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INTRODUCTION

One of the main properties of hydrogen peroxide in aqueous
alkaline media is its tendency to decompose into water and oxygen
with concomitant loss of oxidation capacity. Although the
percoxide decomposition reaction appears tc be very simple, the
mechanism by which decomposition occurs in alkaline media is not
clear. A careful review of the literature reveals that there is
an abundance o¢f conflicting information on this subject which
stands in need of clarification. Most of the controversy arises

-from the indiscriminate use of concepts that are suitable for
peroxide decomposition under acid conditions but not necessarily
applicable for decomposition in alkaline media.

| In technical pulp brightening processes, peroxide
decomposition is commonly controlled by the addition of materials
such as sodium silicate, magnesium sulfate, and varicus chelating
agents. The beneficial effect of chelating agents is generally
accepted as being attributable to their ability to deactivate
transition metals which otherwise catalyze peroxide
decomposition. On the other hand, in the case of sodium silicate
and magnesium sulfate there is often a divergence of opinion as
to the manner by which these chemicals function in reducing
peroxide decomposition.

When peroxide is used in technical »rightening processes,
additional complications with respect to understanding peroxide

.decomposition as well as its stabilization arise because of the



fact that pulp is present. The introduction of a pulp surface
creates a two-phase heterogeneous system whose effects on
peroxide decomposition and stabilization are not known. In
addition,‘_the presence of pulp introduces a second variable,
perhaps ’the most important, which 1is the effect of bound
transition metals. Metals such as iron, copper, and manganese are
allegedly the principal cause of peroxide decomposition
especially during the brightening of mechanical and
chemimechanical pulps. It is not clear, however, whether or not
all of the metals presentt in the pulp catalyze peroxide
decomposition. These metals that can be removed from the pulp by
.a chelation treatment certainly play a role on peroxide
decomposition, but the effect of the large fractivn of non-
chelatable metals in the pulp on peroxide stability needs
clarification.

A full understanding of the mechanism of peroxide

decomposition in alkaline media as well as of the mechanisms of

1y

peroxide stabilization by sodium silicate and magnesium 1is ©
fundamental importance in order to design conditions that assure
optimum hydrogen peroxide stability during pulp brightening. With
respect to silicate an additional impetus to gaining an
understanding of the mechanism by which it stabilizes peroxide is
to find a chemical or chemicals which will not cause equipment
scaling and hardening of pulp fibers as silicate reportedly does.

The objectives of this investigation were to clarify

the mechanisms of hydrogen peroxide decomposition and of hydrogen



peroxide stabilization by sodium silicate and magnesium sulfate

in weakly alkaline solutions, the effect of sodium silicate,

magnesium sulfate, Na DTPA, and their combinations on hydrogen
peroxide stability in the presence of transition metals, and the

effect of the non-chelatable transition metals in TMP on hydrogen

peroxide stability.



FACTORS AFFECTING HYDROGEN PEROXIDE STABILITY IN THE BRIGHTENING

OF MECHANICAL AND CHEMIMECHANICAL PULPS

CHAPTER I - A REVIEW OF THE LITERATURE



1. The Stability of Hydrogen Peroxide in the Absence of Sodium

Silicate

Hydrogen peroxide decomposition in dilute aqueous alkaline
solutions has been studied by several investigators, especially
with regéfd to the use of these solutions for bleaching wood pulp
and textile materials. The mechanism of peroxide decomposition is
very complex and 1is governed by several different wvariables
including alkalinity, temperature, concentration and composition
of transition metal impurities, and others. The decomposition
feportedly takes place spontaneously, 1i.e., through catalysis by
hydroxyl anions!, but it 1is accelerated in the presence of
catalysts such as certain transition metals??, metal oxides®?,

transition metal chelates, e.qg. iron-EDTA®S, enzymes such as

peroxidase and catalase’'’, and co,'' .

1.1. Effact of Bydroxyl Ion Concantration

The effect of hydroxyl ion concentration on the rate of
hydrogen peroxide decomposition is a very controversial issue.
Pure solutions of hydrogen peroxide have been reported to be
fairly stable at pH values between 6 and 8 but to decrease in

3.1 A similar effect of

stability with increasing alkalinity
increasing pH on peroxide decomposition in the 9.5 to 13.0 range
has been repirted by other authors®™'’. Nicoll and Smith'® have,

however, contradicted this finding peointing out that hydrogen

peroxide decomposition in deionized water is only slightly



affected by changes in the concentration of hydroxyl ions in the
pPH range 10.0 to 12.5. According to these authors, the increase
in catalytic activity resulting from the presence of certain
transition metals 1is the reason for the enhanced peroxide
decomposition at higher pH levels. To complicate matters even
more, Oki and Kaneko!’ have reported that the maximum rate of
hydroggn peroxide decomposition takes place at pH 13.4 and the
minimum rate at pH 14.0.

It has been claimed that hydrogen peroxide decomposition 1is

maximum at a pH equivalent to its pKa'*?°.

This concept has been
advanced by Koubek at al.?® who found that the rate of
decomposition of 0.1 M hydrogen peroxide soluvtions in deionized
water appears to pass through a maximum at a pH equivalent to
its pKa. However, when the initial concentration of hydrogen
peroxide 1s 1 M, the decomposition rate simply decreases as pH 1is
increased from 10.7 to 12.7 at 35° C.

According to Burki and Shaaf®® and Spalek et  al.f,
decomposition of hydrogen peroxide in dilute alkaline solutions
is a first order reaction with respect to hydrogen peroxide, the
decomposition rate increasing with hydroxyl ion concentration’’.
Other workers?° 2! found, however, that the reaction order with
respect to total hydrogen peroxide depends on pH, and attains a

maximum value of ca. 2.0 at pH 12.0, where approximately one hal:Z

of the hydrogen peroxide is dissociated.



1.1.1. The Base-Catalyzed Ionic Mechanism of Peroxide

Decomposition

The [(H,0,] /{HO,”] ratio corresponding to the maximum rate
of hydrogen peroxide decomposition was found to be 2.0%0.2%

Based on. this value, which corresponds to 50.0 % dissociation of
the hydrogen peroxide, Abel?’ proposed that hydrogen peroxide

decomposition proceeds via reaction of perhydroxyl anions with

undissociated hydrogen peroxide molecules:

HO2 + Hzoz - H20 + O2 + HO (1]

This reaction, when occurring in pure alkaline solutions, was
considered to be an uncatalyzed one resulting from the oxidizing
properties of the wundissociated hydrogen peroxide and tae
reducing properties of the perhydroxyl anions?®’. Similar
dependence of the decomposition rate on the total alkalinity was
also found in the presence of colloidal catalysts®’.

Duke and Haas® Ffound that the dependence of hydrogen
peroxide decomposition rate on total alkalinity at a constant
total hydrogen peroxide content is analogous to the dependence of
the product H%Ozl.[HO{I on total alkalinity. The authors

concluded that hydrogen peroxide decomposition obeys the equation
---- = k {H,0,] [HO, 1,

where a is the total hydrogen peroxide content in the solution

and [H202] and [HO{] are the concentrations of undissociated

1



hydrogen peroxide and perhydroxyl ions, respectively. Again, the
hypothesis .of metal catalyzed decomposition was discarded since
further purification of the solutions by complexation and co-
precipitation of transition metals had no effect on the
decomposition ratel.

Uéing isotopic measurements, Erdey and Inczedy?’ concluded
‘that the peroxide bond in the hydrogen peroxide molecule is never
dissociated in the reactions of hydrogen peroxide with oxidants
containing oxygen. Based on this finding, these authors proposed
é mechanism involving interaction between hydrogen peroxide and

“ﬁerhydroxyl anion according to the following reaction:

-

H.O + HOS~ —--> | | -———> 0 + HO + HO (11

This mechanism is contrary to Abel’s?® original hypothesis
involving a redox mechanism for the hydrogen peroxide
decomposition, but is supported by the later work of Duke and
Haas'. The Raman spectra of alkaline peroxide solutions support
the conclusion that the 0-0 bond of the perhydroxyl anion splits

during the decomposition processm.

1.1.2. The Base-Catalyzed Free Radical Mechanism of Peroxide

Decomposition

The mechanisms described in subsection 1.1.1, which do not



?involve free radical chain reactions, have been questioned in
Z8h \

gthe majority of the more recent studies. Tanabe and Arata®
;consider the possibility of a dual mechanism for the

kfdecomposition of hydrogen peroxide in alkaline solutions.
YExperiments carried out in the absence of NaEDTA show a

7gpredominant chain reaction mechanism initiated by transition
By

Ymetals. On the other hand, in agreement with the earlier
i?theories, a cyclic bimolecular mechanism, which involves the
Al

?combinatlon of a hydrogen peroxide molecule and its conjugate

state, seems

a more recent

;5publication, Csanyi at al.25 contradicted this finding stating
Efthat the chain reaction mechanism is operative regardless of the
f;prgsence of a chelating agent (Na,DTPA).

The free radical chain reaction mechanism has long been
?Vreported and supported by the actual determination of free
f?fadicals in alkaline solutions of peroxide. Electron paramagnetic
i%resonance (EPR) measurements have been successfully used in the
26,27

determination of hydroxyl radicals in this system Hydroxyl

] é‘
{,radicals have also been determined under the same conditions Dby

&fhydroxylatlon of benzene?®?® and of sodium benzoate®® (eq. (2])
War
ifhand by oxidation of the hydroxyl radical acceptor, p-nitroso-
pr.

dimethylaniline® 7-3173% (RNO). The major products in the

Ha.
i reaction of RNO with hydroxyl radicals appear to Dbe nitro

ﬁfderivatives of the general type R(OH)NO, as well as one product
Ha. . .
«?with an intact NO group, possibly having an OH group 1in a meta-

: positlon to NO*? (eq. [31).
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Superoxide anion radicals have been detected by EPR
wbéctroscopy in weakly alkaline solutions of tetra-n-

e
prbpylammonium hydroxide?’. These radicals have also been

34,38

N I
detected by the use of tetranitromethane Tetranitromethane

very active towards one-electron reducing agents (e.g.
uperoxide anion radical) forming the stable nitroform anion

'ﬁ ch 1s easily detected by UV spectroscopy37 {eq. 4). The



»gombined presence of hydroxyl and superoxide anion radicals in
B :
.2 lkaline hydrogen peroxide solutions has also been confirmed

i hrough the oxidation of hydroxylamine to nitrite?’-%,

!
/

+‘_02‘ ———— C(NO,) " + NO + 0 (4]

,ihi Although the existence of a free radical chain reaction
*mechanism has been established, a questicn that still remains to

fﬁi
?be answered is whether the generation of free radicals is induced
i ; 26-29,39-41

by some catalytlc species (e.g. transition metals) or
;uby a reaction between dissociated and undissociated hydrogen

‘peroxide?s 243,

:7 Roberts et al,*? suggested that hydrogen percxide decomposes
a free radical chain reaction mechanism involving the
gibohbination of dissociated and undissociated hydrogen peroxide.

reaction generates hydroxyl and superoxide anion radicals

d is very dependent on the concentration of hydroxyl ions:

+ HO™ ———> HO.~ + H.OQ (5]

Using high purity chemical systems in cenjunction with

; ﬁésDTPA, Csanyi et al.?® confirmed these results. The authors



rationalized the decomposition of hydrogen peroxide via a
radical react%on by the folleowing set of equations:
H,0, + ‘ HO,~ —-——> 0,’ + HO* + H,0 (6]
HO" + H,0, —— 0,° + H,0 + H' (8]
HO- + HOZ‘ > 0,° + HO (9]
o* + H,0, -——> 0,° + H,0 (10]
oF + HO,” -——> 0,° + HO™ (11}
0; + H,0, ———> 0, + HO™ + HO (12]
N + HO,” --=> 0, + HO" + o* [(13]
HO* + 0,° —-——> 0, + HO (7]
07 + 0,° - 0, + 0?” (14]
0,7 + HO - -———> 0, + HO,~ [15]
0,] + 07 + HO ---> 0, + HO, + HO [16]
HO" + HO" -———> H,0, [(17]
HO- + 0* —-——> HO," {18}
H,0, ---> H' + HO,~ [19]
HO," ---> H' + 0,7 (20}
HO" > H* + oF (21]
The same authors claim that this chain reaction is promoted by
the presence of metals which catalyze the rate of initiation
releacing additional hydroxyl and superoxide anion radicals.

Furthe.:more, catalysis by transition metals displaces

corresponding to maximum decomposition which,

of impurities, 1is equivalent to the pKa of hydrogen

free

the
in complete absence

peroxide,



541

i.e., 11.6 at 60° C. On the other hand, experiments performed
with peroxide dismutase have created doubt as to the existence
of an uncatalyzed process since superoxide anion radicals were
not generated unless transition metals were added®!.

Accq;ding to Spalek at al.?, the decomposition of hydrogen
peroxidé in alkaline solutions via a free radical chain reaction
is indeed initiatéd by transition metals. The fact that hydroxyl

~1on concentration exerts a significant effect on the
aecompdsition rate was explained by its influence on the activity
8f colloidal catalyst species that are probably the active sites
~%or the decomposition. Strong evidence for a metal-induced chain

2! 3nd Galbacs et al.*®

feaction was presented by Koubek et al.
.who found that the decomposition of agueous alkaline solutions of
hydrogen péroxide is almost unmeasurable when ,the base 1is
purified and NaEDTA is added to the system. The small loss oI
ﬁydrogen peroxide under these conditions was a result of
';eactions between hydrogen peroxide and Na,EDTA®.

| The issue of the free radical chain reaction catalyzed by
transition metals is addressed in the next section in connection

with the effect of these metals on hydrogen peroxide

‘decomposition.

11.2. Effect of Transition Metals

o

The majority of transition metals decompose hydrogen



peroxide, For example, hydrogen peroxide decomposition has been
reported to occur under the influence of cerium***,

48-50

silver , Pplatinum

titanium*4- 1647,

48,50 48, 50
’ ’

palladium
gold®®, nickel’®, cobalt®°®?, lead®, and zinc®® but principally
under the influence of iron, copper and manganese., Also, hydrogen
peroxide ’decomposition has been noted as occurring on supported
metals, e.g. alumina'® %33,

The particular effects of iron, copper and manganese and
éheir combinations will be discussed in great detail 1in this
#eview since they are the most important metals affecting

hydrogen peroxide decomposition in pulp bleaching. Several
‘theories have been advanced to explain the mechanism of hydrogen
peroxide decomposition under the influence of these metals. Three
“theories have, however, obtained greater acceptance and they can
be described as. follows: 1) transition metals form unstable
peroxides or complexes with perhydroxyl anions “7°f, 2)

‘transition metals decompose hydrogen peroxide by initiating a

59,60
’

free radical chain reaction 3} transition metals, in the

‘form of colloidal metal hydroxides, decompose hydrogen peroxide
heterogeneously via surface catalyzed reactions® ®2.
Recent work has demonstrated, however, that hydrogen

peroxide decomposition may occur by different pathways depending

.upon the metal involved in the process’'.

1.2.1, Iron



Much of the research on the iron-catalyzed decompesition of
hydrogen peroxide has been concerned with decomposition in acidic
golutions. :To wunderstand better the mechanism of hydrogen
peroxide décomposition in alkaline solutions it is helpful =tc¢
review current thinking concerning peroxide decomposition in
acidic solutions.

