Kinetics of oxygen bleaching mediated by
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ABSTRACT: The effects of process variables on the kinetics and
selectivity of oxygen bleaching promoted by in situ
electrochemically generated ferricyanide are studied to help
understand the process mechanism and to show how metal redox
species may be used to promote oxygen bleaching with enbanced
selectivity. The ferricyanideloxygen system increases the rate of
delignification and cellulose degradation and gives a small
increase in selectivity, all at milder operating conditions than in
conventional oxygen bleaching. The presence of ferricyanide in
the bleaching process shifts the rate determining steps for both
the lignin and cellulose oxidation from chemical reaction to
ferricyanide diffusion control and makes the reaction rates
nearly independent of oxygen pressure above 0.1 MPa. Highest
selectivity in the electrochemical process is obtained by in situ
generation of ferricyanide with zero oxygen pressure (nitrogen
sparge). However the delignification rate under nitrogen is
about one-third to half of that under oxygen with the same
current. In the presence of oxygen, the selectivity is raised by
application of a current together with increasing pH and
temperature, but increasing the current decreases the selectivity.

KEYWORDS: Bibliographies, bleaching, cyanides, electro-
chemistry, iron compounds, kinetics, oxygen bleaching, selectiv-
ity, stoichiometry.

Oxygen bleaching is recognized
as an environmentally benign
pulp bleaching option which can re-
duce the content of chlorinated or-
ganic compounds in bleaching

effluents. However, conventional
oxygen bleaching is compromised by
the competitive reactions between
lignin and cellulose together with the
low rate of the delignification pro-
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cess (1). Such factors force the con-
ventional processes to operate at
high oxygen pressure (above 0.45
MPa), high temperature (above
100°C), and high congistency (above
10%), while only removing 50% of
lignin compared to chlorine bleached
pulp of equivalent strength (2).

The use of ferricyanide to pro-
mote oxygen bleaching of pulp was
first explored by Chupka et al. (8-
5). These workers found that pulp is
delignified by electrolyzing an alka-
line pulp slurry containing potassium
ferro/ferricyanide. This “electro-
chemical” bleaching was done for 60
min at 2% consisteney, 60°C, and at-
mospheric pressure in 1 M NaOH
solution with up to 4.5 mM ferricya-
nide. Ferricyanide and co-generated
oxygen were produced in situ at a
nickel anode operating at a current,
density of 75 A/m?. Chupka et al.
found the extent of delignification
and physical properties of pulp
bleached by this method to be simi-
lar to those of pulp from conven-
tional oxygen or chlorine bleaching
processes.

Godsay et al. (6-8) extended
Chupka’s work by bubbling oxygen
into an alkaline bleaching solution
containing potassium ferricyanide
and recycling this solution through
a bateh of unbleached chemical pulp
with regeneration of the ferricya-
nide in a separate electrochemical
reactor. Ferricyanide loadings of
0.004-0.4 wt% K,Fe(CN), on
ovendry pulp were used with 3-5%
pulp consistency. The 1-2 M NaOH
solution was saturated with oxygen
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presr e e
at room pressure, the bleaching tem-
perature was 20-65°C and bleaching
time from 10 h to 20 h. The research-
ers claimed that under these mild
conditions of temperature and pres-
sure this electrochemical bleaching
system could bleach pulp to 80%
delignification with a kappa number/
viscosity relationship similar to that
of conventional oxygen bleaching.
These workers also noted a pro-
nounced synergism in the effects of
oxygen and ferricyanide on the rate
of delignification (3).

Both groups of researchers
showed that ferro/ferricyanide elec-
trochemical bleaching can operate at
milder conditions than conventional
oxygen bleaching, but the process
variables, selectivity, and kineties of
the electrochemicsal bleaching system
were not studied extensively.

The work reported here is a com-
prehensive examination of the effects
of process variables on the kineties
and selectivity of oxygen bleaching
promoted by in situ electrochemically
generated ferricyanide (9). The ob-
jeet of this work is to help under-
stand process mechanisms and to
show how metal redox species may
be used to promote oxygen bleach-
ing with enhanced selectivity.

