table I is the

cation concentration times z2.
Summing this, we get a cation contri-
bution to ionic strength of 0.0139 M.
Technically, I = ( �C

i
z

i
2 + �A

j
z

j
2)/2.

Using just the cation concentrations
to estimate the ionic strength is a
weak approximation, but we rarely
analyze for all the anions, and the
analysis we do have in this case is not
close to balanced charge. For our pur-
poses, we can assume 0.0139 M is the
ionic strength and calculate an activi-
ty coefficient for both monovalent (f

1
)

and divalent (f
2
) ions using the

extended Debye-Hückel [12] equation

and an average value for the hydrated
radius of 5Å:

Using this value of f
2
, the denomi-

nator on the right side is f
2
*�[D2+]

T
=

0.63*0.00238 = 0.001499, and the
right side comes to 0.497/0.00149 =
331.

Now, solving for �,
�2 = 331(1+f

2
[Ie]�2) = 331 +

0.313�2

�2(1-0.313) = 313
� = 21.3
To determine the bound concen-

tration for the divalents, multiply the
total cation concentration by 331 (the
value obtained from the right side of
Eq. [10]) and f

2
. One can go through a

similar derivation to show that the
equivalent value for the monovalent
cations is

For the current case, �/(1+[Ie]f
1
�)

= 20.7.
Table II provides estimates of

bound and free cations.The final cell
of the bound fraction column is the
sum of the monovalent fractions plus
the twice the sum of the divalent frac-
tions.This value should equal 1.0.The

(7)

(8)

(9)

(10)

TABLE II. ESTIMATE OF BOUND FRACTION 

AND REMAINING FREE CATION CONCENTRATION.

Element Total (M) Bound Bound Free (M)

multiplier fraction

Na 0.00393 20.7 0.072 0.00382

K 0.000114 20.7 0.0021 0.00011

Mg 0.000122 313 0.024 0.000086

Ca 0.00222 313 0.43 0.00158

Mn 2.5 E-5 313 0.0049 1.8 E-5

Ba 1.5 E-5 313 0.0029 1.1 E-5

Charge 1.07

balance

(11)
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errors in the estimate are on the order
of 7%, and the equivalent of assuming
the initial ion exchange capacity of
the pulp is 107 meq/kg rather than
the original 100 meq/kg assumed.This
is well within the accuracy of the orig-
inal estimate of ion exchange capacity
and is within the errors for the meas-
urement of the solubility product of
calcium oxalate. The free molarity is
determined from total concentration
minus the bound fraction times
0.0015 eq/L, where the 0.0015 eq/L is
the solution concentration of ion
exchange sites determined earlier.
Note that there is an error in the esti-
mate of the activity coefficients
because these were determined from
the total cation concentration. This
too will be ignored.

The next step is to determine the
concentration of C

2
O

4
2-.The pH is the

ion activity of the proton concentra-
tion, so the acid dissociation is

The mass balance for total oxalate
is 

Where Ox represents the total
oxalate analysis. In this pH range, the
concentration of oxalic acid is small
and can be ignored. Solving Eq. (13)
for HC

2
O

4
- and substituting into Eq.

(12) gives

Enter 0.000142 M for total
oxalate.The pH is the negative log of
proton activity. Converting this to
solution activity and dividing by the
activity coefficient for monovalent
ions puts this into the form needed
for Eq. (14): 0.00316/f

1
= 0.000355 M

for H+.With 0.89 for f
1

and 0.63 for f
2
,

C
2
O

4
2- can be calculated at 3.0 E-5 M.

The solubility product expression
is

[Ca2+]f
2
[C

2
O

4
2-]f

2
= 2.3 E-9

Substituting in the values obtained
above, we get the product of the ion
activities as

[0.00158](0.63)[3.0 E-5](0.63) =
1.9 E-8

This is eight times the solubility
product as listed. Consider the follow-
ing extenuating issues:

•The values for the solubility
product of calcium oxalate vary by at
least a factor of 10, with the main
experimental variation being the
length of time provided for the pre-
cipitate to appear.

•Calcium oxalate solubility
increases with temperature.