The reactions Dbetween iron and hydrogen peroxide 1in acid
solutions were first characterized by Haber and Weiss® and later
revised by weiss® who proposed the following reaction sequences

for iron (II) and iron (IIXI) ions:

Ferrous ion reactions:

Fe** + H,0, _——> Felt + HO™ + HO" [22]
H,0, + HO" —_——> H,0 + HO,’ (23]
H,0, + HO," _—— 0, + HZO + HO- [24]
Fe?* + HO," _——> Fed* o+ HO,” [25]

Fet + HO" — Fe’*  + HO (26

Ferric 1on reactions:

_ . )
H,0, -~-->  H + HO, (191}
re’* + HO," -—— Fe?* + HO," (27]
"H,0, + HO, -—— 0, + H,0 + HO" [24]
HO™ + H* -————> 1,0 ’ (28]

In both iron (III) and iron (II) catalysis, oxygen 1is



e

broposed to be evolved by a perhydroxyl radical reacting with
hydrogen peroxide. Barb at al.® found, however , that the
reaction producing oxygen is not that of perhydroxyl radical with
hydrogen peroxide, but perhydroxyl radical with the iron (IILI)

ion. The authors proposed the following alternative mechanism:

Fe?* + H,0; -———> Fe’t  + HO™  + HO" [(22]
Fe?t + HO" _——> Fe’t + HO™ [26]
H,0, + HO" —— H,0 + HO," (23]
Fe?* + HO," ——> Fe?t  + HO," [25]
Fe’t + "HO," — Fe?t  + 0 + H* [29]

Uri®® suggested that reactions (22] and [26] should be

substituted by:

Fe?* + H,0, _—— FeOR?* +  HO- [30]

HO" + Fe?* —_—— FeOH?* [31]

These modifications illustrate an important point which
complicates the chemistry of inorganic ions, namely that the ions
actually exist as solvated or complexed species or as several
species in rapid equilibrium. However, detailed kinetic analysis
performed by Barb et al.® revealed that reactions [30] and

(31] are not very likely to occur.

The mechanisms described immediately above, involving an



iron-initiated free radical chain reaction,

by some authors®®”® but in many cases they are not very well
accepted. EPR studies conducted with the iron (II)-hydrogern
peroxide system did not reveal any spectra for hydroxyl
perhydroxyl radicals'®. An alternative mechanism proposed by
Kremer . and Stein’®%® does not involve the formation of free
radicals as intermediates for hydrogen peroxide decompositicen.
This mechanism consists of the following steps:

Fe’* + H,0, -——> Fe®'.H,0, [32)
Fe’.H,0, —==> [Fe**.HO, 1T  +  H' [33)
i ;Fe3*.H02'] I -—> [Fe’*.HO, 1 II [34]
[Fe’".HO, 111 ---> ' Fe0™ + HO™ [35]
_’f,rjeo3+ + H,0, —-——> Fe>* + 0, + HO (36)

ot
i

have been supported

‘At high [H202]/[Fe“1 ratios (10 to 300), the kinetic results are

‘gsatisfactorily

‘complex, (I,

only in eq.

[33].

.gecond complex, (1I), also becomes important,

. The «catalytic

‘least in part,

t

role of iron

{III)

iron

At lower ratios

represented by a mechanism involving

eq.

is

the

(0.2 to 4.0)

[34].

first

attributed,

to its facilitating the breakage of the 0-0 bond

1ﬁof the perhydroxyl anion by complexing the liberated oxygen

-atom®:

,ﬁ%ﬁ'e“. "0-OH ---> Fe
R

o
il
P

3+

LY

.O0... 0OH

———

FeO

3+

HO

[35]

the



~ Support for this mechanism has been provided by kinetic studies
‘performed by Kremer!®, Jones®® and Jortner’.
As can be seen in the reaction sequence proposed above,
‘there are two intermediate complexes in the decomposition of
hydrogen peroxide catalyzed by iron (III) iron. The existence of
* these _twé coﬁplexes has been assumed to be the reason why copper
-has a promoting effect on hydrogen peroxide decompositicn by
'“iron. According to Kremer'', the promoting action of copper is
. due to its acceleration of the conversion of the primary to the

ﬁgecondary Fe“-HO{ complex, eq. [34].

gt The promoting effect of copper on the iron-catalyzed
- "! } £

Qdecomposition of hydrogen peroxide has alsoc been explained by a
{imechanism involving a free radical chain reaction®®%7"%,

B

1
3
Ery

i
‘RAccording to Barb et al.®®, the effect produced by copper (II)

%
I

@gions can be explained if they react at a higher rate than iron

(III) ions in eq. [29] through the following pathway:
B

i

- cu?* + HO," _—— cu’ + 0, + H* [37]

2+

" cut + Fe’* -—=> Cu + Fe?' (very fast) (38].

two reactions amount to a catalysis of the reaction shown
[29]).
Contrary to what has been shown above, Krause®® reported

iron (III) ions can inhibit hydrogen peroxide decomposition

Through spectrometric and oxygen analysis of the ireon (III)

?]%ron—hydrogen peroxide-water system, Lewis et al.”  found




;evidence for the existence of Fe“(Hzo)SUgOZ), Fe3+050)5(H021

.and Fe3+ﬂg0)5(HO') in dilute solutions. In concentrated

isolutions of hydrogen peroxide, Fe’ (H,0), (H,0,)HO, and

FthH 0) 0502)2 were identified, the concentration of the

latter being negligible. The authors suggest that the above-

mentioned species are responsible for the iron-catalyzed

.beroxide decomposition.

5 To further complicate matters, Garten’® found that the

‘kinetic data cannot be reconciled with either a pure free radical

cycle or with a pure non-free radical cycle, but is consistent

¥ﬁith a combination of both. The author suggests that active

i
intermediates in the propagation consist of dimerized products of

‘dron  (III) hydrolysis. Lebedev et al.”” suggest that a free

- radical decomposition mechanism operates at low concentrations cf

;Jiron, but that a non-radical mechanism predominates at high

sl

o
5

iconcentrations, and involves intermediate formation of a complex

“with two iron (III) ions, whose interaction involves an

3§1ntramolecular transfer of electrons.

The mechanism of iron-catalyzed decomposition of hydrogen
IS

peroxide in alkaline solutions has not yet been studied with the
ecessary degree of detail. Most of the explanations for this

echanism are based on the principles of hydrogen peroxide

‘f ecomposition in acid solutions. 1Isbell et al.’® proposed a

echanism for the iron-catalyzed decomposition of hydrogen

;f erox1de in alkaline solutions which is very similar to the
Bloxidation-reduction mechanism presented by Weiss®. This

Pl v . . )
mechanism also takes into consideration the so-called



- autodecomposition of hydrogen peroxide which cannot take place
S

in acid solutions due to lack of hydrogen peroxide ionization.

The reaction sequence proposed is shown below:

‘hzoz + Hoz' ——— H,0 + HO- + 02T [6]
"'b; +  HO" ——> 0, + HO™ (7)

B,0, + Fe?' -——> HO" + HO~ + Fe? (22}
ﬁoz‘ + Fe®' -—-> HO,”  + Fe’* (27)
I-IO + Fe*  --->  Fe™ +  HO [26]
: A‘E:‘e:“ + HO," -—— Fe?t 4 o, + g [29)
Ho" + HO,” -— HO" + HO,’ (9]
j;ﬁoz‘ -—=> 0,° + HY [20]
:‘,o; + H,0, — 0, + HO" + HO" (12}

With an excess of hydrogen peroxide, the above reactions give
;ﬁ;ise to hydroxyl, perhydroxyl and superoxide anion radicals in a
::aynamic system in which iron (II) ions are oxidized by hydroxyl
 ¢}adicals, iron (III) ions are reduced by perhydroxyl radicals,

' and hydrogen peroxide is oxidized by superoxide anion radicals’®.
) LI I
. Nadezhedin et al.>” found reaction [27] to occur between iron

il

k*(III) ion and superoxide anion radicals rather than between iron
h;{ﬁ

1 (III) ion and perhydroxyl radicals in weakly alkaline media. This

' finding seems to be correct considering the fact that the

Wi
=
hit

+

iy

4
b
h

for the ionization of perhydroxyl radicals is approximately

The pH corresponding to maximum decomposition of hydrogen

fliperoxide in the presence of iron was found to be 11.6%.




'According to Nicoll and Smith'®, the catalytic activity of iron
.'l

Rk
J(III) ions in alkaline solution does not increase regularly with

}increasing concentration and, at certain pH and concentration
values, 1ron (III) ions actually act as peroxide stabilizers,
‘The stabilization effect of iron (III) ions is explained as being

“,caused by the formation of peroxides or complex per-ions which
E
*,/are comparatively stable!®, The formation of iron (III) hydroxide

.at high concentrations of iron (III) ions causes rapid

a:mii

J

5&

!

gecompositlon of alkaline solutions of hydrogen peroxide'®. The

i

e

highly dispersed colloidal hydroxide is thought to be responsible

"hfor this effect®.

{ql 2.2. Copper

Hydrogen peroxide decomposition in the presence of copper

“‘Q
o)
o
H
{
)
n
1
n

with increasing copper concentration and alkalinity of

L?Eﬁe solutions!®. According to Galbacs and Csanyi®®’, maximum
- ,? "

hydrogen perox1de decomposition in the presence of copper occurs
i

at pH 12.0.

The catalytic activity of copper in the decomposition of

&-ca,;:“.‘.:.. st

L
!alkallne hydrogen peroxide solutions has been explained as

(joccurring through the formation of unstable perOxideséﬂ

=
iformatlon of complexes with perhydroxyl ions™ %', and

iiformatlon of free radicals'’-?}%>%%,

i s

Coppinger demonstrated the formation of perhydroxyl

[ W
I

§ﬂfadicals in the cupric ion-catalyzed hydrogen peroxide

w
*

3:
5.

%
P _..'._
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1.5

i
e
T

'decomposition by adding the anti-oxidant, 2,6-di-t-butyl-4-

y#methylphenol; to the reaction system. The product, 4-methyl-4-

- hydroperoxy-2, 6~di-t-butyl-2, 5-cyclohexadienone, was identified

‘as arising from the reaction between the anti-oxidant and

;jperhydroxyl radicals (eqg. 39).
!

I 3 | CICH3)y —HOO (CH3)sC UC(CHz)s [39)
g‘ Ha _0"CHy
12,6~ di-1-butyl~ 4=methyliphenol HO

4 -methyl-4 -hydroxyperoxy-2,6-
di-t-butyl~2,5-cyclohexadienone

-
.
b

50BPR studies performed by Vierke®? showed the existence of

' Feroxide treated with cupric hydroxide. The superoxide anion
W;adicals were thought to arise from the dissociation of
perhydroxyl radicals and the hydroxyl radicals from the reaction

:etween hydrogen percoxide andg perhydroxyl radicals. An

nteresting observation was that the catalytically active copper

i;éompound was an unstable species which also gave a signal in the

EPR spectrum %%,

Using p-nitrosodimethylaniline as an acceptor for hydroxyl

EYE .

&iradicals in alkaline solutions of hydrogen peroxide, Ernestova’

‘concluded that copper-catalyzed hydrogen peroxide decomposition
indeed a free radical process. Berdnikov' proposed a chain

B reaction mechanism for this process which is very similar to the



one presented by Barb at al.®® for the iron-catalyzed hydrogen

peroxide decomposition:

Initiation:

2+ 2+
Cu + H,0, ——> [Cu®".H,0,] (40}
[Cu2+.H202]» _—— [Cuz*.Hoz'] + g [41]
Cu2+.H02' —— cu® + HO, + H' [42]

Chain propagation:

HO,’ + cu?t —_——> cu’t + 0, + H* [37)
Cut + H,0, —_——> cu?t o+ HO™ + HO" [43]
HO® + H202 -———> HZO + Hoz' (231}

Chain termination:

cu’ + HO," -——> cu?* o+ HO,” [44]

Cu’ + HO* —_—— cu®t o+ HO™ [45]

This same reaction pathway has been reported in experiments where
the 4initiation step was performed by photolysis in the presence
of copper?®?.

A different concept for peroxide decomposition catalyzed by
copper has been put forward by Shashkov and Krylova®’. Working
with a mixture of copper species (Cu®’, Cu,0, CuO and CuOQOH), the
authors concluded that hydrogen peroxide decomposition involves

the following reactions:



+ H202 -——=> CuzO + HzO + O2 (44)

+ H O -—=> 2 Cu0 + HZO [47]

Hydrogen peroxide decomposition via a copper peroxide

5

intermediate was investigated by Glasner® who concluded that
%-"filii '
gid‘v‘*ccpper peroxide is formed by a simple addition of perhydrozxyl

i

%&radical to cupric hydreoxide and has the formula CuOQCH. The

formation of copper percoxide is promoted by increasing alkalinity

and catalytic decomposition of hydrogen peroxide was shown to be

%}proportional to the concentration of copper peroxide present at

iﬂany moment in the solution. The rate of oxygen evoluticn was

;ifound to correspond approximately to one-half order with respect

34
@i to hydrogen peroxide®.

v 1

Manganese has been found to have the most deleterious effect

on hydrogen peroxide stability among the transition metals

\ 86,87

Qusually present during pulp bleaching Also, it is often

'

i

5

the most abundant transition metal in bleaching systems®®.

Peroxide stability in the presence of manganese is sharply
reduced with increasing pH up to approximately g, 511535 p

further increase in pH results in an improvement in stability
ollowed by a slight deterioration (Fig. 1). At a pH value around
10.5, the manganese is precipitated as manganese hydroxide and
. may be the reason why improved stability is found at this

BT
,pH .
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 Figure 1. Decomposition of 0.040 M H,0, solution
: containing manganese (0.2 ppm)'’.

B

‘Manganese-induced decomposition of hydrogen peroxide has

.. been. explained in terms of unstable peroxide formation®™

r

t
s free radical chain reactions?’ ®®

, heterogeneous reaction

iﬁﬁith solid manganese dioxide® and surface catalysis®’.

v The free radical mechanism for decomposition of hydrogen

~peroxide in the presence of manganese has been described as

~ follows®®:

“Mn? + H,0, -—> Mn>*  + HO™ + HO" (48]
~ i Mn?* + HO" ~—> Mn®*t o+ HO [49]
g :

:?ino' + H.0, -——=> H,0 + HO, (23]

| HO + H,0, -———> 0, + H,0 + HO- (24]

.iAccording to 3ychev et al.?®, reaction (48] is not very likely to

PR
£ e

‘ogccur since it 1s a one-electron step and this requires the

by




‘generation of hydroxyl radicals before the formation of

Y

K"‘! 3 13 L3 »
~1superoxide anion radicals which was found not to be the case. The

o
éﬁauthors therefore proposed the following modified mechanism:

initiation:

5] Mn2* + H,O, -— Mn** + 2 HO™ [50)
Mn* +° 2 HO, ---> Mn?t 4+ 207 + 2 H' [51]
chain propagation:

;7 n* ¥ 0,° ---> Mot 4 0, (52]

L M + H,0, —— Mn't o+ HO" + HO™ [53)

s +
+ HZO2 —-———> 02 + H + HZO [54]
——> Mnt o+ 0 [55]

The free radical chain reaction mechanisms proposed above
ﬁfhave been shown be irrelevant in alkaline hydrogen peroxide
;ﬁsolutions. Investigations carried out with the hydroxyl radical

i't..
J?acceptor p-nitrosodimethylaniline and the heavy oxygen 1isotope

T?“o have established, respectively, the non-existence of hydroxyl

,ﬁradicals in the intermediate stages of the sequence and the
Hh -

In all probability, manganese does not exist predominantly

an ionic form in alkaline solutions. The exact forms oI



‘ganganese present in alkaline solutions as well as their effects
lén hydrogen peroxide decomposition are still not known with
‘certainty but it 1s known that the addition of manganese in the
.form of Mn.C,, Mn,0,, MnO, or KMnO, to these solutions enhances
hydrogen peroxide decomposition®®. The decomposition was shown
io be first order in peroxide in the presence of MnG, and orders
of less than one in the presence of MnO, Mn,0, and Mn._O, %2

. According to Burmakina et al.’!, manganese-catalyzed

L:hydrogen peroxide decomposition in weakly alkaline solutions

@ﬁoccurs by a two-electron transfer from the hydrogen peroxide
S |
ikt N

yimolecule to internally-formed compounds as shown in the reaction

Wil o

ﬁ' +
{l sequence below:

w3
uin b

tﬁ? ‘ + . '2+

;3, + HO, + 2H > Mn + 2 HO + 0, [56]
+ 2 HO --=>  Mn(OH), + 2 H' [57]

;gryq(OH)z + HO, --->  Mn0, + 2 HO [58]

The theory of a surface catalysis has been advanced but not
convincingly explained. The only evidence that vaguely
?upports this theory was presented by ismail and Constable®® who
‘ that the rate of heterogeneous hydrogen peroxide
f'I;composition catalyzed by a manganese sesquioxide surface 1is

. RN

iﬁgoportional to the mass of the catalyst. Evidence contradicting
fth;s theory has been presented by nolfram®’ who found no change
; the catalytic activity of mangjanese dioxide when it was
wy,glatin—doated.