Apparatus and procedure

Apparatus

Electrochemical bleaching experi-
ments were done in the laboratory
apparatus shown in Fig. 1. The
superatmospheric pressure electro-
chemical bleaching reactor was con-
structed from a 203-mm long section
of schedule 80, 6-in. nominal diam-
eter 316 stainless steel pipe, coated
on the inside with PTFE to reduce
metal contamination and sealed with
class 300 blind flanges to give an ef-
fective reactor volume from 1 L 10 3
L. The stirrer, which provided good
mixing during the reaction, consisted
of a pair of 75-mm diameter 316 stain-
less steel three-blade propellers ona
12.5-mm shaft driven by a variable
speed 93-W motor. The top flange
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1. Electrochemical reactor setup
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I. Levels of process variables in factorial experiment?
Symbol Level -1 0 +1
O Oxygen pressure, MPa 0° 0.6 1.1
/ Current, A 0 0.5 1.0
P pH®e 11.2 12.5 14.0
T Temperature, °C 30 53 75

a Initial ferrocyanide concentration 16 mM.
® pH measured at 20°C.
¢ Purge with nitrogen at 1.1 MPa.




I1. Levels of process variables in parametric experiment®

Process variable Level
Oxygen pressure, MPa 0 0.1 0.6 1.1
Curreni, A 0 0.5 1.0
pH 11.2 125 13.0 14.0
Temperature, °C 30 53 75 84
a |nitial ferrocyanide concentration 16 mM.
Il. Oxygen solubility under alkaline conditions
Oxygen solubility, mM

Q,
pH MPa 30°C 53°C 75°C 84°C

0.1 0.8 0.60 0.5 0.5
14.0 Q.6 4.5 3.7 33 3.1

1.1 8.3 6.8 5.9 5.7
13.0 1.1 7.9
12.5 0.6 5.5

1.1 12.2 10.0 8.7
112 1.1 12.8 9.2

was equipped with a feeding funnel
and piped to a relief valve, two pres-
sure switches, a rupture disec, and a
pressure control valve. Electrodes
were introduced through the top
flange and connected to a de power
supply capable of delivering up to 2
A at 30 V. The anode was a 20-mesh
316 stainless steel screen with effec-
tive area 170 em? and the cathode
was a 6-mm diameter 316 stainless
steel rod covered by a polypropylene
cloth to suppress cathodic reduction
of ferricyanide in the undivided re-
actor. The bottom flange carried a
heating coil and thermocouple for
temperature control together with a
19-mm drainage valve and 6-mm gas
sparge tube.

During operation of the reactor, a
metered gas flow (1700 mL/min STP)
was sparged continuously through
the pulp slurry and the reactor pres-
sure held by a pressure control loop
in the gas outlet line. The operating

range of the reactor was 0.1~1.5 MPa
absolute pressure (0-200 psig) and
20-120°C.

Procedure

A series of experiments were car-
ried out to study the stoichiometry
and the effects of oxygen pressure,
pH, temperature, and current on the
rate of delignification and the rate of
viscosity loss in electrochemical fer-
ricyanide-promoted oxygen bleach-
ing of an unbleached kraft softwood
pulp.

In experiments to study the sto-
ichiometry, 32 mmoles of potassium
ferricyanide was added to 2 L of a
0.5% consistency pulp slurry in 1 M
NaOQOH. The pulp kappa number and
viscosity plus the ferricyanide con-
centration in the liquor were mea-
sured after 5 min reaction at 30°C,
53°C, and 75°C under nitrogen and
under oxygen.

The subsequent experimental de-
sign involved an initial 2* factorial
experiment to observe the effects and
interactions of oxygen pressure, cur-
rent, pH, and temperature on the
bleaching process at times of 5 min,
10 min, 20 min, and 60 min. The lev-
els of process variables used in this
factorial study are given in Table L
The factorial experiment was fol-
lowed by a parametric experiment to
explore the effects of each variable
separately at the levels shown in
Table II, with reaction times of 5
min, 10 min, 20 min, and 60 min.

In each of the bleaching runs, 2 L
of aqueous solution was prepared
containing 16 mM potassium ferro-
cyanide. For all runs except those at
pH 14, the solution was made up with
20 g/L of sodium tetraborate, then
adjusted to the desired pH level
(11.2-13) and 1.2 M ionic strength by
addition of NaOH and Na,SO,. For
the pH 14 runs, the ferrocyanide was
added to a simple solution of 1 M
NaOH without buffer or Na,SO,. The
reactant concentrations used in these
experiments were chosen for aca-
demic reasons and represent chemi-
cal charges which are too high to be
considered for commercial applica-
tion.