•The analysis ignores the effect of
complex formation with calcium and
dissolved organics. Although these
tend to be weak complexes and have
been ignored for this reason, they do
reduce the available calcium slightly.

Considering these issues, this
value for over-saturation is considered
marginal, but with a probability of
scale formation. When this mill
encountered calcium oxalate scale
under these conditions, it lowered the
pH target of the D0 stage to 2.5.
Recalculating for this pH has the fol-
lowing pertinent points:

•The residual ion exchange sites
are reduced to about 7% of the total.
The solution concentration of ion
exchange sites then becomes 0.00052
eq/L.

•� changes to 19.25.The value of
�2/(1+[Ie]f

2
�2) does not change and

remains at 330.
•The value of �/(1+[Ie]f

1
�) goes

to 19.1.
•The bound fraction of Ca stays at

0.464, but this is now 0.464*0.00052
eq/L or 0.00024 M, and the solution
concentration is 0.00222 - 0.00024 =
0.00198 M.

•The lower pH favors HC
2
O

4
- over

C
2
O

4
2-, and the free oxalate drops to

4.2 E-6 M.
•The product of the ion activities

is (4.2 E-6)(0.00198)(0.63)2 = 3.3 E-9.

This value is just slightly above the
solubility product for calcium oxalate
and suggests a greatly reduced risk of
encountering this scale on the wash-
er. Using the MS Excel-based partition-
er spreadsheet [13], which uses selec-
tivity coefficients for the ion
exchange and an iterative approach to
solving the interdependent equilibria,
we determined the product of the ion
activities at pH 3.5 to be 3.1 E-8, and
at pH 2.5 was 2.9 E-9. The iterative
solution indicates a slightly higher risk
of scale at pH 3.5 and slightly lower
risk of scale at pH 2.5.

In addition to the factors indicated
earlier, precipitates are often carried
into the succeeding stages of the
bleach plant. This increases the con-
centration of these ions in the washer
filtrates of these stages.They return to
the D

0
stage in the shower water.

Because of this recycle effect, the
decreased amount of calcium oxalate
precipitated in D

0
will result in a

decrease in the recycle and further
reduce the total calcium and oxalate
in the D

0
stage.This means that even if

calcium oxalate still scales the D
0

press after the pH is lowered, the
reduced precipitate carryover will
result in further reductions of these
two ions in D

0
beyond what is calcu-

lated here.

CONCLUSIONS
This paper concludes a three-part
series on managing mineral scale in
pulp mills and bleach plants.There are
two overriding conclusions from the
series of papers:

1. Control to a pH of 2.5 in the
first chlorine dioxide bleach stage to
reduce or eliminate calcium oxalate
scale and improve calcium removal in
the first stage of the bleach plant. Do
not go lower.

2. If there is any risk of barium
sulfate scale, do not use chlorine diox-
ide generator spent acid for pH con-
trol. Sodium sesquisulfate increases
the risk of barium sulfate scale.

The report presented here has
supported the first of these two 

(12)

(13)

(14)
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conclusions at a level of detail beyond
the interests and dedication of most
mill technical staff. If a scale problem
is not resolved by practicing recom-
mendations 1 and 2, the cost-effective
solution is to understand the problem
using the methods presented in all the
papers of this series. TJ

LITERATURE CITED
1. Hart, P., and Connell, D.,

“Improving chlorine dioxide
bleaching efficiency by selecting
the optimal targets,” TAPPI 2005
Pulping, Engineering, and
Environmental Conference
Proceedings [CD], TAPPI PRESS,
Atlanta, Georgia, USA. 

2. Reeve, D.W. and Weishar, K.M.,
Tappi J. 74(6): 164(1991). 

3. Rudie, A. and Hart, P., Mineral scale
management. Part II: Fundamental
chemistry. TAPPI J., 5(7): 15(2006).

4. Rudie, A. and Hart, P., Solutions!
88(6): 45(2005). 

5. Hart, P. and Rudie, A., Mineral scale
management. Part I: Case studies,
TAPPI J., 5(6): (2006).

6. Sjöström, E., Janson, J., Haglund,
P., et al., J. Polymer Sci. Part C. (11):

221(1965).

