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ABSTRACT: This paper reports the results of extensive laboratory
experiments investigating removal of manganese by chelation
pretreatment and the redeposition of manganese onto pulp fibers
under alkaline conditions. Pretreatment pH was found to be the most
important control parameter in removing manganese from kraft
pulp. The dissolved organic concentration and pulp slurry consistency
had the greatest impact on the level of manganese redeposited onto

pulp under alkaline conditions.
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ydrogen peroxide has been used

for over 50 years in the bleach-
ing of mechanical pulps (7). Until re-
cently, hydrogen peroxide had not
been widely used in the bleaching of
kraft pulps because bleaching econom-
ics favor using chlorine and chlorine
dioxide. Current and proposed envi-
ronmental regulations on the produe-
tion of chlorinated organies in
chlorine-based bleaching have accel-
erated commercial use of hydrogen
peroxide to partially or completely
eliminate chlorine containing com-
pounds in kraft pulp bleaching. A key
to the successful use of hydrogen per-
oxide in the bleaching of kraft pulp is
the control of transition metals. Fe
and Mn are the transition metals of
most concern because they enter the

fiberline with the wood and arrive at
the bleach plant at levels which cause
rapid catalytic decomposition of hy-
drogen peroxide. Mn is homoge-
neously bound to the pulp while a
portion of the Fe associated with the
pulp is often randomly distributed,
making Fe more difficult to charac-
terize. An acidic chelation or an acid
wash pretreatment will often remove
most of the Mn but only about half of
the iron (2).

Hydrogen peroxide
decomposition
The decomposition rate of hydrogen

peroxide induced by transition metals
is dependent upon pH, as shown in
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Fig. 1 (3). Decomposition rate con-
stants were determined using the fol-
lowing rate expression:

Rate = k(liters/mole—s)-[H,0,]*

Decomposition rate constants for hy-
drogen peroxide are at a maximum (6
x 107 and 3.8 x 10%) for these metal
ions at pH of 9.5 and 11.5. The cata-
Iytic activity of Fe, which is tightly
bound to the pulp and typically not
removed by chelation, is less than that
of Mn or removable Fe, but this differ-
ence has not been quantified.

The hydrogen peroxide anion OOH-
is thought to be the active bleaching
species in the brightening reactions of
hydrogen peroxide bleaching. Its for-
mation is favored in the following equi-
librium reaction at high pH’s (4).

H,0 + OOH<«0OH + H,0,

Acidic chelation followed by good
washing can remove Mn to below 0.5
ppm on dry fiber (1.0 moles/L of solu-
tion for a 10% consistency bleach stage)
while Fe will typically remain at levels
of 5-50 ppm on pulp. The rate of Fe*?
catalytic decomposition of hydrogen
peroxideis increased at pH above 11.0.
The formation of high concentrations
of the hydrogen peroxide anion at high
pH is favorable to bleaching while the
accelerated Fe catalyzed decomposi-
tion of hydrogen peroxide is usually
unfavorable. These two opposing re-
actions contribute to an optimum
bleaching pH for hydrogen peroxide,
which is usually in the 10.5 to 11.0
range. The optimum bleaching pH is
also a function of temperature and Mn
concentrations.
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Chelating agents, metal
hydroxide solubility, and

transition metal removal

Both wood and cellulose are good ion
exchange ligands for metal cations (5).

The adsorption capacity of cellulose -

for metal cations increases with in-
creasing pH. However, Fe and Mn are
only sparingly soluble under alkaline
conditions. The free metal ion concen-
tration drops dramatically as the pH is
increased in the alkaline range due to
metal hydroxide precipitation. A drop
in liquid phase metal ion concentra-
tion, due to the solubility, will lead to a
corresponding drop in the equilibrium-
controlled ion-exchange bound metal.

Chelating agents are often used in
the pretreatment of pulp prior to hy-
drogen peroxide bleaching. Chelating
agents form soluble complexes with
metalions allowing them to be removed
from the pulp by washing. The two
most common chelating agents used
prior to hydrogen peroxide bleaching
of pulp are ethylenediaminetetraacetic
acid (EDTA) and diethylenetri-
aminepentaacetic acid (DTPA). Both
normally form complexes of one mole
of chelant to one mole of divalent metal
cation (6).

The chelation of metal ions has been
referred to as a “metal buffer” system
analogous to a hydrogen ion buffer sys-
tems (7) where the following equations
are applied to hydrogen and metal ion
buffers:

H* buffer and acid dissociation con-
stant:

HB<— H +B

K = [H'][BV[HB] (N
Metal buffer and chelate stability con-
stant:

MAn-m A M+n +A-n|

VK, = M)A [MA™)  (2)

Analogous to pH, the negative log
of the metal concentration can be de-
fined as pM. Rearranging Egs. 1 and 2
in terms of pH and pM yields:
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1. The pH dependence of hydrogen peroxide decomposition rate constant at 25°C in the
presence of Mn*? and Fe*3. Conditions: 0.1 mole/L H,0,, purified NaOH. Additives Mn(SQ,),

and Fe,(SO,), (3).