The solution was placed in the elec-
trochemical reactor and heated to
reaction temperature then charged
with 10 ovendry grams of pulp (0.5%
consistency). The gas sparge was ini-
tiated and the mixer speed set at
1000 rpm. When the reactor pres-
sure reached the setpoint (about 10—
30 s after pulp addition), the slurry
was subjected to de electrolysis un-
der current control for 5-60 min. The
applied current generated ferricya-
nide from ferrocyanide at the anode
in the bleaching solution. Preliminary
experiments, performed in the ab-
sence of pulp, determined the net
current efficiency for anodic genera-
tion of ferricyanide in the reactor to
be 7% and 72% at 0.5 A and 1 A,
respectively.

The unbleached kraft softwood
pulp samples had properties of kappa
number 29.2, viscosity 34.7 ep (“m_”
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3.4 moles/ton of pulp) and bright- V. Ferricyanide stoichiometric ratio experiments®

ness 24.4% I1S0. The pulp was not

subjected to any pretreatment be- T o K ‘m” K ‘m®* F dKWdF d'm/dF (dK+d’m)/dF

yond washing and mixing to obtain 75 11 47 138 180 44 119 07 0.5 1.1

consistent samples. i 75 0 122 56 226 35 134 086 0.1 0.7
The product pulp was filtered, 53 i1 67 87 235 37 172 1. 0.3 1.5

washed, and tested for kappa num- 30 1.1 128 6.6 235 36 211 1.0 0.3 1.3

ber, viscosity, and brightness acceord- 30 V] 194 40 247 34 220 05 0.1 0.6

ing to TAPPI Methods T 236 cm-85,

T 230 om-89, and T 452 om-87, re- 7. Temp. °C, O oxygen pressure, MPa, K kappa number, F ferricyanide conc., mmole/2 L.

J s s - Unbleached puip: K29.2, “m " 3.4 moles/ton of pulp.

spec_tm_ely. The fer_mcyamde concen Initial F 35 mncle/2 L.

tration in the filtrate was determined  pH 14, fime 5 min, current 0 A, 10 g 0.d. pulp.

by a thiosulfate titration method (20). ® Without ferricyanide addition.

The standard deviations of the vari-

ous measurements (28° of freedom)
were 0.4 for kappa number, 0.6 cp

for viscosity (0.13 mole/ton of pulp 2. Typical kinetics of bleaching runs: pH 14, oxygen 1.1 MPa, current 1 A, temp. 75°C

for “m "), 0.6% ISO for brightness,
and 0.3 mM for ferricyanide concen-
tration. 80 20

For the kinetic studies, the cellu-
lose degradation was monitored by
the number of moles of “cellulose
chains” per ton of pulp (“m ") (11).
Each time a cellulose bond is bro-
ken, one more chain is formed and 60
the number of moles of cellulose
chains in the pulp increases. Higher
values of m_represent greater cellu-
lose degradation. Because both the
reactants and products are ex-
pressed in chemical units, the use of
“m,” is more meaningful than vis-
cosity in the discussion of kinetics.
The TAPPI viscosity (V, cp) was con-
verted to the intrinsic viscosity (IV,
dm¥kg) and the “m_” by the follow-
ing equations (11, 12):

1V =9541og V1325 (1)

[J Kappa number { Brightness (% ISO)
A Ferricyanide (mM) X "m," (moles/ton)

1§

40 10

KAPPA NUMBER, BRIGHTNESS
"m,", FERRICYANIDE

20

log(*m ) =4.35-125logIV (2)

The oxygen partial pressure was
converted to tha solubility of oxygen 0
by an in-house computer program
based on regression of published TIME, min
data (13-18). The related equilibrium
dissolved oxygen data for the ex-
perimental conditions are summa-
rized in Table 111

A total of 185 separate bleaching
runs, including 27 replicate runs,
were carried out in this study.
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V. Results of factorial runs at 5 and 60 min reaction time Results and discussion

Variables Kappa ‘m,” [Fe(CN);°F Stoichiometry
oreT ° 60 5 6o ° 60 Results of the stoichiometry experi-
min min min min min min .