7. Towers, M. and Scallan, A.M., J.
Pulp Paper Sci. 22(9): 332(1996).

8. Laine, J., Lövgren, L., Stenius, P., et
al., Colloids and Surfaces A, 88:
277(1994). 

9. Helfferich, F., Ion Exchange; Dover
Publications, Inc.: New York, 1995,
6-7, pp. 134-135.

10. Guo, J. and Severtson, S.J., Ind.
Eng. Chem. Res. 42(14):
3480(2003). 

11. Severtson, S.J., Duggirala, P.Y.,
Carter, P.W., et al., TAPPI J. 82(6):
167(1999).

12.Dean, J.A (Ed.), Lange's Handbook
of Chemistry, 14th ed., McGraw-
Hill, Inc., New York, New York, USA,
1992, pp. 8.2-8.5. 

13.Litvay, C., Rudie, A., and Hart, P.,
“Use of Excel ion exchange equilib-
rium solver with WinGEMS to
model and predict NPE distribution
in the Mead/Westvaco Evandale,
TX, hardwood bleach plant,” 2003
TAPPI Fall Technical Conference
Proceedings [CD], TAPPI PRESS,
Atlanta. 

14.Laine, J. Buchert, J., Viikari, L., et
al., Holzforschung 50(3): 208(1996).

15.Francis, R.C., Lai, Y-Z., Dence, C.W.,
et al., Tappi J. 74(9): 219(1991).

16.Katz, S., Beatson, R.P., and Scallan,
A.M., Svensk Papperstid. 87(6):
R48(1984).

Received: June 29, 2005
Revised:  April 11, 2006
Accepted:  April 19, 2006

The Forest Products Laboratory
is maintained in cooperation with
the University of Wisconsin. This
article was written and prepared by
U.S. government employees on offi-
cial time, and it is therefore in the
public domain and not subject to
copyright. The use of trade or firm
names in this publication is for
reader information and does not
imply endorsement by the U.S.
Department of Agriculture of any
product or service.

INSIGHTS FROM THE AUTHORS
An unanticipated outcome of the switch from chlo-
rine-initiated bleaching sequences to chlorine diox-
ide as the first stage bleaching agent was a consid-
erable increase in the number of mills experienc-
ing mineral scale deposits. After five years of effort
eliminating scale deposit problems, it had become
clear that there was not a general understanding of
the basic chemistry controlling scale deposits in
pulp mills and bleach plants. This is the final paper
in a three-part series addressing mineral scale
problems. It provides a detailed analysis of one
case study showing how pH adjustment can elimi-
nate calcium oxalate scale in a mill. This paper uses
the ion exchange, acid equilibrium for oxalate, and
solubility product for calcium oxalate to determine
the likelihood of mineral scale problems for a spe-
cific set of conditions and a process change. Most
calcium oxalate scale problems can be resolved by
adjusting the first chlorine dioxide stage terminal

pH to 2.5. Many barium sulfate scale problems can
be resolved by replacing ClO2 generator spent acid
with commercial sulfuric acid.

Application: This series of papers will help mill
operators and process engineers to understand
why these changes work and how to evaluate alter-
native when these simple solutions fail.

Rudie is with the USDA Forest Service, Forest Products
Laboratory, Madison, Wisconsin, USA; Hart is with
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A good correlation exists between the microrough-
ness of a set of GCC coatings and the refractive index, indi-
cating the importance of pigment packing at the surface.
A more open packing gave larger surface pores, a more
microrough surface and a lower refractive index.

The reflectometer has the advantage of simultaneously
measuring microroughness and macroroughness.A statisti-
cal measure of roughness and an indication of point-to-
point variation across a sheet may be obtained in a few
tens of seconds.This information can be used, for example,
to probe the changes in surface topography that occur dur-
ing calendering. In this work we found that the first few
nips decreased macroroughness, probably due to smooth-
ing of the base paper.A larger number of nips do not affect
base sheet smoothness, but gloss continues to rise owing
to compaction of the pigment coating, which is evident as
a decrease in the refractive index and the microroughness.