Particle size has also been shown to be important in the



Mi ¢

z‘n

#heffectlveness of manganese as a catalyst for hydrogen peroxide

?-1“‘15

‘Hdecomposition’s 6L,
g

Wolfram® found that decomposition rates of
;ihydrogen peroxide in the presence of manganese dioxide of
'?&ifferent particle sizes followed first order kinetics bu=x
%ﬁincreasedrin kinetic order with increasing degree of dispersion.
i;The décomposition rate in the presence of the particles was much
l»lower than in the case of manganese dioxide solutions and gels.

‘?1'

The decomposition of dilute aqueous hydrogen peroxide

i

. solutions on various supported manganese oxides catalysts seems

..1to occur via a mechanism involving the simultaneous oxidation

@ﬁénd reduction of the catalyst by hydrogen peroxide in which
f*Erivalent and tetravalent manganese take part’’. The proposed

Vit

e
Y'reaction sequence is shown below:

Mn 0 + H.O -——> 2 MnO, + H,0 (591

3 MnO, + H,0, -—=> o, + Mn. O, + H,0 [60]

Broughton and Wentworth® found no catalysis of hydrogen

~Wdiox1de was formed. The oxidation of a mangancus ion in solution
$.0 5
;;by hydrogen peroxide is not very likely since it involves either

ffthe formation of the unstable manganic ion or a nucleus of

golid manganese dioxide®®., However, manganous ions adsorbed on

o T 0

he surface of manganese dioxide may be more active in catalysis

on oxidation they become attached to the already-formed

|
=}
0
1}

anganese dioxide lattice. The adsorbed manganous ion can either

x F'&“Bﬂ‘m-ﬁt



part in the reaction itself or create a site for the
rmation of a crystal of manganese sesquioxide.

.3. Effect of CO, on Peroxide Decomposition

?yyy Navarro at al.!! found that the rate of hydrogen peroxide
é}decomposition is enhanced when a continuocus stream of CO, 1is
f;lntroduced inteo alkaline solution. 1In contrast to the effect
carbonate ions proved completely inactive. Furthermore,
?ﬁ;t was observed that the pH of unbuffered solutions initially
: ;djusted to 12.0 decreased as the hydrégen peroxide decomposed.
§n~ the presence of CO, , the rate of hydrogen peroxide
A7aecomposition passed through a maximum between pH 11.5 and 11.7 ,
gﬂaust as in the absence of co, . The following two-step mechanism
.

proposed for hydrogen peroxide decomposition in presence ot

(1) formation of peroxycarbonic acid by reaction of CO,

+ HZO2 -——=> H,CO, [61)]

+ HO,~ ———2 0 + H.,O + HCO.~ [62]

the bicarbonate anion is a much weaker DPpbase than the
thydroxyl anion, it follows that the pH of the solution decreases
iias the decomposition progresses''. This pH change is in contrast
“to the change observed during the so-called autodecomposition of

alkaline hydrogen peroxide where the pH increases because of the



B H)0, + 'HO, -——> H,0 + 0, + HO (1]

Laszlo at. al.”, however, have questioned the mechanism

?yproposed by Navarro et al.'! based on the following arguments:
5%"

ﬁq(l) it is still not clear whether peroxy derivatives of <carbonic

y acid are true peroxy compounds containing an HOC-group or that
they contain active oxygen in the form of a hydrogen peroxide

ﬁ&molecule of crystallization. The presence of the HQOO-group

X

j?activated by an acyl group is vital for the second step of the

%gproposed redox reaction mechanism. (2) Usually, the pKa’s of
g-‘ N
;Eperoxycarboxylic acids are in the 6.0-9.0 range. If this range is

.“élso valid for peroxycarbonic acid, the pH where maximum
aecomposition take place should be between 8.8 and 10.3 rather
fhan at 11.7. {(3) The hydration of Co, is a slow process
;lthough it becomes much faster in the presence of hydroxide
ﬁJions. By analogy, it is expected that perhydration with HO, is-
__Also a slow process, and consequently reaction [61] cannot
Fwéontrlbute to the enhancement of the rate of decomposition of
}io . In contrast, the perhydration would occur quickly in the

g presence of the strongly nucleophilic perhydroxyl anion and thus

+ HO ——— HCO ~ {63)

ﬁCO- + HO ———> o + H O + HCO.~ [64]



After careful work, under the same conditions utilized by Navarro

et al.!, it was concluded that the rapid decomposition of

o L

Q{hydrogen peroxide in aerated alkaline solutions is indeed

5¢induced by Co, but by a mechanism which does not involve

‘- formation of peroxycarbonates'’. Rather the induction of hydrogen

e SRR

:fperoxide decomposition by CO2 occurs when transition metal

%
#

1.4, Effect of Stabilizers
:-Sﬁ
it
f1.4.1. Chelating Agents
h

It is well-known that chelating agents prevent hydrogen
roxide decomposition. The most widely-accepted concept is that
'ﬁ he transition metals which catalyze peroxide decomposition are

.18,86,95-98

‘rendered inactive by the chelating agents®’ Walling

t al.® point out, however, that some chelating agents,

The inhibition of alkaline hydrogen peroxide decomposition
certain chelating agents has been observed by several

Hinvest igators?! 4:2,38.96.1007103  The penefits of organic
e
%?chelatlng agents are evident either when used as a pretreatment

J

3!bf mechanical pulps prior to peroxide bleaching or when used in
ffperoxide bleaching formulations®%. Allison'® studied the
i

B
;m
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w elative effectiveness o¢f several organic chelating agents

ncludlng three aminopolycarboxylates, the pentasodium salt of

b

(NTA), and the tetrasodium salt of ethylenediaminetetraacetic

acid (NaqEDTA). The results indicated that Na DTPA was the

«Bﬂt

3

&
gkdiethylenetriamlnepentaacet1c acid (Na_DTPA) , nitrilecacetic acid
i
% most efficient for increasing peroxide bleaching efficiency,

especially when used as a pretreatment. In a similar study,

Tz

Spitz compared the stabilizing efficiency of trisodium

—wm

hydroxyethylenedlamlnetrlacetate (Na HEDTA), disodium hydroxy-

ﬁethyliminodiacetate (Na_HEIDA), triethanolamine (TEA), trisodium

«w S aAva-v

nitriloacetate (Na,NTR) and Na,DTPA.- With the exception of Na NTA

§yand Na DTPA, no improvement in the stabilization of alkaline

.£

hydrogen peroxide by the chelating agents was observed in the

é‘*“
ggpresence of copper (II)®°®. oOverall, the Dbest stabilizing
feao

giperformance was obtained with Na,DTPA. Similar results have been
}‘

gobtalned by Schroeter??

gm

%@ The effectiveness of several new organic sequestering agents
.

T O

‘s including poly(<-hydroxyacrylic)acid (polylactone), myoinositol
&mhexaphosphorlc acid (phytic acid), Stabicol (a proprietary blend

Elof aminopolycarboxylates), and diethylenetriaminepentamethylene-

:?phosphonlc acid (DTMPA) have also been investigated'®. wWith

*wrespect to pretreatments, chelating agent effectiveness was 1in

+

¥
However, the differences were very small. When the <chelating

r.3

;?

?ﬁ the order DTMPA > Stabicol > Na,DTPA > phytic acid > polylactone.
b

%it

Bl

:&i

i

;”effectlve than any of the other stabilizers. Apparently DTMPA was

gents were included in the bleaching formula, DTMPA was far more




able to form strong and stable metal cation complexes under the
prevailing bleaching conditions.

In a detailed study invelving chelating and other
stabilizing agents, Oldenroth'® investigated the effect of
Na3NTA, NaqEDTA, MgSiOa, Na4P207 and Nasl?ao10 on the stability
of hydrogen peroxide bleaching liqueors 1in the presence of copper
and iron. Na NTA strongly reduced the catalytic activity of iron
but did not fully nullify it. NaEDTA, on the other hand,
completely eliminated the catalytic action of iron. MgSiO, was
~as effective as Na,NTA but likewise c¢could not completely
eliminate the catalytic action of the iron. When copper and iron
were Jointly added, none of the chelating agents gave perfect
stabilization. Sodium pyrophosphate (NaP,0,) had a better
stabilizing action than either Na P00, or MgSio,®'. Ssafonov et
a1, ¢laim that sodium pyrophosphate deactivates transition
metals by forming complexes with them. Scdium pyrophosphate was
shown to be an effective stabilizer only at pH values lower than
10.3 and this fact was explained by decomposition of the stable
complexes at higher pH Qalueswe.

7 showed that the combination ¢f

In a recent study DeMaria'®
'gluconic acid and magnesium salts chelates iron more effectively
than NaDTPA at pH 11. This combination was suggested as a
replacement for sodium silicate in the bleaching of textiles.

Alkaline solutions of hydrogen peroxide are reportedly

stabilized under the Jjoint influence of NaEDTA and the

hydroxides of magnesium, calcium and cadmium®®. An important



R
)

T

feature of these stabilizing systems 1is that the minimum

stabilizing action is reached when the molar concentration of
NangA is equal to that of the divalent ion. Increased stability
is obtained either with an excess of Na EDTA or with an excess of
the divalent ion®?.

The magnesium salts of aminopolycarboxylic acids are very
efficient hydrogen peroxide stabilizers'®®. For  optimum
functioning, however, it is necessary that all of the carboxyl
groups in the molecule be in the form of magnesium salt'®®. The

_magnesium salt of Na EDTA, in particular, has been repcrted to be
a very efficient hydrogen peroxide stabilizer'®'%'% — The
combination magnesium sulphate-triethanolamine has also been
shown to be a very good stabilizing system for alkaline hydrogen
peroxide solutions''?.

According to Hartler et al.!’, an excess of calcium ions can
have a deleterious effect on the chelation capacity of certain
chelating agents. In scme cases, the stability cannot be achieved
even by adding large amounts of the chelating agent. The authors
claim that Na EDTA can have good stabilizing action but amounts
sufficient to chelate all transition metals have to be used.

An important fact established by several workers® ' ™!,

is the ability of NaEDTA to form a complex with iron (III)
which catalyzes hydrogen pe.;oxide decomposition. The unstable
complex formed is of the type Fe (III) (EDTA]O,”” and decompases

6,114

. readily This same type of behavior has been observed with



‘HaJﬂTA}H‘n7 and DTMPA'YS, A different explanation for the
iron-catalyzed peroxide decomposition in the presence ot
chelating agents has been presented by Tien et al.'*®, According

to these authors, the reaction
Fe’* + 0.° —_—— Fel* + 0 [65]

~occurs only if diron is in the chelated form and, consequently,
tidecomposition is faster in the presence of the chelating agent
' than in its absence.
| Chelating agents can be decomposed in reactions with
 £ydrogen peroxide’™'®, The decomposition of Na EDTA by such
feactions was shown to be accelerated by copper ions®®. To avoid
these reactions, the chelating agerf reportedly must be
cbmpletely saturated with divalent ions in order to inhibit <the
formation of unstable complexes with hydrogen peroxide’. The
-addition of magnesium sulfate to the H,0,-Na EDTA system reduced
‘éignificantly the consumption of hydrogen peroxide by the

- chelating agent''®.

1.4.2. Magnesium Compounds

Accumulated evidence indicates conclusively that magnesium

compounds are effective stabilizers for alkaline hydrogen

13,14,18,29,102,120-124

peroxide solutions As shown by Reichert

1.125

et a , magnesium sulphate has a stabilizing effect over the

'/pH range 9.0 to 12.0 and the effect is maximum at pH 9.7. The



Stability of alkaline hydrogen peroxide solutions in the presence
of copper has been shown to increase with increasing amounts of
'magnesium sulphate ¥ wut complete stabilization was estimated Dby
éxtrapolation to be reached only if a 1000-fold excess of
magnesium were added to the system'?®, For cobalt the excess of

magnesium was estimated to be 2000-fold'?¢,

In the presence of
1iron and manganese, magnesium sulfate completely stabilized
hydrogen peroxide when it was present in a molar concentration
of 30- to 70-fold'?®*. wWolfram *' found that the addition of
magnesium sulfate in the ratio of 3.2 Mg/Fe completely stabilizes

.“alkaline solutions of hydrogen peroxide. Using polarography of

. metal complexes and ultraviolet analysis, Gilbert et al.'?
determined that between three and six moles of magnesium are

i+ needed to coordinate with one mole of iron. Krause and

| Kukielka'?®, on the other hand, ' found magnesium hydroxide to be
very effective in stabilizing hydrogen peroxide in the presence

of copper but not in the presence of manganese.
The mechanism by which magnesium stabilizes hydrogen peroxi-

., de is still not clear. According te Sjostrom and valtilla''?,

‘the stabilizing effect of magnesium is related to its ability tec

i?deactivate transition metal and this has been confirmed for

129,130

' cobalt and iron In alkaline solutions, magnesiun exists

as an insoluble hydroxide which is believed to sorb transition

31

 metal impuriti.cs! The insoluble hydroxide may also deactivate

- golid catalytic surfaces'!®.

Some authors have found, however, that the magnesium



;; hydroxide precipitate acts as a catalyst for hydrogen peroxide
,‘l;w

P o
g%decompOSLtlonlﬁzllm,

Nicoll and Smith!® showed that magnesium
%3pydroxide acts as a promoter for the catalytic activity of silver
‘36xide. According to these authors, magnesium hydroxide acts as a
';upport for finely-divided, catalytic silver oxide so that, in
! éhis instance, the colloidal properties of the hydroxide
activated rather than inhibited hydrogen peroxide decomposition.
Gilbert et al.'®, on the other hand, claim that magnesium
" compounds act by forming stable, not readily oxidizable complexes
with transition metals thereby inhibiting their catalytic action.
. Under alkaline conditions the formation of these stable
coordination compounds occcurs via "oxo" (-0-) and "hydroxo" (-OH-)
bridges. The formation of these types ¢f bonding 1is termed
"olation" and "oxolation", respectively, and is well-documented
_in textbooks on coordination chemistry!??. Examples of "oxo"
“bridges between iron and magnesium are presented in the 1iron-

magnesium complexes depicted in Figure 2:

——

0 73_
[(HzO)a Fe (OMg X)3] o-——Mq\O
l-
Bmwwdcodd)-Fe(HOMgXE] Fe l
. €0
[(xmg0)3 Fe (HOMgX)3] 0 — CH
] 3~

X = Hydroxide or Gluconic Acid Group.