ments are presented in Table IV. In
I I 28.4 25.5 3.4 3.6 - - order to evaluate the genuine ferri-
+1 -1 -1 A1 26.1 24.4 3.5 3.6 - - cyanide effect on bleaching reac-
Tt 26.5 22.6 3.4 3.9 0.8 105 tions, stoichiometric calculations
+} +1 +] } gg"; gg'; g'i g; 08 19'8 were based on the difference be-
+1 -1 41 -1 23 5 052 a5 36 i i tween the r'unswith ferricyanide and

A1 +1 -1 216 15.8 3.6 4.1 0 1.2 the runs without ferricyanide at the

+1 41 +1 -1 18.6 5.2 4.1 8.5 0 10.6 same experimental conditions. This

'11 1 1 *: 27.3 f‘“ 34 2-5 - - calculation removes the effects of al-

ot 24.0 8.6 35 9 i ) kali and oxygen in the bleaching re-
-1 41 -1 +1 25.6 19.3 3.4 3.5 0.5 11.0 . o g .
o141 -1 +1 237 12.9 35 53 0.6 1.8 actions. The individual ratios of t.he

-1 -1 +1 41 228 21.4 3.5 3.6 - - decrease in kappa (dK) and the in-

+1 -1 41 41 18.0 7.8 4.4 6.1 - - crease in cellulose chains (d“m_”) to

11 *11 +1 +1 ?;g ;; i'i ?‘g g 16? the ferricyanide consumption (dF)

+1 +7 +1 + . . » . . .

0000 007 16.1 3.6 48 02 58 are seattered with the oxygen pres-
sure and temperature. However the
sum of these ratios [(dK + d“m ")/

O oxygen pressure, [ current, P pH, Ttemp. :

Unbleached pulp: kappa number 29.2, “m_” 3.4 moles/ton of pulp. dr] is ConStan_t at about 0.6 per

= Ferricyanide concentration in bleach liquor, mM. mmole under nitrogen and 1.3 per
minole under oxygen. This result

may be useful in subsequent process
modeling.

VL. Factorial analysis of data from Table V

P - Factorial and parametric
appa m, .
Effect 5 60 5 60 experiments
min min min min Figure 2 presents kinetic data show-
Average 3.3 17.0 3.6 5.2 ing the rates of dgligniﬁcation gnd
Center 257 16.1 36 48 cellulose degradation observed in a
typical electrochemical bleaching
o -3.3 -5.8 0.4 27 run. In all runs, with or without cur-
L 'i'g ';'g 8‘13 255’ rent, the delignification rate was high
T 23 57 0.4 15 in the first 5-10 min, then decreased
ol 0.0 0.2 0.1 1.9 to low values at 60 min. The rate of
opP 0.9 -1.9 0.2 2.1 cellulose degradation in runs with-
or 0.7 1.7 0.2 15 out current was initially high but
IP -1.1 3.4 0.1 2.0 decreased with time; whereas, in
T 0.9 0.3 -0.1 1.0 . )
PT 11 13 0.1 i3 runs with current, this rate was
oip .04 0.4 0.1 15 nearly independent of time.
oIT -0.1 2.3 0.0 0.8 In the runs with current, the fer-
oP) -0.5 0.4 0.2 1.0 ricyanide concentration remained
Ig/ ,T:T g'i ;g 'g-s 0.8 low (nearly zero in most cases) dur-
ke ' ' 05 ing the initial fast stage of
delignification, then slowly increased
95% Confidence interval to the range 1 mM to 13 mM at the
Kappa number + 0.4, “m,” £ 0.1 mole/ton of pulp end of each run. Ferricyanide is con-
sumed in the bleaching reactions at
a rate equal to the difference be-
tween the rate of electrochemical
generation (e.g., 0.45 mM/min for 1
A at 72% current efficiency) and the
rate of accumulation in the bleach-

ing solution.
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T

3. Effect of (A) current, (B) oxygen pressure, (C) pH, and (D) temperature on kappa number and “m_": Time 60 min
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The factorial experiment with
each variable at two levels (plus a
“center point”) gives an overall per-
spective of the process and shows
interactions among variables which
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can be important for mechanistic in-
terpretation and process optimiza-
tion. The parametric experiment
details the effects of each variable at
3 or 4 levels when the level of each of

the other three variables is fixed.
Both the factorial and parametric
experiments yielded data from the
same four dimensional experimen-
tal space which were used for ki-
netie modeling.



Data from the factorial experi-
ment at 5 and 60 minutes bleaching
time are summarized in Table V and
factorial analysis of these data is
given in Table VI. Confidence inter-
vals for this analysis were estab-
lished from the deviations of
replicated runs at 20 min reaction
time with the student’s “t” test at
the 95% confidence level (9).