HYDROGEN PEROXIDE
DECOMPOSITION RATE CONSTANT
x 105 L/(mole-s) for Mn*2
x 10-6 L/(mole-s) for Fe+3
[~

—o— Mn+2 (50 umole/L)
—o— Fe+3 (20 umole/L)
—ao— Fe+3 (2 umole/L)
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pH

pH = pK_ + log[BJ/[HB] 3)

pM =logK, , + log[A™/[MA™"] (4)

The pH and pK_ are equal in the
hydrogen ion buffer system when the
acid and basic forms of the buffer are
equal. The pM and logK,, , are equal in
the metal buffer system when the con-
centration of metal chelate and excess
chelate are equal.

EDTA and DTPA are polydentate
ligands (4* and A®) which ecan com-
bine with up to four and five hydrogen
ions, respectively. As the pH of the
system is lowered, the chelant is suc-
cessively protonated with each proto-
nation represented by a dissociation
reaction and a dissociation constant:

H+ + HAj-m o H Aj-m+l
J J+1

I(j—m = [H+][IijAj-m]/[lijﬂAi’mH] (5)
where

A™™isthe unprotonated free ligand andj =
0,1,2,3...m-1.

Chaberek and Martell (7) derived
the following general equations to solve
for the metal concentration of divalent
metal molecules in a metal buffer sys-
tem with polydentate ligands, which
combine one mole of ligand to one mole
of metal ion:

M= M /(1 +(K,Alo)]  (6)
M, - [M+2] + [MAZ—m] (7)
A =[HAl+[H, Al+.[A"]  (8)

o= {[HVIK K,..K }+{[HT KK, K, )+
AIHVK ) + 1 ©

m

where M, is the sum of the concentra-
tions of the free and chelated forms of
the metal (total metal concentration)
and A, is the sum of the concentrations
of the individual uncomplexed forms
of ligands in solution (total excess
chelant).

Once the solubility limit of the metal
hydroxide has been reached, (first ap-
pearance of solid metal hydroxide) then
the metal ion concentration in the bulk
liquid phase is governed by the solubil-
ity product expressions. For di- and
trivalent metal cations the equations
are:

M* +20H <> M(OH), 1

K, = M2 lOHT (10)

M+ +30H < M(OH), |

K, = [M7][OHT (1

Substituting the definitions of K =
[H*][OH ]and pH = ~log[H*]into Eqgs.
10 and 11 and rearranging yields (7):



2. Calculated free Mn ion concentrations and Mn(OH), solubility in water metal-buffer systems

as a function of pH
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pM =log(K */K )+ 2pH
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(12)

pM = log(K“?/K‘\,p) + 3pH (13)

Equations 12 and 13 show that K
controls the bulk liquid phase metal
concentration at a given temperature
and pH, once the solubility limit is
reached. The slope of the pM—pH plot
is proportional to the valence of the
metal cation. If any solid-phase metal
hydroxide is present, the solubility con-
trols the liquid-phase metal ion con-
centration regardless of chelant or
other equilibrium complexes which
may be present. The solubility prod-
ucts for Fe*? Fe*® and Mn*2 are 8 x
106, 3 x 10% and 2 x 102 at 25°C (8).

Using Eqgs. 6 to 9 for the chelant
metal buffer system and Egs. 12 and
13 for the metal hydroxide solubility,
pM—pH curves have been constructed
for Mn*2 with DTPA and EDTA (Fig.
2). Chelant stability constants and hy-
drogenion disassociation constants are
from the literature (6). The total Mn*2
concentration used in the calculations
was 4.6 UM, which is approximately 25
ppm Mn on pulp at 1% consistency.
Calculations were done with both the
chelant molar concentration equal to
the Mnmolar coneentration and at 17.5
times the Mn molar concentration.
These molar concentrations of chelant
correspond approximately to 0.022%

and 0.4% DTPA and 0.029% and 0.56%
EDTA applied on dry pulp. The calcu-
lations assume 25°C.

The chelant controls the pM of a
solution until the point at which the
solubility curve intersects with the
chelant curve. At the intersection, pM
will follow the steeper solubility curve.
As the metal ion concentration falls
below the equilibrium value of the
chelant metal buffer system, the bound
metalis released from the chelate com-
plex attempting to re-establish equi-
librium. The solubility constraint keeps
the metal ion concentration in solution
from increasing and results in a net
“dump” of metal ions from the che-
lated complex to solid metal hydrox-
ide. One pH unit past the intersection
point, very little metal remains in the
chelated form. This phenomenon can
be described mathematically by com-
bining Eqs. 4 and 12 to yield:

loglA™}/[MA*"] = log(K* /K K,,)+2pH
(14)

Once the solubility limit has been
reached, an increase of 1.0 pH unit
results in a 100-fold increase in the
ratio of free chelate to metal chelate.