The preliminary data presented in this paper show that
reflectometry is a useful technique for investigating coating
structure and for explaining the origins of gloss. Further
work is needed, both to extend the range of applications
and materials studied, but also to examine the fundamen-
tals. In particular, the role of diffuse scattering needs further
investigation and quantification. Further studies of the rela-
tion of refractive index to porosity are also desirable. TJ

ACKNOWLEDGMENTS
We wish to thank Len Gate (Surfoptic) and Tony

Hiorns (Imerys) for valuable input.Thanks are also due to
Imerys Minerals Ltd. and Surfoptic Ltd. for permission to
publish this work.
Received: November 11, 2005
Revised: January 9, 2006
Accepted: April 28, 2006

LITERATURE CITED

1. Elton, N.J., Hooper, J.J., and Gane, P.A.C., “Optical
microscopy of paper: methodology and applications,”
Proceedings of the 24th EUCEPA Conference, 1990, pp.
438-458.

2. Chinga, G. and Helle, T., Nordic Pulp Paper Res. J.
17(3): 307(2002).

3. Chinga, G., Helle, T., and Forseth, T., Nordic Pulp
Paper Res. J. 17(3): 313(2002).

4.Furo, I. and Daicic, J.,Nordic Pulp Paper Res. J. 14(3):
221(1999).

5. Dalton, J.S., Preston, J.S., Heard, P.J., et al., Colloids
and Surfaces A, 205: 199(2002)

6. Ridgway, C.J. and Gane, P.A.C., Nordic Pulp Paper
Res. J. 18(1): 24(2003).

7.Arai,Y. and Nojima, K., TAPPI J, 81(5): 213(1998).
8. Preston, J.S., Elton, N.J., Legrix,A., et al., TAPPI 2001

Advanced Coating Fundamentals Symposium, TAPPI
PRESS,Atlanta, Georgia, USA, pp. 19-34.

9. Kent, H.J. , Climpson, N.A., Coggon, L., et al., TAPPI
1986 Coating Conference Proceedings, TAPPI PRESS,
Atlanta, p.103.

10. Gane, P.A.C. and Hooper, J.J., Transactions of the
9th Fundamental Research Symposium, Mechanical
Engineering Publications, London, England, 1989, pp. 871-
894.

11. Xu, R., Fleming, P.D., and Pekarovicova, A.,
Proceedings of the 2004 IS&T NIP20: International
Conference on Digital Printing Technologies, Society for
Imaging Science and Technology, Springfield, Virginia,
USA, pp. 439-444.

12. Hiorns, A.G., Elton, N.J., Coggon, L., et al., TAPPI
1998 Coating Conference Proceedings, TAPPI PRESS,
Atlanta, pp. 583-602.

13. Elton, N.J., Gate, L.F., and Hooper, J.J., Clay Minerals
34(1): 89(1999).

14. Gate, L.F. and Leaity, K., TAPPI 1991 Coating
Conference Proceedings,TAPPI PRESS,Atlanta, p. 473.

15. Gate, L.F. and Parsons, D.J.,“The specular reflection
of polarized light from coated paper.” Transactions of the
10th Fundamental Research Symposium, Pira
International, Leatherhead, UK, 1993, pp. 263-284.

16. Gate, L.F.,Windle,W., and Hine, M., TAPPI J. 56(3):
61(1973).

17.Preston, J.S.,Elton,N.J.,Husband, J.C.,et al.,Colloids
and Surfaces A, 205: 183(2002)

18. Elton, N.J. & Preston, J.S., TAPPI J. 5(6): 6(2006).
19. Hiorns,A., Kent, D, Parsons, J., et al.,“Enhanced per-

formance through multilayer coating,” TAPPI 2005
Coating Conference Proceedings [CD] TAPPI PRESS,
Atlanta.

20. Gane, P.A.C. and Ridgway, C.J., Paper Tech. 47(2):
39(2006).

21. Kettle, J.P.,“Investigation and computer modelling
of the pore structure of paper and of consolidated pig-
ment coatings,” Ph.D. thesis, University of Plymouth,
Plymouth, UK, 1996.

22. Kettle, J.P., Gane, P.A.C., Matthews, G.P., et al., Ind.
Chem. Eng. Res. J., 35: 1753(1996).
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