The analysis shows that the main
effects of all variables O, I, P, and T
as well as the two factor interactions
OP, OT, IP, and PT and (at 60 min)
the three factor interactions OIT and
IPT are significant with respect to
the extent of delignification. A sig-
nificant interaction XY occurs when
the effect exceeds the confidence in-
terval and implies that the effect of
variable X depends upon the level of
variable Y—for example, the strong
IP interaction at 60 min reflects the
fact that the effect of current on
kappa number is greater at high pH
than at low pH. The negative sign of
the effects indicates that an increase
in the level increases the extent of
delignification.

For the rate of cellulose degrada-
tion (i.e., the increase in “m "), only
the main effects O and P are signifi-
cant at 5 min, but all main effects
and interactions become significant
at 60-min reaction time. The posi-
tive sign of the effects indicates that
anincrease in level increases the ex-
tent of cellulose degradation.

The interaction effects of oxygen
and current (OJ) on both kappa num-
ber and viscosity, which were sig-
nificant under ambient conditions (8,
9), disappear in this factorial study.
The lack of significant interaction
may well be due to the wide range of
variable levels (i.e., oxygen pressure
from 0 MPa to 1.1 MPa), which
masks the OI interaction.

For both kappa number and “m ,”
a comparison of center-point re-
sponses with the average of facto-
rial points shows negligible
curvature at 5 min and a small cur-
vature at 60-min reaction time. This
means close to a linear dependence
of kappa number and “m_” on the

variables over the range of the fac-
torial experiment. Such a result sug-
gests stoichiometric (rather than
catalytic) reactions between oxygen/
ferricyanide and lignin as well as
between oxygen/ferricyanide and
cellulose.

The apparent linearity of the sys-
tem together with the uniformity of
the significant main effects of O, I,
P, T, and the interactions on both
kappa number and “m_” present little
scope for choosing conditions from
the experimental space to substan-
tially enhance bleaching selectivity.

Selected results of the paramet-
ric experiments showing the indi-
vidual effects of oxygen pressure,
pH, temperature, and current on the
extent of delignification and cellu-
lose degradation after 60 min reac-
tion time are given in Fig. 3 (A-D).
Similar effects were seen in the runs
at 5~, 10-, and 20-min reaction time,
but data for these times are not pre-
sented here. The principal features
of the results represented by Fig. 3
are as follows:

Effect of current (Fig. 3A). Ap-
plication of current increases the
rates of delignification and cellulose
degradation at all levels of oxygen
pressure, pH, and temperature.
These increases of rate are due to
reaction of the pulp with ferricya-
nide, which is generated in situ by
anodic oxidation of the ferrocyanide
originally added to the bleaching so-
lution.

Fe(CN),? + e < Fe(CN),* Rxn 1

Effect of oxygen pressure (Fig.
3B). The small amount of
delignification and cellulose degra-
dation at zero oxygen pressure (ni-
trogen purge) without current is due
to reaction of the pulp with hydrox-
ide ion. In the absence of current,
the rate of delignification increases
approximately in proportion to the
square root of the oxygen solubility
while the rate of cellulose degrada-
tion increases with the square of the
oxygen solubility in the bleaching
solution. However, with the current
at 1 A, these reaction rates become

nearly independent of oxygen pres-
sure above 0.1 MPa.

Effect of pH (Fig. 3C). Increas-
ing pH increases both the rate of
delignification and the rate of cellu-
lose degradation. The delignification
rate is approximately proportional
to the cube root of hydroxide ion
concentration. Although the
delignification rate with current is
higher than without current, the re-
action order with respect to hydrox-
ide ion is nearly independent of
current. The effect of pH on
delignification rate supports the hy-
pothesis that phenolic groups are the
major active sites in lignin and that
reaction of lignin with oxygen or with
ferricyanide proceeds through the
lignin anion which is produced by
reaction of hydroxide ion with phe-
nolic components of lignin.

For cellulose degradation, the re-
action order with respect to hydrox-
ide ion is about 0.7 without current
but falls to about 0.3 with current.
This decrease in reaction order prob-
ably reflects a lower proportion of
cellulose attack by alkali in competi-
tion with ferricyanide.