The equations and concepts pre-
sented ahove will be used later in this
paper to interpret actual data.

This paper reports on three areas of
transition metal control in closed kraft
mill bleach plants. First, kraft pulp is
characterized in the laboratory for Mn
removal by acidic washing and chela-
tion using pH, chelant charge, consis-
tency, temperature, time, and weak
black liquor (WBL) carryover as pa-
rameters.

Second, results of an alkaline
stepwise dilution washing study show
that at high pH most of the Mn, Mg,
and Ca is irreversibly bound to the
pulp while a small portion can be physi-
cally washed off.

Third, redeposition experiments
show how Mn removed by either acidic
washing or chelation will redeposit on
pulp under highly alkaline conditions.
The effects of chelant charge, consis-
tency, temperature, WBL concentra-
tion, and Mn concentration on
redeposition are reported.

Experimental

The pulp used in the laboratory ex-
periments was obtained from Louisi-
ana-Pacific, Samoa, CA. The initial
concentration of Mn on pulp was 25
ppm unless otherwise noted. WBL
used in the experiments was collected
from WBL storage tanks at the mill.
The wood furnish was 70% Douglas-fir
and 30% redwood. The pulp was cooked
in a Kamyr single-vessel hydraulic di-
gester to approximately 26 kappa. The
pulp was delignified to approximately
14 kappa in a single-stage medium-
consistency oxygen reactor. The pulp
was collected off the discharge side of
the second post-oxygen washer, cen-
trifuged to 30% consistency, and stored
at 4°C. The WBL had 13% total solids
with 45% of those solids remaining af-
ter ashing.

Unless otherwise noted, all experi-
ments were conducted at 1% consis-
tency and 75°C. The starting pulp
consisteney for all experiments was
30%, with distilled water used for dilu-
tion to the desired consistency. The
chelant used in the experiments was
DOW Versenex 80 and applied on a
weight basis of effective DTPA. Pulp
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slurry pH was adjusted with either
HZSO , or NaOH (Baker Analyzed re-
agent grade).

All experiments atless than 3% con-
sistency were conducted in a 2-L glass
tempering beaker with circulating wa-
ter in the shell for temperature con-
trol. Pulp slurries were mixed with a
2.5-in. diameter polypropylene paddle
at 200-300 rpm.

Experiments at 3% consistency and
above were conducted in polyester/
polyethylene heat-sealed bags with
prior mixing for 2 min in a Hobart
mixer. Temperature was controlled by
submersing the bags in a heated wa-
ter bath.

Acid washing and chelation experi-
ments were conducted by adjusting
the pulp slurry pH, adding required
chelant and mixing at 75°C for 30 min
unless otherwise noted. After 30 min,
the slurry was dewatered over a
Buchner funnel with a vacuum and
washed with distilled water at approxi-
mately 400 times the pulp’s dry weight.
The pad was dewatered to approxi-
mately 25% final consistency.

Experimental conditions for Mn re-
moval during chelation as a function of
consistency were 0.4% DTPA, 90°C,
30 min, and pH 6.0-6.3. All chelations
were done in polyester/polyethylene
heat-sealed bags and held at tempera-
ture by being submersed in a hot wa-
ter bath, except at 1% consistency,
which was done in a stirred glass tem-
pering beaker.

Experimental conditions for Mn re-
moval during chelation as a function of
DTPA charge were 75°C, 30 min, pH
5.5-6.5, and 1% consistency.

Experimental conditions for Mn re-
moval during chelation as a function of
percent WBL were 0.4% DTPA, 75°C,
30 min, pH 5.5-6.5, and 1% consis-
tency. WBL was added in varying per-
centages of the total dilution water in
a 1% consistency pulp slurry.

In the alkaline stepwise dilution ex-
periments, ultra-pure HPLC water
was used for dilution. NaOH was added
from a 50% solution to give a final
slurry concentration of approximately
0.08 M NaOH. Pulp was added to the
NaOH solution and mixed at 75°C for
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3. Mn concentration in pulp as a function of pH and chelant DTPA
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30 min. The pulp was dewatered over
a Buchner funnel] with a borosilicate
glass filter pad to minimize fines loss
and to minimize the adsorption of met-
als to the filter medium. Final pad
consistency was approximately 25%.
The process was repeated in a stepwise
fashion for a total of six steps of dilu-
tion washing.