. Figure 2. Iron-magnesium complexes!?’

B
1



The beneficial effect of magnesium has alsc been attributed

5o
ERERL S

iwéo its ability to scavenge free radicals generated in the system,
';hereby preventing the propagation of the chain decomposition
reaction®¥1¥ 1gbell and Frush '*® proposed that magnesium

dismutates superoxide anion radicals according te the following

mechanism:

207+ Mg?* -—=> Mg(0,), ---> MgO, + O, [66]

“:A similar mechanism has been proposed by Johnson et al.*® for
' the dismutation of superoxide by lithium and calcium. The acticn
" of magnesium in peroxide stabilization appears comparable to that

136'137. However,

ffof superoxide dismutase in biological systems
experiments performed by Ericsson et al.'®® do not support the
< theory of superoxide dismutation.

Bregeon®? '8,

suggests that magnesium ions form stable
55complexes with perhydroxyl ions inhibiting the hydrogen peroxide

.- decomposition.
,L.S. Effact of Buffers

Hydrogen peroxide was shown to decompose at a greater rate
in the presence of pH buffers, as a consequence of the activation
energy being lowered®. The buffers used were borax (pH 9.0),
;. sodium carbonate and sodium bicarbonate (pH 10.0), and a
:. combination of sodium hydroxide and disodium hydrogen phosphate,
Na;ﬂ%&, (pH 11.0) . Hydrogen peroxide was shown to decompose at

?;a rate 2 or 3 times higher in the buffered systems than in the
al




k;unbuffered ones. The authors explain the results considering the
in the unbuffered systems, the pH is lowered during the
bleaching thereby lowering the rate of decomposition of

peroxide. For buffered systems, the concentration of

ions 1is maintained constant throughout the reaction

ﬁ}thereby maintaining also constant the concentration of

;ﬂfﬁerhydroxyl anions, eq. [5].

0 + HO™ -———> HO,” + H.,C (5]

B

jii the course of the reaction.

;; In contrast to what was shown in the previous work, Cates
'?ﬁhnd cranor!®® found that the rate of peroxide decomposition is
-ygdecreased by approximately 75% when peroxide solutions are

i puffered at pH 10.5 with 100 mmolar Na HPO,.
Effact of Temperature

The rate of hydrogen peroxide decomposition increases with

, i

i\ increasing temperature®: 4 13.18.19.24.140.141  gnder the same

3

d

s S

ﬁ;conditions, hydrogen peroxide decomposition in alkaline sclutions
increased from 10 to 50% when the terperature was increased from

i 50° to 80° C'®. According to Spalek et al.?, the rate of hydrogen
B

'ﬁperoxide decomposition in alkaline media can be represented by a2

"' rate equation of the form:

S




wq

L3

’

.=da

Tt = K H0,1 + Kk,

vhere a is the total hydrogen peroxide content in the solutiorn,
On increasing the temperature of reaction from 20° to 30° (,
k1 increased on average by 2.2 times and ko by roughly 3 times
at equal hydrozxyl ion concentration.

The pH dependence o©of the rate of hydrogen peroxide

decomposition is independent of the temperature®® %142

1,2. The Stability of Hydrogen Peroxide in the Presence of Sodium

Silicate.

It |is well~known that sodium silicate brings about a
considerable improvement 1in the effectiveness of —+hydrogen
.. peroxide bleaching by increasing brightness and reducing oxidant

- consumption' 1113,

In addition, it has alsc been suggested
that the inclusion of sodium silicate in peroxide Dbleaching
- reduces color reversion in mechanical pulps'®®.
There 1is considerable uncertainty about the mechanism(s)
through which sodium silicate enhances peroxide bleaching
~efficiency. A large number of theories have been proposed for the
' role of silicate, the following being the most widely accepted:

L. (1) stabilization of hydrogen peroxide!’ !8:28.134.145-153 = (5,

ih formation of more reactive peroxysilicates by interacting with

'Eéperoxidel“, (3) direct interaction with  lignin®®*, (4)
LAk




Z 88

1" of new reactive species such as singlet molecular oxygen''®, (5)
“increasing of ionic strength!®, (6) increasing of alkalinity'®,

{7) prevention of the formation of alkaline earth hydroxides

W
+" which are catalysts for peroxide decomposition'®, and (8) acting

£

A
A
%i

as a buffer, detergent, surfactant, flocculating, and anti-

"gﬂf‘ fe

. corrosion agent?? 28,146-150.134

R
Pt

S5 The proposed theory that silicate interacts directly with
, the lignin has been seriously questioned since kinetic studies

ﬁ%carried out by Lundgvist!®® have demonstrated that the rate of

e

g;chromophore elimination during peroxide bleaching cof groundwood

ﬁwis very little affected by the addition of silicate. Using

lﬁtransmission electron microscopy in combination with the EDAX
1
é”technique, Graham et al.!®® have also partially discredited this

45

e rSog:

%'hypothesis since they found that silicate does not penetrate the
, ’E'“ ]
it cell wall of the wood fibers.

2%
e
£z

On the other hand, the buffering properties of the sodium

?ysilicate have not been confirmed in peroxide bleaching of
7 groundwood'®. It has also been suggested that the surface
njwetting, emulsification and flocculating properties of sodium

ﬁhsilicate are unlikely to Dbe the reason for the improved

157

Although a large number of investigators have reported data
;ﬁin the presence of sodium silicate, some'®? % have actually

contended that sodiun silicate destabilizes hydrogen peroxide.
The peroxide destabilization has been explained by the formation

Bl of very unstable intermediates (eq. 67-70), peroxysilicates,



‘which decompose according to the reaction sequence below®%:

+ - =
1,0, + H.,0, -—=> H,0 + HO, {67

- 8i(oH), + HO ---> HO 4 $10 (OH) ,” [68]
$io(0H),” + HO  ---> HO'  +  Si0,(0H),” [69)

N $10_(OH) , " + HO," --~>  S1i0_(OH), (HO,)" +  HO (70]

n=20, 1ocr 2

Contrary to the foregoing conclusion, Nicoll and Smith'® have

reported evidence indicating that silicate neither stabilizes nor

destabillzes alkaline solutions of hydrogen peroxide. A part of

'LE !.

%ﬁthese seemingly contradictory findings ultimately may be

wﬁwith increasing pH in the 10.0-13.0 range, silicate Dbecomes

increasingly less effective in stabilizing hydrogen peroxide. The

gﬁtransitlon metal impurities present in varying amounts in the
ﬁivarious commercial silicates as well as the varying
i

¥

Yt goncentrations of calcium and magnesium present in the systems

;:may also account for the different interpretations given the role

" of sodium silicate in hydrogen peroxide bleaching®®?

In a very recent publication, Kutney'® reported the

results of an exhaustive study in which the influence of seventy-

%,five inorganic and organic compounds on the stability anc

iy
+ effectiveness of hydrogen peroxide in the bleaching of groundwood
ﬁtpulp was examined. The additives included several orgeznic
5{
fj'chelatlng agents, free radical scavengers, and various other

compound types. The conclusion drawn was that only a few had a



significantly positive effect on peroxide stability and none of
them could match the efficiency of sodium silicate, Of the
substances tgsted, only barium chloride, sodium nitrate, sodium
‘hexafluorosilicate, sodium hypophosphite, succinimide, melamine,
| NaDTPA, ~and anthraquinone  derivatives  reduced  peroxide
:1consumption and improved pulp brightness in the absence of
&‘silicate. Furthermore, none of the silicate co-additives,
f including Mg?* salts, had a significant positive effect on
f,bleaching efficiéncy.
To explain the more-or-less accepted role of sodium silicate
ﬂhgs a hydrogen peroxide stabilizer, several theories have been
gyédvanced: (1) sodium silicate retards the catalytic decomposition

of peroxide through formation of stable complexes with transition

metals, preventing their oxidation to higher oxidation states and

,thereby inhibiting the generation of free radicals %17,

“(2) sodium silicate retains transition metals in solution and
M}prevents the formation of insoluble hydroxides which are

Hs!"
! catalysts for hydrogen peroxide decompositionm, (3) sodium

sillcate coats the transition metals with a protective layer

&bvhereby the heterogeneous surface catalysis of hydrogen peroxide

147,149’ (4)

%‘13 retarded or prevented sodium silicate passivates

28,150 (5)

tran51tlon metals ' sodium silicate sorbs transition

on its surface thereby rendering them catalytically
#. inactive with respect to peroxide decompositiont® 131 (g)
sodium silicate deactivates transition metals as a result of the

ions entering the internal spaces between silicate chains

and forming well-defined three-dimensional structures with the



* ligands?®!, (7) sodium silicate terminates reactions of hydrogen
peroxide decomposition by binding free radicals and is itsei?
polymerized in the process®®**, and (8) sodium silicate and

hydrogen peroxide form well-defined addition compounds,
peroxysilicates, which are more stable than hydrogen peroxide

Although the reaction of sodium silicate with transition

O R P S

R

hetals to form stable complexes has been claimed as being the

152, ]53

,reason for the silicate action during peroxide bleaching

e g

' such compounds have never been isolated in actual bleaching

conditions. An example of these proposed complexes is manganese

e ;ﬁ-@- n;:_gﬂ: T 'W*f"&m"“l*‘

?_meta3111cate, formed as shown in equation [71]1%°%:

ggun‘“ + $i0, (OH) 22' ~-=>  Si0,0HMn (71)
i

Lﬂ; The hypothesis that silicate terminates free radical
% . .
ﬁ.decompositlon reactions arose from the fact that peroxide
gl
ﬂbleachlng in the presence of barbituric acid, an efficient free

B
“«ix
wf
F;

‘radical scavenger, was as efficient as in the presence of sodium

134 16

silicate In contrast, Kutney1 showed that barbituric acid,

E
ﬁfis well as many other organic reagents, had a detrimental
L

*?effect on pulp brightness; very few free-radical scavengers had a

-gpositive impact on bleaching efficiency.

b N | |
ﬁg The reported syntheses of peroxysilicates typically involve
T

%
concentratlons of sodium silicate and peroxice far in excess of

those prevailing in the peroxide bleaching of pulp'®?*® 1%,

Hence, it remains to be demonstrated if and to what degree



fperoxysilicates are significant in technical peroxide bleaching

B
g
e

'EYStems. It is important to distinguish between "true"

_‘péroxycompounds such as peroxydisulfate salts which contain ©-0

N .
bonds (Fig. 3) and substances such as sodium percarbonate

(2 Na CO, . 3 HO,), sodium perborate, and sodium perphosphate

2

that contain H,0, of crystallization!®?. Both type of compounds

hydreolyze to give hydrogen peroxide upon dissolution in water.

l62-164

Several investigators have synthesized silicate

peroxyhydrate salts but, there is no experimental evidence
chrrently available to support the existence of genuine

Efperoxysilicates.

0 o

i A
. 0-$-0-0-5-0
S I ]
X O 0
i L -~

B |
" 'Flgure 3. "True" peroxycompound (peroxydisulfate) %2,

Blaschette and Saad'®® suggested that the formation of

%ﬂperoxysilicates is the reason for the improved peroxide bleaching

¥iaction in the presence of sodium silicate. The authors assumed

& that these compounds are stronger oxidants (higher redox

8! potential) than peroxide itself. Burton'® found no evidence

%gthat such complexes are better bleaching agents than coventional
I+ )
hydrogen peroxide-sodium silicate mixtures. The hypothesis that

@ peroxysilicates are more active bleaching agents was almost
totally discarded in recent work by Graham et al.s. Using

B/ transmission electron microscopy in combination with the EDAX



hohnique, the authors concluded that silicate dees not penetrate
the cell wall during bleaching. If silicate does not penetrazs

:éhe fiber wall it is evident that a major portion of the lignin

;‘ill not be available to react with any peroxysilicate that may

g;ﬁe formed.

; ; The effectiveness of sodium silicate as a stabilizer for

;vhydrogen peroxide has been reported to be dependent on several

strel’tsov and co-workers!® observed that peroxide

molar ratio of SlO /Na 0. Raskina et al.?® found an increase in
peroxide stability as a result of increasing the sodium

‘lsilicate/total alkali ratioc from one to two. According to the

authors, sodium silicate with a $i0,/Na.,0 ratio of two has a

greater tendency to undergo polymerization and, as a consequence,

it is more efficient in binding the free radlcals present in the
166

- system. Soldatkina et al.'®®, on the other hand, found better

§¢stabillzatlon of the hydrogen peroxide when "depolymerized"

sillcates were used instead of regular "water glass". This
findlng was rationalized on the bases of the lower capacity of
&jéhe depolymerized silicates to form intermediate products and by
;;fhe lower sodium hydroxide content which reportedly accelerates
the hydrogen percoxide decomposition via a free radical mechanism,
ﬂﬁfhe authors'®® also showed tha- the rate of copper- and iron-

Q@catalyzed peroxide decomposition in the presence of silicate and

_fknagne51um or silicate and calcium is lower for "depolymerized”



ko
?Pailicate than for "water glass".

NS

B
E»

‘factor affecting its performance as a hydrogen percxide

The degree of hydrolysis of sodium silicate is another

r-urf«-;-ux "

rstabillzer The stabilization action is increased by

t
‘increasing the concentration of sodium silicate or by the

¢,

hadditlon of reagents such as ammonium chloride which increase the
% hydroly31s of sodium silicate. Thus, a significant increase in
&.hydrogen peroxide stability was obtained by increasing the

fsilicate—alkali ratio from 1.0 to 1.6 which in turn increased the

i

vﬂd gree of hydrolysis of sodium silicate by a factor of twolt

The action of sodium silicate in a bleach has often been
é:aftributed to its colleoidal properties by means of which
;atalytic ions are sorbed and thus prevented from initiating
ﬁydrogen peroxide decomposition. However. a number of organic
édlloids, some of them acidic in nature and therefore capable of
Qwiorming salts with transition metals, were found incapable of
éffectively stabilizing alkaline solutions of hydrogen
‘;ﬁberoxidew. The compounds tested included methylcellulose,

?icarboxymethylcellulose, hydroxyethylcellulose, poly(methacrylic
‘££5cid), starch and dextrin. Even in combination with sodium
'ffsilicate, the solutions of which certainly exhibit colloidal
fa;roperties, the organic colloids showed no effective potential
y for hydrogen peroxide stabilization®®. Nevertheless, the presence
320f large amounts of a colloidal precipitate may result in the
-E:absorption of some catalytic materials which would otherwise
3

fjinitlate hydrogen peroxide decomposition. Such effects may

'prossibly be obtained in the case of the hydroxides of alkaline



s
‘éiearth metalst®.