Effect of temperature (Fig. 3D).
The rates of delignification and cel-
lulose degradation increase with
temperature, but the effect of tem-
perature on these rates is higher in
runs without current than in runs
with current. The influence of cur-
rent is reflected in the activation en-
ergies for delignification and
cellulose degradation which are re-
spectively 60 and 94 kJ/mole with-
out current but drop to 12 and 15 kJ/
mole with a current of 1 A. These
levels of activation energy imply that,
in the absence of ferricyanide, the
reaction of oxygen with pulp is con-
trolled by a chemical process,
whereas the presence of ferricya-
nide raises the process rate and
drives the reaction into the regime
of diffusion control.

Selectivity. The selectivity of oxy-
gen bleaching is defined as the ratio
of the rate of delignification and cel-
lulose degradation at constant kappa
number:
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4. Effect of (A) current, (B) oxygen pressure, (C) pH, and (D) temperature on selectivity: Time 60 min
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cal bleaching runs.

ing the effects of process variables
on the selectivity in the electrochemi-

creasing lignin content and appears
to be exponentially related to kappa
number, so that delignification be-
low kappa 10 under any conditions



V1. Effects of process variables on bleaching setectivity

Variable Range Effect

Without current With current
O, pressure 0— 1.1 MPa Decrease Small decrease
pH 11.2 - 14 Small decrease Small increase
Temperature 30 — 84°C Decrease Small increase

5. Brightness vs. kappa number
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results in a major loss of selectivity.
The effects of the experimental vari-
ables on selectivity are summarized
in Table VIL

The highest selectivity was ob-
tained with zero oxygen pressure
(nitrogen sparge) and current. In
runs under oxygen, the selectivity
was increased by the application of
current. In runs with oxygen and
current, the selectivity was increased
with increasing pH and temperature
but decreased with increasing cur-
rent. The effects can probably be

rationalized in terms of competitive
reactions of ferricyanide and oxy-
gen/radicals with lignin and cellu-
lose.

Brightness vs. kappa number

Figure 5 shows a plot of product
pulp brightness versus kappa num-
ber obtained in all experiments of
this study. Brightness depends on
kappa number regardless of bleach-
ing conditions. The relation between
brightness and kappa number is rep-
resented by Eq. 4.

B = B° exp(0.000815)(K° — Ky 4
R*2=99.7%

Reaction kinetics

Conventional oxygen bleaching is a
multiphase process whose kinetics
have been investigated by several
workers (20~25) and reported in the
form of the classical chemical rate
expressions in Eqgs. 5 and 6. It has
been established by Landucei (26)
that delignification is catalyzed by
trace metal ions (Fe, Mn, Co, Cu), as
well as Abrahamsson and Samuelson
(27) who have shown substantial ef-
feets of transition metal ions on
delignification and cellulose degra-
dation in oxygen/alkali pulping and
bleaching. However, transition metal
catalysis has had little consideration
in quantitative studies of oxygen
bleaching kinetics.

dK/dt = A, exp(-E /RT) [OH]*™ [0,)" K
®)

dm/dt = A, exp(-E,/RT) [OH ™ [0,}” m
(6)

The following discussion attempts
to interpret the kinetic data in light
of these classie rate equations, but it
should be observed that such equa-
tions may not properly represent the
combined phenomena of diffusion
and competitive chemical reactions
that occur in the real bleaching pro-
cess.

The kinetic parameters obtained
for delignification and cellulose deg-
radation by previous workers are
summarized in Tables VIII and IX.
Several of these workers considered
oxygen delignification as a two-stage
process with an initial rapid reaction
(I) followed by a slow reaction (F),
the two stages being characterized
by different kinetic parameters. In
the single-stage models, the activa-
tion energy for delignification and
for cellulose degradation indieate
chemical reaction control of the pro-
cess rates. In the two-stage models,
activation energies for delignification
and cellulose degradation indicate
the first stage is under diffusion and/
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the second stage is under chemical
reaction control. The controlling
mechanism in the first stage prob-
ably depends on the process condi-
tions. From their study of oxygen
bleaching with vigorous agitation at
low consistency (0.4%), Hsu and
Hsieh (20) concluded from the
Weisz-Prater criterion that the
delignification occurred under
chemical reaction control.