In the alkaline redeposition experi-
ments, experimental conditions were
75°C, pretreatment 2.0 pH without
chelant and 5.5-6.0 pH with DTPA.
The pulp was mixed at the pretreat-
ment conditions for 10 min in a glass
tempering beaker. Experiments with-
out chelant then had 10 mL of 50%
NaOH added per 1.5 L, followed by 5
min of mixing. Experiments with
DTPA were conducted in the same
manner, except that 25 mL of 50%
NaOH was added per 1.5 L of slurry.

Pulp samples were prepared for
metal analysis by drying, grinding, and
digesting in nitric acid at 175°C. Met-
als were analyzed by inductively
coupled plasma (ICP) atomic emission
spectrometry. Detailed experimental
procedures and ICP analysis results
are given in Ref. 9.

Results and discussion

Acid washing and chelation

Both acid washing and chelation are
currently employed to remove un-
wanted transition metals in operating
pulp mills. Laboratory experiments
were conducted to characterize the
removal of Mn under varying condi-
tions including pH, time, temperature,
consistency, DTPA charge, and WBL

carryover.

pH Effects

Figure 3 shows the impact of pH on
removing Mn from pulp both with and
without chelant. Experimental condi-
tions were 1% consistency, 75°C and
30 min of mixing.

In the no-chelant case, the charac-
teristie curve can be broken into three
distinct regions. In the first region be-
tween 1.5 and 2.5 pH, the Mn bound to
the pulp is at a minimum. In this re-
gion, all the Mn is soluble (at concen-
trations normally found on pulp) and
the carboxylic acid or other acidic func-
tional groups of the cellulose or lignin
exchange metals for hydrogen ions,
which are in high concentration, re-
sulting in low bound Mn levels. The
acidic functional groups of the pulp
have made an equilibrium shift to their
protonated forms.



4. Concentration of free Mn in DTPA buffer system as a function of pH at 75°C. DTPA excess/
10* assumes a 10* reduction in uncomplexed DTPA due to complexation with other unknown

cations.
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In the second region between 2.5
and 6.5 pH, Mn bound to the pulp
increases as the hydrogen ion concen-
tration decreases and competition for
exchange sites decreases. The hydro-
gen ions are exchanged with metal
ions onto carboxylic acid or other acidic
function groups of the cellulose and
lignin as the pH increases. Mn is
soluble throughout this range.

In the third region above a pH of
6.5, the Mn concentration on pulp is
approximately constant. Due to the
decreasing solubility of Mn at higher
pH, the system changes from an ion
exchange equilibrium controlled sys-
tem to a non-ion exchange controlled
system at some point. As the free ionic
Mn in the bulk fluid drops, due to this
decreasing solubility, bound Mn will
attempt to reestablish equilibrium by
disassociating from the pulp. It is likely
that, as Mn leaves the ion exchange
sites, it precipitates on the surface of
the fiber and remains associated with
the fiber, but in a different form. Ex-
perimental results from alkaline
stepwise dilution washing are pre-
sented later in this paper to support
this hypothesis.

In the 0.4% applied DTPA chelant
case, the characteristic curve can be
broken into five distinct regions. The
first region between 1.5 and 2.5 pH is

similar to the first region in the no-
chelant case where the Mn associated
with the pulp is at a minimum. In this
region, all the Mn is soluble and the
carboxylic acid or other acidic fune-
tional groups of the cellulose or lignin
exchange metals for hydrogen ions,
which are in high concentration, re-
sulting in low bound Mn levels.

The second region is between 2.5
and 4.5 pH. In this region, two oppos-
ing forces are at work, creating a maxi-
mum bound Mn at a pH of 3.0. As the
pH is lowered from 4.5, DTPA be-
comes less effective as it is further
protonated with the pK_ of the H A*
at 4.42. This results in an increase of
Mn bound to the pulp. However, as
the pH is lowered, ion exchange of Mn
bound to the pulp for hydrogen ions is
inereased, lowering the bound Mn con-
centration.

The third region is between 4.5 and
6.5 pH, where the maximum selective
removal of Mn occurs. In this region,
all the Mn is soluble and the DTPA is
far more effective at binding Mn than
pulp is.

The fourth region is between 6.5
and 10.0 pH, where the DTPA binding
power is increasing but at a slower
rate than the chelating power of the
pulp. As a result, there is a significant
increase in Mn bound to the pulp even

though DTPA is more effective at che-
lating Mn in this region.

The fifth region is between 10.0 and
11.5 pH. A significant increase in the
slope of the Mn-pH curve develops in
this region. At a pH of 10.0, approxi-
mately half the total Mn is bound to
the pulp. As the pH is increased to
11.0, nearly alt of the Mn in the system
becomes bound to the pulp.