;’,’1

The stabilizing capacity of sodium silicate was shown to be

¥ affected by macromolecular substances. Thus, under the influence

:of cotton fibers, sodium silicate stabilized hydrogen peroxids

1$$nuch more efficiently than in its absence?®,

:‘-,2.1. Effact of Stabilizers

The accumulation of siliceous deposits on equipment is a

W' has been directed toward the develcopment of peroxide Dbleaching
i ¢
& systems containing as low an amount of silicate as possible. In

ﬁﬂthis context, magnesium salts and chelating agents play an

jﬁimﬁortant role. In addition, other compounds have been
ﬂv}nvestigated. Thus, Bassilios et al.'®® reported that sodium

i?;luminate, NaAlOz, functioned efficiently as a stabilizing agent
or hydrogen peroxide. The authors claimed that alumina
“recipitates were more easily removed from an apparatus than were
iiicate scales. Other 1investigators have utilized organic

T
lichelation reagents and/or surfactants as substitutes for sodium
A
¥

fistlicate. Organophosphonates have also been shown to be effective
B peroxide stabilizers'®®. Kowalsky
s

ébleaching soluticons containing sodium tripolyphosphate and sodium

diethylenepenta(methylenephosphonic acid). Gottlieb

17 srepared buffered peroxide

1M replaced

?”6% of the sodium silicate used in a single-stage textile



g}eaching process with a proprietary organic sequestrant/
dispersant. This procedure prevented silicate deposition on

?$cotton and cotton-polyester fabrics. The use of quaternary alkyl

i

,1aqmonium salts has been reported to improve the stability of

i hydrogen peroxide'”?.

3. 2.1.1. Magnesium Compounds

ey

In the absence or near absence of transition metals, magne-
B sium and, to a lesser extent, calcium are effective stabilizers

E of alkaline hydrogen peroxide solutions in their own rights . In

”lfcund superior to either component alone, especially in the
-
# presence of large amounts of transition  metals'®'%1Z-1%2

{the concentration of magnesium becomes unimportant above a

1 16,109 \ .
B certain value . However, in the presence of copper 1ons,

1:dependent on the magnesium concentration!®®, Under bleaching

. EH
»feplace sodium silicate, especially when the latter is used at

Blaschette and Saad®® suggest that the enhancement of

1
 thdrogen peroxide stability in the combined presence of sodium
§ silicate and magnesium sulfate is a result of the formaticn of
Hkolloidal dispersions of sparingly-soluble Ca- and Mg-silicates.

f?alcium and magnesium salts reduce the solubility of silicate in
R

i vater dramatically'’>. Three mechanisms have been proposed to



;}account for the enhanced stability of peroxide in the combined

B} presence of silicate and magnesium or calcium. First, alkaline

earth silicates may function as sequestration agents by bonding

143 second, alkaline earth metals

5%catalyze peroxide decomposition
react with silicate forming a colloidal suspension which sorbs

f&transition metals thereby preventing the metal-catalyzed peroxide
decomposition'®®. Third, colloidal magnesium silicate particles

: :
gl may bind free~radical intermediates formed during transition
< 2T

8l metal-catalyzed peroxide decomposition®® ',

Chelating agents are usually introduced in the bleaching

1% and Allison'®® nhave

;fin the subsequent bleaching operation. Very little has been
?kpublished regarding the use of chelating agents in combination
f;with sodium silicate and magnesium salts in the bleaching
‘ﬁfformula. Bambrick!®? showed that Na DTPA significantly enhanced

;;the stability of bleaching liquors containing magnesium sulfate
gl

and sodium silicate even in systems where large amounts of

by
4]
R

rxgiransition metals were added (Fe = 40, Mn = 40 and Cu = Zppm).
fﬁBurton“j has shown that NaDTPA and DTMPA, when contained in a
;5leaching formula, were more efficient peroxide stabilizers than

B silicate in the presence of copper and manganese but, in the



k), presence of iron, all of the stabilizers were inefficient.
ﬂ?_ Allison®® studied the effect of three different amino-

};polycarboxylate chelating agents (Na DTPA, Na,NTA and Na EDTA) &r

4! hydrogen peroxide stability in the presence and absence of sodium

s G ot

1%silicate. NaSDTPA was shown to be the most effective and 1its

effectiveness in the presence of sodium silicate was higher at

g low concentrations of the latter. The author also found that

4Qb1eaching and resulted in bleaching efficiency similar to that
.Eﬁfound in conventional peroxide bleaching with 5.0% silicate
‘jgéddition. However, the high cost of DTMPA made silicate-free

Bibleaching more expensive than conventional peroxide bleaching

T,

=

with silicate. Replacement of sodium silicate with DTMPA during

ﬁ :efiner bleaching resulted in less efficient bleaching and lower
‘fwfinal brightness. DTMPA did not provide adeguate peroxide
':fprotection ‘under the harsh conditions of high temperature and

,;fincreased metallic contamination associated with refiner
Chelating agents have been shown to be more effective in

 ?:when applied with the liquor in the Dbleaching formulation .

‘%1This finding is explained based on the fact that, 1in the «case
-:ﬂwhere the chelating agent is applied in the bkleaching formula,
.'ésome metal cations in a high valence sti:te, e.g. iron (III) and
.d%manganese (IV), though complexed with the chelating agent, can

-f?still induce hydrogen peroxide decomposition'’'. A further



fﬁlndication of the validity of this theory was demonstrated in

& recent work by Whiting et al.!® who showed that pulp washing

X
:jfafter chelation is very important in the peroxide bleaching of

.|

1

ig%2.2. Effect of Transition Metals

It seems certain that sodium silicate does not directly

E}stabilize hydrogen peroxidem. However, sodium silicate Iis
"capable of forming complexes with a large number of metal ions
énd these complexes have definite effects on the catalytic
;i?process by which hydrogen peroxide decomposes in alkaline
Qiisolutionsla.

The effect of transition metals depends on the particular
species, its concentration and the pH of the h&drogen peroxide
'ﬁ?solutionm. Sodium silicate is reported to have a negative effect
on hydrogen peroxide stability in the presence of copper at pH
W' 10.5!%. The addition of silica to alkaline hydrogen peroxide
solutions containing copper promotes decompcsition by a factor of
two®'. In the presence of iron no difference in hydrogen peroxide
“Qstability was observed at pH 10.6 but, with increasing pH up to
12.0, the stability decreased to a greater degree in the presence

14,18 = Hydrogen peroxide

fféof sodium silicate than in its absence
fmidecomposition catalyzed by iron was shown to decrease slightly
i’*with the addition of silica gel, and this beneficial effect was
5?explained by the adsorption of active iron micelles by the silica

,ffrendering them inactive® . 1In the presence of manganese, sodium



§ n
lilicate has been shown to be a good stabilizer of  hydrogen
peroxide; the beneficilal effect has been explained as being e

@»

i@FO formation of manganese metasilicate which prevents the
oxidation of manganese to higher oxidation states???® 133,

The -effect of combinations of t;ansition metals on peroxide
decomposition is complex and, hence, difficult to predictt® 1%,
Sodium silicate is reported to have a positive effect on hydrogen
.; peroxide stabilization in the combined presence of copper and
;;{iron and, to a lesser extent, retards hydrogen peroxide
7g$§ecomposition in the presence of copper and manganese'®?'***. The
ﬁﬁéombined presence of sodium silicate and magnesium sulfate
stabilizes hydrogen peroxide completely regardless of the
:ﬁtran31tlon metal combination present

' The reason for the higher rate of hydrogen peroxide
}:ﬁﬁecomposition in the presence of mixed catalysts than when the
'i??atalysts are added separately is not clear. Kanter et al.b?
?Zyttribute the phenomenon to the formation of joint intermediate
E?products and coprecipitation of metal hydroxides. Nicoll and
‘;:smithm claim that extremely unstable complex  peroxides
:i%éontaining more than one metal may form. It is possible that a
.gfﬁixture of the colloidal hydroxides of two or more metals may
.ﬂihave unusual potency in promoting surface catalysis!®

The effect of the order of chemical addition on hydrogen
ﬁ?beroxide decomposition was studied in a solution comprised of

fémagne51um sulfate, sodium silicate, sodium hydroxide, iron (III)

{;hydrox1de and hydrogen perox1de . Higher hydrogen percxide

|



tability was obtained when sodium silicate was available to
eact with both magnesium and iron before the addition of scdium
wdroxide. Lower stability resulted when the order of addition of
Eéagents pefmitted the formation of insoluble magnesium hydroxide
E&mfore addition of the iron. Intermediate stability was obtained
hen the order of addition was such as to permit the formation of
iron (III) hydroxide. From these results it would appear
hat the chief function of sodium silicate in those solutions was
;éo maintain the metal ions, iron and magnesium, in a soluble

l gtate and to prevent the formation of insoluble iron (III)

.y
il
f

éhydroxidels.

3., The Effect of Transition Metals in Mechanical Pulps on

Peroxide Decomposition

In hydrogen percxide bleaching of mechanical pulps, part of
Ethe peroxide 1is consumed 1in oxidation reactions, part is
fdecomposed into water and oxygen and, finally, a portion of it
;éemains unchanged in the spent bleaching liquor. The exact amount
riof peroxide decomposed under bleaching conditions is difficult to
i

Edetermine because the high consistencies used do not allow for
:Qaccurate determination of the amount of oxygen released which is
:ﬁhe conventiocnal way to assess decomposition. However,
?émeasurements carried out at low consistencies indicate that as

,1much as one-third of the peroxide’s bleaching capacity may >3e

¥ 1lost in decomposition reactions during bleaching?**?,

The cause of peroxide decomposition during bleaching is well



g}nown. It involves substances present in the pulpwood, bleaching
' Fhemicals, process equipment andﬁmill water which catalytically
Eéﬁitiate the decomposition reaction®” ™. The enzyme

Pcatalase, a common by-product of bacteria in pulps, has been

123,176 Trace amounts of

gshown to produce this effect
3;ransition metals such as iron, copper and manganese found in the

“hleaching system also cause serious detrimental effects on

The principal source of transition metals in the bleaching

relatively inactive as catalysts for peroxide decomposition®.

jThe metals present in mill waters are more likely to have an
Vaccelerating effect on peroxide decomposition during bleaching®®.

.

Transition metals 1in pulpwood may originate from two

{brincipal sources. First, they are absorbed by the growing tree
jwhere some of them play a vital physiclogical rolel™ 78,

i Secondly, they may be absorbed from saws, from mud picked up on
i

f: the logs, or by erosion of grinding linings and refinerst’®.
it}

| Finger bars, broken off and ground with the wood often represent

“a serious source of iron contamination in the case of

g3

§. stonegroundwood (sGW) %%, Erosion of refiner plates, on the
¥

. other hand, 1s an important source of iron in thermomechanical

F: pulps (TMP) 1%L,

The amount and type of transition metals picked up by the

.fpulp during mechanical pulping vary tremendously with the

i process, wood origin and wood species. Gupta and Mutton'®
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1. INTRODUCTION

b One of the main drawbacks in using hydrogen peroxide for
Kpulp brightening is its tendency to decompose with concomitant
&

{loss of brightening capacity. Under certain conditions, this loss

fmay represent as much as one-third of the peroxide’s oxidative

apacity”. Additionally, the products of the hydrogen peroxide

nk’
idecomposition (0,, HO’, and 0,7) may participate in chromophore-

Iproducing reactions'®®.
H

The mechanism of hydrogen peroxide decomposition under

#brightening conditions is not completely clear. Many efforts have
g 4
jbeen made to clarify this issue, but a satisfactory answer has

B the homogeneous or heterogeneous character of the
N [

202,203

_ o . .
2o.w1’ and kinetics p

its pH dependencel-?-%!

_fénd the rate-influencing effects of potential impurities?®.

b v
¥ Basically, five mechanisms have been proposed to account for the

.‘i..

il accepted: (1) a base-catalyzed ionic mechanism!®?°, (2) a base-
.
Bl catalyzed free radical mechanism'®, (3) a transition metal-
il
Bl catalyzed free radical mechanism’®, (4) a transition metal

fireaction with perhydroxyl anions to form unstable peroxides or

) W
Bl complexes®—?, and (5) a heterogeneous surface-catalyzed

8 reaction caused by colloidal transition metal hydroxides®®.
It is possible that more than one mechanism is operative

¥ during brightening. For example, a recent investigation bhas



metals occurs by different pathways depending wupon the metal
volved®*. In this regard, special attention must be paid to the
néchanisms of peroxide decomposition catalyzed by iron, copper
;ﬁd manganese because they usually are present in relatively
iarge amounts during the brightening of mechanical pulps. It is
i??nreasonable, however, to assume that all five proposed
'?;nechanisms are operative during brightening.

The right choice of suitable stabilizing systems for
il peroxide brightening liquors as well as of appropriate
{};brightening conditions depends upon the mechanism of peroxide

decomposition. Therefore, a full understanding of this mechanism

The objective of this investigation was to clarify the
mechanism of peroxide decomposition under brightening conditions.
To achieve this goal a systematic repetition and re-evaluation
;fwas undertaken of several reported studies which produced often-
conflicting information relating to the influence of wvarious

factors affecting peroxide stability under conditions relevant to

pH, pH control, temperature, chemical purity, ionic strength,
. chelating agents, free radical concentration, and transition

metal solubility and concentration.

2. MATERIALS AND METHODS

S
fﬁ;2.1. Reagents



All of the chemicals used in this study were reagent grade.
LEAdditional purification of sodium hydroxide solutions was
performed to remove traces of transition metals. The solutions
' were purified by using the complexing agent, phenyl-2-pyridyl
;ﬁ?ketoxime, according to the method proposed by Trussel and
%ybiehlm4. Hydrogen peroxide solutions were not purified. The

f“metal contents of the various solutions are shown in Table 1.

. The water used throughout all the experiments was doubly-

ABLE 1. Concentrations of Metals in Hydrogen Peroxide and
Purified and Unpurified Sodium Hydroxide Solutions.

Fe Cu Mn Ca Mg
a:c?z"f_Mm_""_""““—B_B_J"—15_5—1“"_15_51""5""o_e_ml_o"o_l_
B Unpurified NaOH 1 M 0.12 0.013 <0.01 0.06 0.03
Purifled NaCH 1 M 0.02 <0.01 <0.01 0.08 0.03

— o ——— s Ao A T . S T i SR S e e e T e AL S SR SRR e e e e mm T

In experiments involving the addition of transition metals
“:0 the reaction systems, the following salts were used : FeCl.. 3]
Cusoq, and MnSO4J%O. A 0.005 M solution of each metal was
j;repared by dissolving the salt in 0.1 M HCI.

In the ionic strength experiments, variation of ilonic

trength was achieved by adding varying amounts of sodium



_32. Paroxide Dacomposition Tasts
4 S i

_$A*ThE- regctions were carried out in peolyethylene bottles

' z.i ’

Bpreviously cleaned by washing with aqua regia and then rinsing
P

veral times with doubly-distilled water. All glassware used for

dling and transfer of chemicals was washed using this same
cedure.
Solutions containing all chemicals except hydrogen peroxide

ere heated to the desired temperature and the required amcunt of

BE i :

'Hérogen peroxide was then added. After the addition of
_'oxide, the reaction vessels were immersed in a water bath
géintained at the desired temperature (11° C) and the reactions
ﬁiﬁowed to proceed. At the end of each reaction the - solutions

ere cooled and hydrogen peroxide residuals were measured in

fuplicate using the iodometric procedure described by Kraft?®,
i

#ﬁdrogen peroxide decomposition was calculated as the difference

etween -added and residual hydrogen peroxide. All results
;;;orted are averages of duplicate experiments.