In the present work, the reaction
rate data with oxygen for each of
three current levels (0, 0.5, and 1 A)
were regressed to fit Egs. 5 and 6.
The bleaching was taken as a single-
stage process and the fitted rate
equations covered the complete
ranges of kappa number and viscos-
ity for each current with the error
range from 4% to 24%. The result-
ing parameters are given in Tables
VIII and IX. In these calculations,
the measure of oxygen activity was
taken as the solubility of oxygen in
the liquor rather than the oxygen
partial pressure in the gas. The use
of oxygen pressure in the kinetic ex-
pressions of previous workers [ex-
cept Myers and Edwards (24)] is
problematic because, due to tem-
perature and salt effects, the solu-
bility of oxygen is not only a function
of oxygen pressure.

The kinetic parameters of the
present work show progressive shifts
that indicate changes in the reaction
mechanism with current. In the ab-
sence of current (i.e., zero ferricya-
nide), the activation energies for both
delignification and cellulose degra-
dation indicate chemical reaction
control of these processes. The shift
of these processes into diffusion con-
trol, as current is applied, is pre-
sumably due to the relatively high
rate of reaction of ferricyanide with
the pulp and/or to a catalytic effect
of ferro/ferricyanide on the oxygen-
based reactions.

The decrease in reaction orders
for oxygen with increased current
implies that the rate controlling
steps in delignification and cellulose
degradation shift from those involv-
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Vill. Kinetic parameters for delignification

Literature Reaction order E, A
m 0 n kJ/mole
Hartler et al. (22) b 8 i 69 b
Edwards &Norberg (23) 20 ° 3.0 49 4000
Teder & Oim (25) 06 05 82 70 b
Evan et al. (21) /I 1.0 12 1.0 49 1.0x10%
F 0 0 1.0 49 o
Oim & Teder (11) /I 01 01 1.0 10 e
F 03 02 1.0 45 b
Hsu & Hsieh (20) /I 08 04 31 36 25
F 07 07 31 71 143.5
Myers & Edwards (24) /I 00 04 1.0 32 1.5x10°
F 09 04 10 61 1.7x107
{0 A) 04 05 48 60 1.8
Present work (0.5 A) 03 02 24 14 0.02
(1A) 04 01 19 12 0.03
{initial stage, F final stage.
2 Oxygen effect is insignificant.
b Value not given in source.
IX. Kinetic parameters for cellulose degradation
Literature Reaction order E, A
m o n kJd/mole
Hartler et al. (22) b a b 86 b
Oim & Teder (11) /102 08 O 40 ®
F 06 041 0 53 b
(O A) 07 21 -53 94 4.8x10%
Present work (0.5 A) 03 02 00 15 2.6
(1 A) 0.3 0.1 0.5 15 1.9
Iinitial stage, Ffinal stage.
2 Oxygen effect is insignificant.
® Value not given in source.

ing oxygen to those involving ferri-
cyanide. According to the chain re-
action hypothesis of oxygen
delignification (79), the initiation
step to generate the lignin radical
and the superoxide anion radical
from the lignin anion and oxygen
should depend on oxygen concen-
tration as seen in conventional oxy-
gen bleaching and in the present
results. For the runs with current,
the ferri/ferrocyanide couple may
compete with the oxygen/superox-
ide in the rate-limiting initiation step.
This can lessen the influence of oxy-
gen pressure on bleaching rate. The
large change in delignification rate

between zero and 0.1 MPa oxygen
pressure means the system requires
some oxygen to react with lignin
radicals in the further propagation
step. Similarly, it appears that the
presence of ferricyanide with oxy-
gen promotes cellulose degradation,
either by direct reaction of ferricya-
nide with cellulose and/or by cata-
lyzing the generation of hydroxyl
radicals from oxygen/peroxide.

The fact that the reaction order
for delignification with respect to
hydroxide ion is nearly independent
of current, implies that hydroxide
ion plays a similar role in reactions
with both oxygen and ferricyanide.



This role is probably the generation
of lignin phenolate anions which are
subsequently attacked by the oxi-
dant.

High reaction orders with respect
to lignin may be rationalized either
as the result of changing lignin chem-
istry or as the result of the morphol-
ogy and radial distribution of lignin
in the fiber wall (28). The former
explanation is supported by the ef-
fect of current on the reaction order
for lignin because ferricyanide is a
more powerful oxidant than oxygen
and should diffuse at about the half
rate of oxygen through the fiber wall
(29).