The mechanism responsible for this
inerease in bound Mn, in the fifth re-
gion, is unclear. It is possible that the
natural chelating power of the pulp
inereases in this region overpowering
the DTPA in an equilibrium shift. It is
also possible that the solubility limit of
Mn comes into play in this region.

Equations 6-9 and 12-13 can be
used to predict the pH at which solu-
bility becomes the controlling factor
in a simple metal buffer system of
DTPA and Mn. Temperature correc-
tions to Ksp, K ,and K, , from 25°C to
the experimental temperature of 75°C
are required. Using the van't Hoff
equation for correction, K for Mn
increases to 4.8 x 10% at 75°C. The
DTPA stability constant, log(K,,,),
decreases by approximately one log
unit (6) from 15.1 to 14.0, while pK
decreases from 14.0 to 12.6.

An accurate steady-state model of
the system would require equilibrium
equations for each metal ion in the
system which complexes with DTPA,
solubility equilibrium egquations for
each metal salt which can be formed,
equilibrium equations for each metal
ion which complexes with pulp, and
equilibrium equations for hydrogenion
disassociation reactions with acidic
functional groups on the pulp. Manga-
nese can form oxides and soluble hy-
droxide complexes at high pH which
further complicates the system. Since
pulp is very difficult to characterize,
very narrow restrictions on species,
processing, age, ete., would be required
to model the complex system.

For a qualitative understanding of
the system, the simple metal buffer
model can be used with a correction
factor for the unknown equilibrium
reactions taking place. In general, the
effect of competing cations binding
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with DTPA is to lower the excess un- 5. Molar ratio of Mg to Mn as a function of pH in absence and presence of DTPA
bound chelant. The effect of compet-

ing ligands, such as pulp, is to deplete
the free concentration of Mn ions. As-
suming that depletion of excess DTPA
by competing metal ions is respon-
sible for the Mn—pH curve character-
istics in the 10 to 11.5 pH range, a
correction factor can be applied to the
simple model by dividing A, in Eq. 8
by a factor to represent depletion of
excess chelant. A defined by Eq. 15
can then be used in place of A, in Eq. 6.

100 E
A = (H A+ [H, Al + . [A"DIf : \w\p___o—%
(15) 0 [ L A L A i n 1 n L A A I Il L L i I "

Figure 4 is the pM-pH plot using pH
the simple model for experimental con-
ditions at 75°C. Curve A is an equal
molar charge of DTPA to total Mn,  § Removal of Mn from pulp as a function of tme ang temperature with a 0.4% DTPA treatment
curve B is 17.5 times equal molar atan initial pH of 5.3
charge of DTPA (equivalent to the

600
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MOLAR RATIO OF Mg TO Mn

0.4% applied DTPA used in this ex-
periment), and curve Cuses A | in place
of A, with f = 10", z5
Assuming a constant total chelant 23
concentration and a solubility con- =5
trolled system, a pH increase of 1 unit E °
would result in approximately 99% of 8%
the complexed Mn being released, SE
making it available to redeposit onto © E
the pulp. This corresponds well to the =a
experimental results in region five of

the Mn-pH curve in Fig. 3. While the
modified simple model gives a good
qualitative fit to observed experimen- TIME, min
tal data, further experimental work is
needed to determine the actual mecha-

nisms responsible for the characteris-
tic curve in region five. 7. Removal of Mn from pulp as a function of time and temperature with a 0.4% DTPA
pretreatment at an initial pH of 9.5

A high molar ratio of Mg to Mn is

considered important to maximize the 16

hydrogen peroxide bleaching effi- uk

ciency of kraft pulp (10-12). Figure 5 ’

shows the Mg to Mn molar ratio for %g 12f

pretreatment of pulp with and with- g2 N

out DTPA as a function of pH. With- €%

out DTPA, the ratio is nearly flat in S92 sf

the range of 20 to 30 for pH above 3.0. 2 E’ oF

With DTPA, the ratio reaches a maxi- 3 c | —o— 25°C

mum of 500 at a pH of 4.5-5.0. £g 4f —9— 50°C
—— 75°C

Kinetics 2 hadkd

Figures 6 and 7 show the removal S 20 60 90 120 150 180 210 240

rate of Mn with 0.4% applied DTPA at TIME, min
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8. Removal of Mn from pulp as a function of consistency with a 0.4% DTPA pretreatment at a

pH of 6.0-6.3. Two replicate runs.
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9. Removal of Mn from pulp as function of % DTPA applied at a pH of 5.5-6.5. Two replicate
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10. Removal of Mn from puip as a function of % WBL in total dilution water in a 1% consistency
slurry with 0.4% DTPA pretreatment at a pH of 5.5-6.5. Two replicate runs.
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pH of 5.3 and 9.5, respectively. The
initial Mn concentration was 25 ppm
on dry pulp in all cases.