ﬁ;: In all experiments, the order of addition of the chemicals
iy

igsv as follows: (1} water, (2) transition metals, (3) sodium
B

uﬁaroxide, and (4) hydrogen peroxide, with stirring between
?hitions.

[3
&

r;a. PH Measurement and Control

1 The pH measurements were uniformly carried out at the
¥l .
Feaction temperature. A Fisher electrometer model 380 equipped
il

yith a temperature-resistant Accu-pHast combination electrode



(_;éher Scientific) was used for the measurements. For the
gxperiments in which pH values were kept constant throughout the
! e :

eaction, a Fisher automatic titrimeter model 381 was used. The

f §féht was 0.1 N HCL.

-
-

Determination of Hydroxyl and Superoxide Anion Radicals

The measurement of hydroxyl radicals was performed according

the procedure described by Baxendale and Magee °°%, which

gﬁSists of the hydroxylation of benzene by hydroxyl radicals

5.
Srm

ed'duriné peroxide decomposition. At the end of each reaction
iﬁé excess benzene was extracted with hexane and the phenols
lgmed in the reaction were extracted with ether and determined
";giéh—pressu;e iiquid chromatography (HPLC) using a 10 cm/ 8 mm
‘ai;l—PAK C18 cartridge column (Waters Assac.) as the stationary
gﬁasé and a mixture of 55% methanol and 45% water (2 mL/min) as

the mobile phase. The HPLC unit was manufactured by Waters

-Eociates and was composed of the following elements: automated

ks

gfédient controller, model 680; pumps, model ©510; absorbance
. it -

detector, series 440; universal liquid chromatography injector,

quél U6K; and data module, model 740.

al
Superoxide anion radical concentration was determined by

gieétron paramagnetic resonance (EFR) spectrometry. Samples were

withdrawn from the reaction mixture at a pre—determined time,
i
iplaced
Bt
Ymmediately frozen in liquid nitrogen. The EPR measurements were

in 4-mm (ID) EPR cells, purged with nitrogen, and




ét apgrpximately 120 K temperature with an E-line Varian
;;:é;;ﬁﬁqd;i ES9. With the exception of receiver gain, the
ing :EPR. conditions were kept constant throughout the
eriments: ‘time constant = 1 s, scan time = 1 min, modulation
T = )

Iéuge<{=f-0.8 G, modulation frequency = 100 KHz, microwave
ﬁ% 56 ﬁW, rand microwave frequency = 2.0895 GHz. The radical
‘ntration was determined by comparison of the area under the

‘t;pn-%curvé for the superoxide anion radical with that for

-diphenyl-1-picrylhydrazyl (DPPH) in benzene.

‘Ultrafiltration of Transition Metal Solutions

i
K
£y

iSamples {200 mL) of 0.34 mM scluticns of iron, copper, and
o !‘:‘_3__,“..':“\"—: g
jinganese weré prepared at pH 9.8, 10.8, or 11.8 from 0.005 M

ﬁépiaflo membranes (Amicon Corp.) of 1000 molecular mass

@ngﬁfu “After 95 % of the solution volume had been filtered, the

ﬂg the same pH. The original filtrate and washings were
ned to provide a total of 250 mL. The 10 mL of solution
L

ained on the membranes was diluted to 250 mL with an aqueous

The transition metal



'1}6. Datermihation of the Metal Content of the Solutions

The 4iron, copper and manganese contents of the sclutions

fyere determined by flame atomic absorption spectroscopy with

5 ‘
W teeman effect background correction. The concentrations of
a

v .
fcalcium and magnesium were determined by conventicnal flame
§

3. RESULTS AND DISCUSSION

j:b.l. Effect of Reaction Variables on Peroxide Dacomposition
,?3.1.1. Hydrogen Paroxide Concentration

Hydrogen peroxide concentrations in the range 0.040 to 0.392

jﬁi(which cor;espond to 0.41 to 4.0% peroxide on o.d. pulp at 25%
;fconsistency were selected as bracketing the range most commonly
ifused in commercial brightening.

The effect of 0.040 and 0.098 M hydrogen peroxide
ﬁgconcentrations on its extent of decomposition at 50° C in the pH

§§range 9.8 to 11.8, is shown by the plots in Figures 4-8. A

e
fﬁslightly greater extent of peroxide decomposition was observed at

Rt

" the higher initial concentration, the difference being more
f;significant (~5%) at pt. 10.8 where decomposition was more
pronounced (Fig. 6).

For all practical purposes, the differences in the extent of

peroxide decomposition observed for the two concentrations were
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significant. In order to establish whether the extent

- 0.392 M) was investigated. The results presented in

Ljable 2 show that peroxide decomposition is indeed influenced by

i
s Ca s . b
zdts initial concentration; decomposition more than doubled as a

iﬁn o.d pulp at 25% consistency) to 0.392 M (4% H,0, on o.d. pulp

"}eroxide decomposition on its initial concentration in the range

®of 0.1 to 1.1 M.

C$ABLE 2. The Effect of Concentration on the Decomposition of
Hydrogen Peroxide. (initial pH 10.8, 50° C, 120 min).

--.——___-_—____.....___.______.__._..__._......._-——.—___...____...._,,4._—___.__.___...__...___

én() Conc., M H,0, Decomposition, % Final pH
0.098 28.5 11.0
0.196 40.0 11.2
0.294 51.8 11.4
0.392 59.2 11.5

—____.—_...__......-_—__________.__...~__-—__.._._..._,_-..——__..___.—__________.___..__

The increase in pH observed with increasing decomposition
Table 2) is a result of the generation of hydroxyl ions as

llustrated in equation [1], section 1.1.1.
1.2, PH Control

To investigate the proposed theory that hydroxyl ions



fenhance peroxide decomposition'®®**?, a study was undertaken in

;iﬁich the pH of the system was kept constant over the entire
13 .

'Idmrse of the reaction in the absence of buffers. The hydroxyl

;anmrol of pH reduced decomposition slightly at lower pH values
enhanced it at pH values above 11.0 (Fig. 9), Although the
};Pifferences in decomposition were too small to be a matter of
”??oncern, the trend was in the expected direction. At pH values

11.0, peroxide decomposition decreases with increasing pH

therefore, it is to be expected that by preventing the pH

f§.1.3. Ionic Strength

s

Ionic Strength (I) of a solution is defined as:

Ionic strength had no effect on peroxide decomposition
1;ithin the range studied (0 - 1.0 M) (Fig. 10). Under actual
;SIightening conditions, I values higher than 1.0 are unlikely to
F@xist; thus, this wvariable has no effect during peroxide
:irightening as far as peroxide stability is concerned. However,

Bionic strength has been shown to have a small positive effect in
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1 | { |
O Q10 Q20 0.30 0.40 050

IONIC STRENGTH, M

PFigure 10. Effect of ionic strength on the decomposition of 0.098
g M H,0,. {(initial pH 10.8, 50° ¢, 120 min).




i;lp brightening. Lundqvist'®® observed a slight decrease in the

‘iight absorption coefficient of spruce groundwood by increasing
ionic strength from 0.2 to 2.0 M. Kutney'*® attributed 20% of

@he brightness gain of groundwood to the increase in the 1ionic
:auength resulting from the addition of sodium silicate.

Alkaline hydrogen peroxide stability has been shown to be
For example, sulfate

are much more harmful to peroxide stability than are

anions?®. Therefore, the effect of ionic strength on

‘ﬁeroxide stability. In this particular study, chloride anions

used to adjust ionic strength values since this anion has

Temperatures of 50° and 60° C were chosen for this study

';ncreasing the temperature from 50° to 60° C. The decrease 1in
?eroxide stability with increasing temperature was also observed
"3

';hen transition metals were added to the solutions (Figs.
h However, only in the case of coprer (Fig. 13) was the

effect as severe as that observed in the absence of added metals.
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' 3.2, Effect of Transition Metals on Peroxide Decomposition
[ 3.2.1. Iron

The effect of varying iron concentration on peroxide
decomposition at various pH levels is shown in Figure 15. At low
éfconcentration (0.5 ppm)} iron acted as a peroxide stabilizer when
the pH of the solutions was below 10.8. This trend has been
observed by other workers!'® but no explanation has been offered.
Iron concentrations above 1.0 ppm increased hydrogen peroxide
decomposition regardless of pH.

It is important to note that the catalytic activity of iron
is greatly enhanced at pH values above 10.8. This behavior was
initially postulated as being due to the redissolution of iron
above this pH wvalue with a resultant Iincrease in the
concentration of soluble iron, a more active catalyst for
peroxide decomposition. To investigate this hypothesis, <the
solubility of iron solutions in the pH range 9.8 to 11.8 was
assessed through an wultrafiltration experiment. A schematic
representation and the results of this experiment are presentec
in Scheme 1 (page 93) where it is evident that undetectable
amounts of iron were found in the filtrates of the solutions
indicating that essentially no soluble iron exists in the pk
range 9.8 to 11.8. Therefore, the enhanced peroxide
decomposition observed at a pH above 10.8 is nov caused by
changes in iron solubility.

The reaction of iron with perhydroxyl ion, forming readily-

decomposed iron-peroxide complexes has Dbeen proposed“'”. If
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?'ﬂm validity of this theory is assumed, higher pH values should
result in higher decomposition extents because of the greater
lonization of the peroxide. However, experiments conducted in the
presence of iron with the same perhydroxyl ion concentration at
; pi  11.0 and 12.0 revealed that the extent of peroxide
decomposition is much higher at pH 12.0 (Fig. 16), indicating
that the amount of perhydroxyl anion present in the system is not
the real cause of the increased peroxide decomposition at the
" higher pH value. In the above experiment the initial
concentrations of hydrogen peroxide required to produce the same
initial concentration of perhydroxyl anions at the two different
pH values were calculated pased on the assumption that the degree
of peroxide ionization is 69% and 93% at pH 11.0 and 12.0, at &0°
¢, respeciively®.

Changes in the composition and morphology of the iron
residues with increasing pH were initially thought to be the
cause of the enhanced peroxide decomposition at pH values above
10.8. However, the results presented in Table 3 partially
discredit this hypothesis since the nature of the anion did not
affect peroxide decomposition to any extent, and it is known that
the composition and the morphology of the solid iron are strongly
dependent on the nature of the anions in solution?®?.

All of the attempts made in this study to explain the
greater effectiveness of iron as a peroxide catalyst at higher oH
values in the range 9.8 to 11.8 failed. A more detailed
investigation in this area emphasizing especially the effect or

particle size of iron precipitates on peroxide decompesition and
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?Um effect of pH on the particle size of these precipitates seems

» to be in order.

| 1ABLE 3. The Decomposition of 0.098 M HO, by Iron (III) Chloride,
{ Iron (III) Nitrate, and Iron (ITI) Sulfate. (initial pH
10.8, RT, 120 min, Fe = 20 ppm).

.-_..__....-—_——___.____..__.—_——____.___._....._......_-___..._.._.__..._-.-__________.___.~__.

—--_-._-._..__—____._.___.._.-..—_.——____.____._._.....______-__..___...-._._...—_____.__._.._...,_.___

| sulfate 23.2
3§ Chloride 24.0

t Nitrate 22.9

...___—__.__._....-.--—-—.——____.—___.....--.-—______.__..._._.__—___._..._._....__________....._

;'3.2.2. Copper

At pH values below 10.8, the effectiveness of copper as a
b catalyst for peroxide decomposition was very similar to that of
Liron, put at higher pH values (10.8-11.8) copper became more
:"deleterious to peroxide stability (Figure 17). The reason for the
f rather sharp increase in the catalytic activity of copper at the
gjhigher pH values is not known. As in the case of iron the
e lncrease in perhydroxyl anion concentration associated with
increasing pH was shown not to be the cause for enhanced
?‘decomposition at higher pH values (Fig. 18) . Moreover,
g ultrafiltration of copper soluticns at pH values of 9.8, 10.8 and
11.8 demonstrated that the solubility of copper is not affectec
l to any measurable extent by the pH (Scheme 1 - page 93).
b Therefore, differences in copper solubility do not explain the
? enhanced decomposition of peroxide at the higher pH values.

A possible explanation for the rather sharp enhancement of
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f‘ tigure 17. Effect of copper concentration on the decomposition of
‘ 0.098 M H,O,. (50° C, 120 min).
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presence of copper. (HO{ = 0.067 M, Cu = 20 ppm, 60
C).



¥Hnroxide decomposition with increasing pH above 10.8 in the
%mmsence of copper may involve changes in the particle size of
the copper (II) oxide precipitates which are formed under these
qéamditions. This hypothesis needs to be investigated since the
" effect of pH values above 10.8 on copper (II) oxide particle size

is not known nor is the effect of copper (II) oxide particle size

s on peroxide decomposition.
¢ 3.2.3. Manganase

Among the transition metals studied, manganese was the most
effective catalyst for peroxide decomposition. For example, at
5 pi 9.8 and 50° C, 0.5 ppm of manganese was sufficient to
i decompose all of the hydrogen peroxide in 2 hours (Fig. 1%8). The
f effect of pH on peroxide decomposition in the presence of
panganese was very irregular. In the pH range investigated (9.8-
11.8), a maximum and a minimum amount of decomposition was found
» at pH 9.8 and 10.3, respectively, regardless of the manganese
concentration. The very high decomposition observed at pH
9.8 was first thought to be caused by manganese present in the
form of free ions which supposedly catalyze peroxide
decomposition  rapidly wvia a redox mechanism®. However,
wltrafiltration experiments performed with nanganese solutions
showed that the solubility of manganese is extremely low in the

pH range 9.8 to 11.8 (Scheme 1 - page 93). Thus, the hypothesis

of a free ion-catalyzed reaction via a redox mechanism at pH 9.8



H,0; DECOMPOSITION, %

y
00—
80} ,

- LOOppm Mn
60—

i 0.0 ppm Mn
40 0.25ppm Mn
20~ No Mn added

O t—
| | | r 1 .
9.8 103 0.8 I.3 1.8
INITIAL pH
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of 0.098 M HO,. (50° C, 120 min).



bwvas discarded. Minimum decomposition at pH 10.3 has also been
%ﬁmnd by others and attributed to the formation of insocluble

b

sanganese hydroxide which supposedly is not an effective catalyst

5

for peroxide decomposition'®. At the concentrations of manganese
b used, however, the maximum yield of manganese hydroxide 1is
E obtained at a pH near 9.5%%; thus, minimum decomposition should

¥ have occurred at pH values lower than 10.3.

"Aged" Solutions (0.34 mM) of FeCla, Cusoq, or MnSO,
at pH 9.8, 10.8, or 11.8, 50° C, and 120 min.

< Ultrafiltration on
Membranes (Cutoff > 1000 MW)
FILTRATE RETENTATE
(¢ 10 ppb Fe, Cu, or Mn) {(~100% Fe, Cu, or Mn)

Scheme 1. The solubility of iron, copper, and manganese soluticns.

The most likely manganese species in the pH range from 9.8

to 11.8 is manganese dioxide vhich is a very efficient percxide
catalyst® 14¢, Manganese dioxiie may exist in several chemical
forms depending upon the pH of the solution®’'; this fact might

explain its different catalytic activity at various pH levels.