The rate of cellulose degradation
in the absence of current is similar
to that reported by Olm and Teder
(11), with rapid reaction in the first
10 min followed by a relatively slow
inerease in “m " over the remaining
reaction time. Olm and Teder fitted
their data with two intersecting zero
order reactions where the rate con-
stant for the initial phase was 5 times
that of the final phase. For the single-
stage process used in the present
analysis, the cellulose degradation
rate is -5 order with respect to cellu-
lose chains (“m_”) without current
but zero order at 0.5 A and 0.5 order
at 1 A. Also, the reaction order with
respect to hydroxide ion concentra-
tion is 0.7 at zero current but 0.3 at
0.5 and 1 A. This change in reaction
order indicates a change in the
mechanism of cellulose attack as cur-
rent is increased.

Cellulose is attacked by the com-
bined reactions of peeling and ran-
dom chain cleavage. The rate of the
peeling reaction depends on the pH
and the concentration of reducing
end groups of the cellulose chains,
whereas the rate of chain cleavage is
determined by the concentration of
hydroxyl radicals and of cellulose
chains (i.e., “m_”) in the fiber. The
peeling reaction leads to a slow indi-
rect increase in “m " as the fiber
mass decreases, whereas chain cleav-
age gives a direct increase in “m,.”
The generation of hydroxyl radicals
is probably promoted by the current

through the ferro/ferricyanide
couple, so the change of reaction or-
der with current may be due to this
effect and/or to the parallel effect of
current on the rate of delignification.

At zero current, the initial high
rate of increase in “m_” results from
cleavage of the accessible cellulose
chains, but the rate drops rapidly as
this cellulose becomes unavailable
(30, 31). As suggested by Olm and
Teder (11), the availability of the
cellulose may be linked to the rate of
delignification. When the current is
applied, the activity of oxidants is
increased, more cellulose is exposed,
random chain cleavage is promoted,
and the reaction order with respect
to “m ” increases. The parallel de-
crease in reaction order with respect
to hydroxide ion may reflect the di-
minished importance of peeling re-
actions to cellulose degradation in
the presence of ferricyanide.

Conclusions

Electrochemically mediated oxygen
bleaching of kraft softwood pulp with
ferro/ferricyanide increases the rate
of delignification and cellulose deg-
radation and gives small increases
in selectivity as well as milder oper-
ating conditions compared to con-
ventional oxygen bleaching.

A factorial experiment shows
strong effects of oxygen pressure,
pH, temperature, and current on the
extent of delignification and cellu-
lose degradation in electrochemically
mediated oxygen bleaching. Kinetic
analysis of data from bleaching runs
under oxygen shows that the pres-
ence of ferricyanide in the electro-
chemical process shifts the rate
determining steps for both the lig-
nin and cellulose oxidation from
chemieal reaction to diffusion con-
trol and makes the reaction rates
nearly independent of oxygen pres-
sure above 0.1 MPa.

Highest bleaching selectivity in
the electrochemical process was ob-
tained by in situ generation of ferri-
cyanide with zero oxygen pressure
(nitrogen sparge) and with current

(1 A) at maximum pH (14) and tem-
perature (75°C). However, the
delignification rate under nitrogen
was about one-third to half the rate
under oxygen with the same cur-
rent. In the presence of oxygen, the
selectivity was raised by application
of current. In the runs with oxygen
and current, the selectivity was in-
creased with increasing pH and tem-
perature as well as with lower
current.

The product pulp brightness from
all runs was correlated to kappa
number without regard to bleaching

conditions.
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Nomenclature
A = frequency factor
B = brightness, % ISO

B> = unbleached brightness, % ISO
= Arrhenius activation energy, kJ/mole
= ferricyanide concentration; mmole/2 L

= current (A)

It

E
F
1
v = intrinsic viscosity, dm®%kg
K

kappa number

s
I

unbleached kappa number

-
i

rate constant

k,k, = rate constants

ml, m2 = reaction order with respect to [OH]

“m” = number of moles of cellulose chains per ton of pulp
nl, n2 ‘= reaction order with respect to K or  “m.”

0 = oxygen pressure, MPa

[OH] - = concentration of hydroxide ion, mmole

[0,] = oxygen solubility in liquid phase, mM

01,02 = reaction order with respect to [O,]

P = pH

R = universal gas costant, 0.008314 kJ/mole-K
R* = correlation coefficient

T = absolute temperature, K temperature, °C
t = reaction time, min

v = TAPPI viscosity, cP