AtapH of 5.3 both the removal rate
and steady-state removal efficiency are

increased with increasing tempera-
ture. At a pH of 9.5, the removal rate
is increased with inereasing tempera-
ture, while the steady-state removal
efficiency does not increase with tem-

perature. The apparent decrease in
the steady-state removal efficiency af-
ter 30 min at 90°C and 9.5 pH is unex-
plained, but may be due to secondary
reactions which are promoted by high
temperature alkaline conditions.

Consistency

Figure 8 shows the impact of consis-
tency on Mn removal. Consistency
appears to have a minor influence on
removal efficiencies which ranged from
94.5% to 98.5%. The removal efficiency
was at a minimum at 5% consistency.

DTPA charge

Figure 9 shows the impact of DTPA
charge on Mn removal. The removal
efficiency increased from 34% without
DTPA to 93% with the addition of
0.05% DTPA. Increasing the chelant
charge from 0.1% to 0.4% applied on
pulp increased the removal efficiency
from an average of 92-96.5%. Increas-
ing the charge further to 2.0% in-
creased the removal efficiency of only
1%.

WBL carryover

Figure 10 shows the impact of weak
black liquor (WBL) carryover on Mn
removal. Increasing the WBL to 1%
of total dilution from 0% increased the
removal efficiency from an average of
96-98%. 1t is likely that the dissolved
organic solids act as a chelant, further
reducing Mn bound to the pulp.

Alkaline stepwise dilution washing

In the acidic pH range, divalent metal
cations are reversibly bound to the
cellulose in equilibrium with the free
metal ions in solution. To describe ob-
served sorption phenomena, adsorp-
tionisotherms are often used. Previous
investigations have shown that the
Langmuir isotherm adequately de-
scribes the sorption of Cu*? onto o-
cellulose in acidic conditions (5). As
the pH is increased into the alkaline
range, the solubility limit for the di-
valent metal cations is reached. Once
the solubility limit is reached, the free
metal ion concentration is governed
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by solubility (Eq. 12). Asthe freemetal 77, Reduction in pulp Mn concentration following stepwise alkaline dilution washing at 75°C
ion concentration drops with increas- and a pH of 11.5-11.7. Two replicate runs.

ing pH, due to decreasing solubility, 30
sorbed ions will disassociate from the
pulp to reestablish equilibrium with
the liquid phase free metal ions. Since
the solution is already saturated in the
metal ion, the desorbed ions will pre-
cipitate either in solution or onto the
pulp. It is possible that the metal hy-
droxides themselves could adsorb onto
the pulp in an equilibrium fashion.

To determine if metals bound to 5
pulp in highly alkaline conditions are
reversibly (equilibrium) or non-revers- 0
ibly bound, a series of alkaline stepwise
dilution washings were performed. WASH STEP
Measured pH at 75°C ranged from
11.5 to 11.7. The solubility of Mn un-
der these conditions is extremely low,
approximately 7 x10° uM.

N
5

n
=]

e
o

Mn CONCENTRATION
=

ppm (mg/kg o.d. pulp)

12. Reduction in pulp Ca concentration following stepwise alkaline dilution washing at 75°C
and a pH of 11.5-11.7. Two replicate runs.

Figures 11-13 show the results of
alkaline stepwise dilution washing for ok
Mn, Ca, and Mg. All three metals show s
similar results with an exponential z 5 1200%
decline from an initial concentration o35 !
to a new steady-state “washed” value E.: 1000 £
after four steps of washing. S o
The Mn concentration in the wash o o )
filtrate was below the 20 ppb detec- 5E 6w 5 )
tion limit in all wash steps. If the met- © E wof
als were bound in equilibrium with the Ce Tt
free metal ion concentrations in the 200F
liquid phase, then the metals would F . . . . .
continue to be removed in each dilu- %% 1 2 3 4 5 6
tion wash step. These data indicate WASH STEP
that under highly alkaline conditions
metals are not bound to the pulp in
equilibrium with the free metal ions in
solution. 13. Reduction in pulp Mg concentration following stepwise alkaline dilution washing at 75°C
On average, 34% of the Mn, 28% and a pH of 11.5-11.7. Two replicate runs.
Mg, and 52% of the Ca was removed 250
by stepwise washing. It is likely that
the reduction occurred by physical re- 300
moval of loosely bound solid metal par- 2s
ticles. E g = o S
g ° K
EJS 200
Redeposition of metals on pulp &0
under alkaline conditions %E’ 150
Closure of the totally chlorine free ‘;g 100
(TCF) bleach plant will likely require 2
taking a portion of the acid wash or 50
chelation stage wash (Q-stage) filtrate ) .
back as shower water onto the alka- 0 4 5 6
line brownstock washers. Simulations WASH STEP
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14. Alkaline redeposition of Mn on pulp after acidic dilution washing as a function of pulp slurry

consistency. Two replicate runs.
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15. Atkaline redeposition of Mn on pulp after acidic chelation as a function of slurry consis-

tency. Two replicate runs.
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16. Alkaline redeposition of Mn on pulp after acidic chelation as a function of % DTPA on o.d.

pulp. Two replicate runs.
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have predicted that if all the Mn
redeposits onto the pulp fiber, then a
large increase in the Mn concentra-
tion fed to the bleach plant will result
(@).