;ﬁm decomposition probably occurs via formation of unstable
"}ukali peroxymanganates (IV)?'%,

| The fact that manganese 1s a very severe catalyst for
fpmmxide decomposition at lower pH values (<10) is a matter of
?mmat concern in the peroxide brightening of mechanical pulps.
;ﬂm reactions of peroxide with pulp may lower the pH of the
ébﬂghtening system, initially in the range 10.5 to 11.0, very
?tqﬁdly to values equal to or lower than 10. If manganese 1s not
| ftemoved from the brightening system by any sort of pretreatment,

@ this drop in pH may result in a large enhancement. of 1ts

@ catalytic activity in the latter phases of the reaction.
x 3.2.4. Matal Combinations

The catalytic activities of iron, copper, and manganese
| ;combinations were investigated. Results comparing the individual
‘jéand combined effects of the metals on the amount of peroxide
decomposition are presented in Table 4. The concentrations of the
}'transition metals were chosen in such a way that the sum of the
Ilndividual effects of each metal and the decomposition of
hydrogen peroxide in the absence of transition metals did not
exceed 100%. Although the results cbtained are interesting, a
more thorough investigation of this topic is needed in order to
draw any conclusion since the method used to asses synergism

' petween metals is not applicable for all metal concentrations.



E TABLE 4. Individual and Combined Effects of Transition Metals
; (Fe, Cu and Mn) on the Decomposition cf 0.098 M H0,.
(initial pH 10.8, 50° C, 120 min). '

g Metal Individual Effects

) Combination — mmmmmmmmmm—moooemee oo —e————ooo Combined

No Added Effects
Metals Fe! cu' Mn' Total

Fe + Cu + Mn 29.0 -7.0 5.0 -1.0 26.0 100.0

Fe + Cu 29.0 -7.0 5.0 - 27.0 100.0

Fe + Mn 29.0 -7.0 - -1.0 21.0 €8.0

Cu + Mn 29.0 - 5.0 -1.0 33.0 85.0

lFe = Cu = 0.5 ppm, Mn = 0.25 ppm

£.3.2.5. Aging of the Metals

"Aged” transition metal solutions were prepared by boiling
.; 0.005 M solutions of the transition metal salts for 3 h at pH
6.5. The pH value of 6.5 was selected in order to reproduce the
' pH conditions prevailing in the wood pulp and process water which
'7are the sources of most of the transition metals found in pulp

Zfbrightening. Metal solutions designated as "fresh" were prepared

,;;by dissolving the transition metal salts in 0.1 M HCl. Of the

¢ metals studied, iron was the only one whose catalytic activity

H§vas changed by the aging treatment (Table 5). The sharp decrease



Fin the catalytic activity of the iron solution caused by the
;aging may be explained by the formation of insoluble hydrous iron
;oxide which is a less severe catalyst for peroxide decomposition
| than is iron (III) ion. It should be pointed out that the iron

;present in nature or in pulp brightening very likely exists 1in

f the form of an insoluble hydrous iron oxide and therefore

0

catalyzes peroxide decomposition at a lower extent.

. ﬂmLE 5. Decomposition of 0.098 M H.O, by "Fresh" and "Aged”
Solutions of Iron, Copper, and Manganese. (initial pH
10.8, 50° C).

.---—_______.—____..__...__.___..-._______.___,_.__—_.__._.__._.____.________...__._._

‘ Tran51tlon HzO2 Decomposition, %
ktal ____________________________________________
g . "Fresh"” Metal "Aged" Metal
i‘Fe (20 ppm)* 85.9 31.8
'Cu {2 ppm) 64 .7 65.5
Mn (5 ppm)? 85.9 83.6

e b e AR i .~ ———— - _——— T —— T T | = e e e T T i S S M Mmoo e e e s e

130 min reaction

The aging of the copper sclution did not result in any
. significant change in its catalytic activity. These results can
;“be explained by the fact that the catalytic activity of copper

i - (II) ions is probably the same as that of the copper (I1) oxide

iﬁvhich is formed by the aging of the solutions.

Manganese does not "age"” {i.e., forms no precipitate)



;qmn boiling the manganese (II) salt solutions at pH 6.5 for 3 h.
%jﬂms, it should not be expected that aging would cause any
1;siqnificant changes in its catalytic activity. Under alkaline
zibrightening conditions, however, manganese "ages" to form
{;ammmnese dioxide because the pH of the brightening liquors 1is
usually above 10. The conversion of manganese (II) 1ion to
f sanganese dioxide is a fast reaction at a pH above 10; thus, the
ﬂactive species during brightening is insoluble manganese dioxide.
Under the neutral conditions prevailing in biological
:fsystems, iron and copper will certainly exist in the form of
n"insoluble hydroxides or oxides., Manganese, on the other hand,
;ivill exist in the form of free ions and that may explain why this
petal is so easily removed from pulps simply by acid washing or

by chelation.
i 3.3. Mechanistic Considerations

Three basic mechanisms have been proposed to explain
; peroxide decomposition under brightening conditions : (1) a base-
catalyzed ionic mechanism involving the combination of
undissociated hydrogen peroxide and its conjugate base
(perhydroxyl anion) tb form a six-membered ring in the transiticn
state (Fig. 20)%?°, (2) a base-catalyzed free radical chain

reaction mechanism involving hydroxyl and superoxide anion
radicals (Fig. 21)%, and (3) a transition metal ion-catalyzed
free radical chain reaction mechanism involving hydroxyl and

superoxide anion radicals (Fig. 22)’°.



1,0, + HO —_——— HO, + H,0 (51
H H
N, 7
O’ixa"o
HO, + HO, -———D é é --=> 0, + HO + HO™ [1]
e
\H_.'
Figure 20. The propecsed base-catalyzed ionic mechanism of
peroxide decomposition
R0, + HO -——> HOZ' + H,0 (5]
HZO2 + HOz' —-—— HO + Oz' + H20 [6]
HO" + 0,° -—=> 0, + HO (71
H,0, + HO, _—— o, + HO™ + HO [6] + ['7]
Figure 21. The proposed base-catalyzed free radical
mechanism of peroxide decomp031tlon
M + H,0, -——> M HO™  + HO™ [77]{
i
M + HO,” + HOT -—--=> M ¢+ 0,7 + HO (781
|
M + 0,7 ——=> M 0, [(79] |
o7 + HO" ---> 0, + HO (80] |
M = transition metal ion i
!
Figure 22. The proposed transition me:al ion- catalyzedvfree ]
radical mechanism of perox de decomposition |




In order to determine whether or not any of these mechanisms
;iere applicable under brightening conditions, the effects of pH,
;Idmmical purity, chelating agents, free radical concentration,
;lum. transition metal solubility on peroxide decomposition were

;:hwestigated.
f3.3.1. Effect of pH and Chemical Purity on Peroxide Decomposition

The base-catalyzed mechanisms (Figs. 20 and 21) cited in
. section 3.3 predict% that maximum peroxide decomposition should
occur at the pKa of the hydrogen peroxide where half of it is

} v : .
| jonized in the form of perhydroxyl anion. The results presented

B in Figure 23, with purified or unpurified sodium hydroxide, show

that maximum peroxide decomposition occurs at a pH value around

11.0. This finding is not in complete agreement with any of the

j: two proposed mechanisms since the pKa of hydrogen peroxide at 50Q°

5213 .

§;c is approximately 11. The bell-shaped curve (Fig. 23) has

B been found by different researchers but there is no agreement as

ﬂﬁto the pH value where maximum decomposition takes

¥ place™'*!®3%. The origin of this controversy probably is

i related to the varying purity of the chemicals used Dy

various workers. Since the catalytic activity of the individual
fitransition metals and their combinations is dependent upon pH,
" paximum decomposition will be strictly dependent on the amount
and composition of the contaminants introduced with the
chemicals and water.

Previous purification of the sodium hydroxide used in the

' various reactions to remove traces of transition metals resultead
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'-in.B. This decrease in decomposition demonstrates the existence
}oftransition metal-catalyzed reactions. However, the fact that
Q]nroxide decomposition was not completely eliminated by
i?muification of the sodium hydroxide indicates that either the
'isolutions were not completely free of transition metals or that
ilmse—catalyzed decomposition reactions were operative.

In order to determine whether or not transition metals were
: ;the actual cause of the residual peroxide decomposition even
‘H_after purification of the sodium hydroxide, the effect of two

:'dmlating agents was investigated.
¥ 3.3.2. Effect of Chelating Agents on Peroxide Decomposition

The two chelating agents <chosen for study were the
: pentasodium salt of diethylenetriaminepentaacetic acid (Na,DTPA)

 and triethanolamine (TEA) . Na DTPA is frequently used
Sécommercially in the brightening of mechanical pulps while TEA is
1£a very effective chelating agent at pH values above 10.0°''. The

';%effect of chelating agent concentration on peroxide decomposition
i:at pH 10.8 is shown in Table 6. Concentrations of NaSDTPA as low
}:as 0.034 g/L were sufficient to completely stabilize peroxide
solutions. Higher concentrations of NaDTPA resulted in small
T;losses of peroxide. Such losses have been previously reported ™’

Ciand probably are the result of percxide consumption by reaction
:'with Na DTPA. The reaction of peroxide with tertiary amines °'s

' well-documented in the literature?'®, egs. [81] and [82].



slow

B Ry +  H-0-0-H  ---> RNOH +  HO [81)
! fast

§ RN'OH -=-> RNOT  + H [82]
_':ﬂm, on the other hand, was not able to completely prevent the

i decomposition of hydrogen peroxide. Similar to Na[DTPA, TEA
}‘amsumes hydrogen peroxide. As noted in Table 6, it was
.timpossible to find a concentration of TEA capabkle of completely

§ stabilizing hydrogen peroxide without consuming it.

ffTABLE 6. The Effect of Chelating Agent Concentration on the
- Decomposition of 0.098M H,0,. (initial pH 10.8, 50° C,
120 min) .

- ———— — — . —— ——— e o hE AN TEL WL R e et e aa v e T S S Min e M e T o 8 S AL e e e e e —

é‘Chelating Agent, g/L Na DTPA TEA
Tl TR e
0.340 1.5 6.7
0.170 0.7 3.8
0.034 0.0 3.9
0.000 29.0 29.0

- — o o Ay A —— ——— - . o Al A e Sm Em W e ik e ek iR . M M e M e i —— . - T Tt e m= e —— o — — — = —

The effect of pH on peroxide stability in the presence
of Na DTPA and TEA is shown in Figure 24. It is seen that Na.DTPA
is a very good stabilizer up to a pH 10.8 but is ineffective at
3 higher values. TEA, on the other hand, showed nearly the same

5'performance over the total pH range investigated (9.8-11.8) but
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]‘ns slightly less efficient than Na, DTPA at pH values lower than
SiLO. It should be pointed out that 1in order to compare
%ﬁmurately the capacities of Na, DTPA and TEA to stabilize
ifﬂmxide, the concentrations of the chelating agents added to the
%;tmxion must be calculated based on their chelation equivalents.
{!mmver, the fact that concentrations in g/L were used in these
;barticular experiments does not make this comparison inaccurate
- ﬂmce the amounts of Na,DTPA and TEA used were in large excess of
; um amount actually needed to chelate the metal impurities
E;ptesent in the highly purified alkaline solutions.

| The poor stabilizing action of Na DTPA at higher pH wvalues
:ni& in all likelihood, the result of competing reactions
: involving the formation of transition metal hydroxides and metal
‘f‘dwlation itself?', The hydroxides are more readily formed at

’fhigher pH values and act as effective catalysts for peroxide
:tdecompositionla.

The results discussed above indicate that TEA is indeed a
Tibetter chelating agent than Na DTPA at high alkalinities, but it
- is significantly less effective in the pH range (10.0-11.0) where
?‘pulp brightening is usually performed. Therefore, Na[DTPA seems
i to be the more appropriate chelating agent in such circumstances.
The féct that the additicn of NaDTPA stopped peroxide
:'decomposition altogether supports the concept of a transition
metal-catalyzed reaction since base-catalyzed reactions are very

unlikely to be inhibited by chelating agents. It has been

suggested, however, that Na.DTPA may function as a free radical

1M A



gﬂ:avenger6 thereby preventing the propagation of the base-
;tumlyzed free radical chain reaction. Obviocusly, if Na,DTPA

¥
i functions as a free radical scavenger, the base-catalyzed free

»gadical mechanism cannot be ruled out. The reaction of free

N

.?tuﬂcals with Na DTPA most likely occurs at the tertiary amine
qrmnfls. However, since the addition of other tertiary amines
:"mmh as p-nitrosocdimethylaniline (PNDA) and triethylamine, which
Eare not chelating agents, to alkaline hydrogen peroxide solutions
k vas not found to improve peroxide stability to any extent (Table
} 1), the reaction of Na/DTPA with free radicals through the
' ;tertiary amine group must be of minor importance or non-

{ existent.

i T™ABLE 7. The Effect of the Concentration of p-Nitrosodimethyl-
aniline (PNDA) and Triethylamine (TEA) on the Decomposi-
tion of 0.098 M HO,. (initial pH 10.8, 50° C, 120 min;.

...-...u.—-————__—_._____.__-.—__—_____._...__...._..4-—______._______..____.___...._.._....._.__.__.

Tert. Amine, M . 10° PNDA TEA
ey TR T s
2.0 25.7 23.0
0.2 21.3 21.0
0.1 19.2 20.0
0.05 19.7 20.6
0.00 20.0 20.0

- e ——— e S v AL A e Mt e e T S e e e o e - - i - ——— i —— e e e

The fact that NaSDTPA stabilizes peroxide probably Dby

chelation of transition metals indicates that peroxide



A

ﬁhcomposition during brightening is indeed a transition metal-
:hMUced reaction. A large variety of transition metals may Dbe
!:nesent during mechanical pulp brightening; thus, it is difficuilt
;to predict the exact mechanism of decomposition under
fyhdghtening conditions because each metal may catalyze the
fjreaction in a different way. The mechanism proposed in Figure 22,
.Eﬂuch involves a free radical chain reaction, has been widely
%;umepted. To help confirm the validity of this mechanism, the
iconcentrations of hydroxyl and superoxide anion radicals were
.fdetermined in the absence of added metals and in the presence of

:'iron, copper and manganese, generally the most abundant

fftransition metals in pulp brightening systems.

i 3.3.3. Concentrations of Hydroxyl and Superoxide Anion Radicals

in Alkaline Solutions of Peroxide

Hydroxyl radicals were determined by hydroxylation of
tbenzene. The reaction of benzene with hydroxyl radical proceeds
izby direct addition to yield a free radical intermediate®’®, the

;ghydroxycyclohexadienyl (HCD) radical. Phenol can be formed from
ﬂgthe HCD radical by dismutation or by oxidation (eqg. [83]). &
.'second major product, biphenyl, is the result of dimerization anc
é,dehydrationzw. Biphenyl production 1is suppressed by oxidizing

:agents such as oxygen and hydrogen peroxide”ﬁ. An alternative

; method for determining hydroxyl radical was alsc used in this
study. It consisted of the decolorization of the hydroxyl radical

acceptor, p-nitrosodimethylaniline, according to the procedure



_xcm;&o

|D3IPD
;:m_vcmom
—0)2K2Ax0IpAH
auazuag

' «———OH + @

HO. H

ﬁmw”_. jousyd




32 The results obtained by this

Eascribed by Kraljic and Trumbocre
;}umedure were similar to those obtained through the
?ﬁmzene hydroxylation method (Table A-1, Appendix A).