Laboratory experiments have been
conducted to determine how much Mn
will redeposit onto the pulp fiber un-
der varying conditions. Experiments
have been conducted both with and
without chelant (DTPA) present. Ex-
periments without chelant had alka-
line pH 0f 11.2-11.6, while experiments
with chelant present had alkaline pH
of 11.5-12.0, all measured at experi-
mental temperature. At 75°C, pK =
12.6, indicating that for an equivalent
OH- concentration at 25°C the pH
should be adjusted up by 1.4 units (e.g.,
12.6 pH at 75°C has same OH- concen-
tration as 14.0 pH at 25°C).

Consistency. The effects of pulp
slurry consistency on redeposition of
Mn are shown in Figs. 14 and 15.

In both cases, the percent
redeposition of Mn varied linearly with
the log of the consistency.

No chelant:

% redeposition = 42 x log[% consis-
tency] + 77 Rz2=098

0.4% DTPA:

% redeposition = 31 x log[% consis-
tency] + 72 R2=0.93

DTPA charge. The effects of DTPA
charge on redeposition of Mn are
shownin Fig. 16. Increasing the DTPA
charge from 0% to 0.4% had little im-
pact on the percent redeposition of
Mn. Increasing the DTPA charge from
0.4% to 1.5% lowered the percent
redeposition from an average of 74%
to an average of 60%.

Temperature. The effect of pulp
slurry temperature on redeposition of
Mn is shown in Fig. 17.

Increasing the temperature from
60°C to 75°C decreased the percent
redeposition of Mn from 87% to 7%
on average. Increasing the tempera-
ture from 75°C to 90°C had little im-
pact on the percent redeposition,
dropping it by only an additional 1%
on average.

Mn Concentration. The effect of
Mn concentration on redeposition of
Mn is shown in Figs. 18 and 19. Pre-
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treated pulp had Mn removed to 0.7
ppm by chelation with 0.4% DTPA, 5.5
pH, 30 min, 90°C, and 10% consistency
in polyester/polyethylene heat-sealed
bags. The required Mn was added from
a stock solution of 100 ppm Mn in
distilled water which was made with
MnSO,-H,0.

The redeposited Mn increased lin-
early with total Mn, for all cases stud-
ied. Indicating that the percent
redepositionis approximately constant
regardless of starting total Mn con-
centration. Redeposition without
DTPA present (Fig. 18) showed a dif-
ference between pretreated and
untreated pulp. The slopes were 0.69
ppmyppm and 0.56 ppm/ppm, respec-
tively.

Redeposition with 0.4% DTPA
present (Fig. 19) showed no differ-
ence between pretreated and
untreated pulp, having a combined lin-
ear slope of 0.62 ppm/ppm.

Weak black liquor. The effect of
weak black liquor (WBL) on
redeposition of Mn is shown in Fiig. 20.
The Mn concentration in the WBL
was 4.1 ppm.

A dramatic reduction in percent
redeposited Mn is seen even with a
small addition of WBL to the slurry,
both with and without chelant present.
At 1% WBL, the percent redeposition
of Mn dropped from 80% to 15% with-
out DTPA present, and dropped from
74% to 31% with DTPA present. It is
likely that the dissolved organics act
as chelating agents, keeping the Mn
away from the surface of the pulp, and
thereby reducing the portion of Mn
which redeposits onto the pulp fiber.

This result is very important in un-
derstanding how metals will redeposit
if acid wash or Q-stage wash filtrate is
recycled to an alkaline wash stage. Ifa
hydraulic balance can be achieved, it
may be most desirable to recycle this
filtrate as far upstream in the washing
process as practical. The higher WBL
concentrations found upstream would
reduce the percent Mn which
redeposits onto the pulp. The metals
would exit with the WBL into the li-
quor cycle where a large portion would
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17. Alkaline rdeposition of Mn on pulp as a function of temperature. Two replicate runs.
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18. Alkaline redeposition of Mn on pulp after acid dilution wash. Two replicate runs. Pretreated
pulp had prior acid chelation with 0.4% DTPA followed by distilled water wash. Starting Mn
concentrations were 0.7 ppm on pretreated pulp and 25 ppm on untreated puip.
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be purged from the kraft cycle in the
dregs and grits.

Conclusions

Acid washing and chelation

For the pulp studied, the optimum pH
range for DTPA chelation of Mn was
4.5-5.5. This pH range corresponded
to the maximum Mn removal and the
maximum Mg-to-Mn molar ratio. To
achieve Mn removal efficiencies com-
parable to chelation, acid washing must

be done below a pH of 3.0. Acid wash-
ing results in Mg-to-Mn ratios far be-
low those of optimal chelation with
DTPA.

As the pH is raised above the opti-
mum range in chelation of Mn, both
EDTA and DTPA become more effec-
tive, but the pulp becomes a strong
chelating agent itself competing for
Mn ions. The result is significantly
higher levels of bound Mn on pulp.
Further studies are required to deter-
mine if solubility or pulp ion exchange



19. Alkaline redeposition of Mn on pulp after acid chelation with 0.4% DTPA. Two replicate
runs. Pretreated pulp had prior acid chelation with 0.4% DTPA followed by distilled water wash.
Starting Mn concentrations were 0.7 ppm on pretreated pulp and 25 ppm on untreated pulp.
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20. Alkaline redeposition of Mn on pulp as a function of % WBL in a 1% consistency pulp slurry.

Two replicate runs.
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equilibrium eontrols bound Mn at pH
above 10.0.

At 5.3 pH, increasing temperature
increases both the rate of Mn removal
and the final steady-state removal ef-
ficiency of Mn in a 0.4% DTPA chela-
tion of kraft pulp. Reduction to 95% of
the final steady-state level of Mn was
reached after4, 10, 60, and 100 min for
temperatures of 90°C, 75°C, 50°C, and
25°C, respectively. Final steady-state
removal efficiencies were 99%, 98%,
96%, and 90%, respectively.

At 9.5 pH, increasing temperature
increases the rate of Mn removal, but
not the final steady-state removal ef-
ficiency of Mn in a 0.4% DTPA chela-
tion of kraft pulp. Removal rates were
approximately half those found at a
pH of 5.3. Reduction to 95% of the
final steady-state level of Mn was
reached after 9, 30, 120, and 190 min
for temperatures of 90°C, 75°C, 50°C,
and 25°C, respectively. Final steady-
state removal efficiencies were all ap-
proximately 65%.

Consistency has a small but mea-
surable impact on Mn removal effi-
ciencies in acidic DTPA chelation. At
1% consistency, removal was at a maxi-
mum at 98%. Removal efficiency was
at the minimum of 95% at 5% consis-
tency and then returned to 97% for
both 10% and 15% consistency chela-
tions.

The Mn removal efficiency in-
creased from 34% without DTPA to
93% with the addition of 0.05% DTPA.
Increasing the DTPA applied from
0.1% to 0.4% increased the Mn re-
moval efficiency from 92% to 96%
while a further increase to 2.0% DTPA
increases removal efficiency to 97%.

An addition of 1% WBL (as per-
cent of total water in slurry) increased
the Mn removal of DTPA chelation
from 96% to 98%.

Alkaline stepwise dilution washing
Mn, Mg, and Ca are not bound to pulp
in a reversible fashion (ion exchange
equilibrium) at high pH. A portion of
the bound metals may be physically
washed off with repeated dilution
washings, but steady-state is reached
after approximately four stepwise di-
lution washes. The decline in wash-
able metals follows an exponential
curve.

Alkaline redeposition of metals on
pulp

Redeposition of Mn onto pulp after
acidic or acidic-DTPA pretreatment
varies linearly with the logarithm of
consistency. Redeposition is slightly
higher when chelant is not present.

Only a slight reduction in percent
of redeposited Mn is seen when in-
creasing DTPA from 0.0% to 0.4%.
Increasing DTPA from 0.4% to 1.5%
in a 1% consistency slurry reduced
the percent redeposition of Mn from
74% to 60%.

Redeposition of Mn on pulp is ap-
proximately the same at 75°C and
90°C. At 60°C, redeposition is on aver-
age to 87%, compared to the average
of 77% at 75°C and 90°C, all at 1%
consistency.

Vol. 77, No. 2 Tappi Journal 147



Pulp Bleaching

RNt S

Redeposition of added Mn
(MnSO,'H,0) is linear with 62%
redeposited with DTPA present, and
between 56% and 69% redeposited
without DTPA present, all at 1% con-
sistency.

Addition of WBL had a dramatic
reduction in the amount of Mn
redeposited onto pulp. With DTPA
present, redeposition dropped from
74% to 31% with 1% WBL addition (as
percent of total water in slurry). With-
out chelant present, redeposition
dropped from 80% to 156% with 1%
WBL addition. It is likely that the
dissolved organies function as chelat-
ing agents and serve as precipitation
sites during the change from acidic to
alkaline conditions.
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