ﬂ Superoxide anion radicals were determined by EPR
;ﬁnctrometry. The superoxide anion radical was identified by
iam@aring the spectroscopic splitting factor (g) and line width
?ff its EPR signal with those reported in the literature. The g
g;thm of 2.0038 and line width of 10.5 G obtained in this work
fare within the range reported in the literature for the
 superoxide anion radical which is 2.0015-2.0040 and 9-15 G for o
| ?um. line width, respectively®?'®  The EPR signal for the
fnmeroxide anion radical is shown in Figure 25. The concentration
;ofsuperoxide anion radicals was measured after 10-min’ reaction
:ﬁncause the largest concentrations of the radical were detected
‘}n:approximately this time (Figs. 26 and 27). The sharp decrease
: in the concentration of the radicals after 10-min’ reaction
i probably results from their consumption in side reactions to
igenerate new radicals and oxygen (egs. [7] and [23]).

The améunt of superoxide anion radical generated in a given
étime is directly related to the final peroxide decomposition
| values. This can be observed in Figure 28 where values orf
’iperoxide decomposition and superoxide anion radical concentration
‘Zare plotted against pH; it 1s clear that the pH at which maximum
iperoxide decomposition occurs coincides with the pH for maximum
:zfgeneration of superoxide anion radical, either in the presence or
llcopper or in the absence of added transition metals. The results

in Table 8 reveal that hydroxyl and superoxide anicn radicals



{gL=2.0038)

ZOGOussH

. Figure 25. Second derivative EPR spectrum of superoxide spnjion
radical obtained upon decomposition of 0.49 M y o .

(initial pH 10.8, 50° C, 10 min). EPR measurewdnts
made at 120 K. Vertical line indicates the positigp of

DPPH signal,
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Figure 26. Rates of superoxide anion radical generation and of

decomposition of 0.49 M HJ%. (initial pH 10.8, 50 °
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Figure 27. Rates of superoxide anion radical generation and oL
decomposition of 0.49 M H O  in the Presence of
of Copper. (Cu = 3.5 ppm, initial pH 10.8, 50° C).
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fumnsition metals. The formation of these radicals was probably

¥
9

1
{nduced by transition metal impurities contained in  the
dydroxide was purified prior to use. The amounts of hydroxyl and
Qnmeroxide anion radicals found in the system without added

ftransition metals were very small considering the amount of

Eof twe factors: (1) mechanisms other than free radical chain
?umctions may be operative and (2) a part of the radicals may
b‘jhmm been consumed in side reactions and, thus, were not detected
 bythe techniques wused. Indeed, the consumption of radicals in
?side reactions 1is very likely since the rate constant for the
- ;hydroxylation of benzene (6.7 .10° M'.s! at pH 10.5 and 50°

! 02“, for instance, is lower than the rate constant for at least

t one of the most common side reactions occurring with hydroxyl and
;‘?superoxide anion radiéals during peroxide decomposition, eqgs .

{ (11, (171, ana [23].

'. B + 07 ~---> 0, + HO (k =1.0 . 10% Mt . shH (7]
. HO* + HOW ---> H,0, (k = 5.0 . 10° Mt ., s7%) [17]
." B + HO, ---> HO,” + H,0 (k= 3.0 . 107 M . s [23]

?;On the other hand, EPR spectrometry is not a very suitable
technique for the accurate determination of superoxide anion
| radical «concentration. It can be observed in Table 8 that the
values for superoxide anion radical concentration can deviate

as much as 40% from the average value. It should also be pointed



'th that in order to have measurable readings for superoxide

&uﬂon radical concentration by the EPR technique, a hydrogen

fperoxide concentration (0.49 M) considerably higher than  that
i

;Imwlly present in pulp brightening had to be used.

fABLE 8. The Amounts of Hydroxyl and Superoxide Anion Radicals

3 Detected when Hydrogen Peroxide is Decomposed in the
Presence and Absence of Transition Metals. {initial pH
10.8, 50° Q).

i

e e e e 4 - e ————— s — e i A e s S T A e e e

§ ¥etal Added Hydroxyl' Superoxide Anion’
;‘;;o;;_“__"""“_"““;TZ“&ZE))—; __________ 1.4 1 0.6 (5.00
:;iron 1.2 (57.0) 0.2 + 0.1 (8.1)
ﬂcopper 34.3 (28.0) 8.9 + 2.8 (7.2)

E Manganese 3.4 (54.0) 0.1 + 0.06e (9.7)

@'lDetermined by measurement of the amounts of phenol generated
!  during peroxide decompositiocn in the presence of benzene for
2 h. (HJ% = 0.098 M, Fe = 18.8, Cu = 0.7 and Mn = 0.3 ppm) .

i ? petermined by EPR spectrometry after 10-min’ reaction.
} (1,0, = 0.49 M, Fe = 94 ppm, Cu = 3.5 ppm and Mn = 1.5 ppm).

¥ ? yvalues in parentheses indicate % of peroxide decomposition.

Peroxide decomposition in the presence of copper resulted in
gthe formation of large amounts of free radicals. It is not clear
=?whether or not a free radical chain reaction 1s the only
i mechanism operative during the copper-catalyzed peroxide

‘;Edecomposition but, judging by the amount of radicals generated,

[l it must play an important role. This finding is in agreement

| with results reported by Ernestova and skurlatov:! who, using a



5.

fferent technique, also found significant amounts of hydroxyl
#mﬂcals in copper-catalyzed peroxide decomposition.

When hydrogen peroxide decomposed in the presence of iron
f;mi manganese, the generation of hydroxyl and superoxide anion
Fradicals was inhibited. Even considering the fact that
?;hcomposition was higher in the presence than in the absence of
: iﬂwse two metals or in the presence of copper, the amounts of
?tuﬁcals generated were considerably smaller. These results
ihﬂicate that either peroxide decomposition catalyzed by iron and
élumanese does not invclve a free radical mechanism or that
Eﬂwse metals somehow trap the radicals that are generated during
‘ium reaction thereby preventing their determination. Indeed, EFR
ispectra for hydroxyl and perhydroxyl radicals in the FeZ‘—HJ%

b system have not been found'. Also, it has been shown that the

1
B addition of Fe? to the Ti-H,0, system resulted in a decrease in

' the intensity of the EPR signal®®®.

The decrease in hydroxyl
® radical concentration occurring when iron (II) is added to acidic
' ?hydrogen peroxide solutions has been attributed to the following

B reaction’:

I+

f Fe?* + HO® ———> Fe + HO (26

A previous study®’ has shown that peroxide decomposition
. induced by manganese does not involve formation of radicals.
| It was established that hydroxyl radicals are not formed in the
iintermediate stage of the reaction between HZO2 and Mn®" and that

'fthe hydrogen peroxide is transformed to O, without oxygen-oxygen

‘;bond cleavage during decomposition. Therefore, it is likely that



jnmoxide decomposition catalyzed by manganese occurs by a two-

Lﬂﬁctnxl transfer from the HO, to the reaction intermediates.

g. Manganese and iron, which are the transition metals usually
%wesent in the largest amounts in the brightening system, do not
{;ummpose peroxide via a free radical chain reaction, nor do
;&malt and lead’!. Copper-catalyzed decomposition involves free

§ radical reactions as do the ones catalyzed by titanium®*® and

x
i

¥ cerium??. Thus, the proposed theory of peroxide decomposition
‘zauing brightening involving a transition metal ion-catalyzed
‘;hme radical chain reaction is questionable. The existence of
E~hee radical chain reactions will, therefore, depend upon the
{cmmmntratioh and type of the transition metals present in the
reaction.

In summary, it seems certain that peroxide decomposition
iéduring brightening is caused by transition metal-induced
?reactions; some of them, probably the minority, involve a free

i
2l

¥ radical chain reaction mechanism and the others occur via

‘T;different routes.

% 3.3.4. The Solubility of Iron, Copper and Manganese Under

Bleaching Conditions

The proposed mechanism for the transition metal-catalyzed
peroxide decomposition (Fig. 22) assumes the existence of the
metals as free ions in solution. However, at the pH values where

. brightening is usually performed (10.0-11.0), the solubility of

1
the transition metals most commonly existing in the system is

it

e aviataent (see salubility product



N

.;wnstants of iron, copper, and manganese hydroxides in Table A-
ﬁ-hppendix A). To demonstrate this point, a study of the
;;ohxﬁlity of iron, copper and manganese in pH 9.8, 10.8 and
LILB solutions was carried out by ultrafiltration of the

§ golutions. Regardless of pH or type of transition metal tested,

ﬁnoamounts of iron, copper or manganese above the detection limit

il (< 10 ppb) were found in the filtrates (Scheme 1 - section 3.2.).

i&xeover, the filtrates were shown to catalyze peroxide

B decomposition to a minor extent. The absence or near absence of

2{uﬂuble metals in the filtrates clearly indicates that free iron,

gcmwer, and manganese ions are not the <cause of peroxide

by

¥ decomposition under brightening conditions. Thus, the existence
;}of a so-called transition metal ion-catalyzed peroxide

i decomposition is questionable.

Another finding that negates the transition metal ion-

p- . 1 ' . . . .
xgcatalyzed reaction is the variation of percoxide decomposition

f:with pH in the presence of iron, copper Or manganese (Fig. 29).

ifDecomposition involving metal ions theoretically should be

gfmaximum at a pH value around the pKa of the hydrogen peroxide

|

{11.5 at 50° C) where half of it ia in the form of perhydroxyl

anion. However, maximum peroxide decomposition in the presence of

' added manganese occurred at a pH (9.8) where ionization of the

hydrogen peroxide is essentially zero. Iron and corper, On the
other hand, catalyzed peroxide decomposition more eificiently at
pH 11.8 where peroxide ionization is greater than at the pkKa

of hydrogen peroxide.
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Figure 29. Effect of pH on the decomposition of 0.098 M H.O, in
the presence of iron, copper or manganese. (50°°C, 120
min) .



; Hydrogen peroxide decomposition under brightening conditions
Findeed seems to be caused by insoluble transition metal species.
'fhe exact mechanism of the decomposition reactions is wvery
| Insoluble species are not known. In the case of manganese, for

@ Instance, if one assumes that manganese dioxide is the active

B species, the following sequence can be written:

f ’moz + H,0, -——> Mn?* + 2 HO + 0 [83]

i}  +  2HOT  --->  Mn(OH), [64]

E ¥n (OH) . + H,0, _— MnO, + 2 HO [85]

The active species 1in the copper—-catalyzed peroxide
b decomposition is probably copper (II) oxide and the following

sequence has been proposed’’:

EZ Cu0O + HEO2 ——=> Cu20 + H20 + O2 (86]

i Cu.0 + H,0, _—— 2 Cu0  + H,0 (87)

In hydrogen peroxide decomposition catalyzed by insoluble
Tiron, the active species has been postulated to be goethite (X
,A-FeOOH)ml. A mechanism for this reaction has not yet been
: %proposed
_; The pH of the pulp and procass water present 1in the
‘;brightening system is usually between 5.5 and 7.0. Theoretically,

in this pH range iron and copper exist in insoluble forms as



thicated by the low solubility product constants of their
)mhnxides. Manganese, on the other hand, exists in the ionic
ﬁﬂum in the 5.5.-7.0 pH range at the concentrations usually
=3nesent in pulp brightening. However, at the pH at which
;)ﬂghtening is performed, manganese ions are transformed 1into
iumganese dioxide. Visually, it is apparent that this reaction is
ﬁwny fast since a brown precipitate is immediately formed when
SUm pH of the manganese solutions is raised above 9.0. Thus, in
g Eulactual brightening situation, iron, copper and manganese will

_ EBMBed exist as inscluble hydroxides or oxides.

4. SUMMARY AND CONCLUSIONS

; The theories proposed to account for hydrogen peroxide
ﬁ;kcomposition in weakly alkaline solutions were re-evaluated
"%ﬂwough a study of the effect of the following wvariables on
éperoxide stability: hydrogen peroxide concentration, pH, pH
icmmrol, temperature, chemical purity, lonic strength, chelating
%agent type and concentration, free radical concentration, and
étransition metal concentration and solubility. The principal

:a

p findings of this work are:

1. The decomposition of hydrogen peroxide under brightening

conditions is a transition metal—-induced reaction.
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The decomposition of hydrogen peroxide under brightening
conditions involves hydroxyl and superoxide anion radicals
but a free radical <chain reacticn 1is not the main

decomposition pathway.

The copper—-catalyzed decomposition of hydrogen peroxide
involves generation of significant amounts of hydroxyl and
superoxide anion radicals but these radicals are not formed

in peroxide decomposition catalyzed by iron and manganese.

The decomposition of hydrogen peroxide catalyzed by 1iron,
copper and manganese under brightening conditions is caused

by insoluble forms of these metals.

The extent of hydrogen peroxide dissociation does not affect

decomposition catalyzed by iron, copper and manganese.

The decomposition of hydrogen peroxide is affected
significantly by its initial concentration in the range of

0.040 to 0.392 M.

The decomposition of hydrogen peroxide reaches a maximum at a

pH of approximately 11.0 in the range 9.8 to 11.8.

Peroxide decomposition is not significantly affected by

maintaining the pH constant during the decomposition
reaction,
The decomposition of hydrogen peroxide 1is completely

inhibited by the addition of small amounts of Na DTPA in the

pH range 9.8 to 11.0.



QO.

o 14.

i 16.

17,

Triethanolamine (TEA) |is a better stabilizer agent for
alkaline hydrogen peroxide than Na’DTPA at pH values highor

than 11.0 but poorer at lower pH values.

Both Na,DTPA and TEA react with hydrogen peroxide.

. The decomposition of hydrogen peroxide increases with

increasing pH in the presence of added iron and copper; in
the presence of added manganese, hydrogen peroxide

decomposition first decreases then increases with increasing

pH.

The ionic strength has no significant influence on the

decomposition of alkaline hydrocgen peroxide.

Iron-catalyzed decomposition of peroxide is reduced
significantly by aging the iron solution whereas copper- and
manganese-catalyzed decomposition 1is not affected by this

treatment.

Hydrogen peroxide decomposition catalyzed by iron is

not affected by the anion of the iron salt.

Tertiary amines such as p-nitrosodimethylaniline and
triethylamine are ineffective in preventing peroxide
decomposition.

The extent of hydrogen peroxide decomposition increases r.ore

than three-fold by increasing temperature from 50° to 607 C.



OF MECHANICAL AND CHEMIMECHANICAL PULPS

SODIUM SILICATE



1. INTRODUCTION

The addition of sodium silicate alone or in compination

flwith other stabilizers to peroxide brightening liquor enhances

i
A
5

L significantly the brightening of mechanical pulps'®.
Emﬁortunate;y, the use of silicate results 1in formation of
Ifahposits on the fibers and equipment, leading to decreased
,Eémmlity of the bleached materials (fiber harshness) and o
| increased lost time for equipment cleaning*®’. These undesirable
iimmiities of silicate have encouraged extensive research aimed at
! {ts elimination from brightening formulations, Dbut the fact oL

the matter is that silicate is still a standard and as yet
iirreplaceable additive in peroxide brightening of mechanical
i pulps®®.

Since sodium silicate is not at present readily replaceable

:Jin peroxide brightening formulations, an understanding of the
timechanism of its action becomes very important as a means of
i improving its stabilizing performance. Moreover, an insight to

the mechanism by which silicate acts may serve to suggest olher
1;compounds which eventually can partially or fully replace this
" chemical in peroxide brightening.

A large number of theories have been proposed to explain the

role of sodium silicate in peroxide brightening. They can be
jsummarized as follows: (1) stabilizat ion of hydrogen
| peroxide!®571%,  (2) formation of more reactive oxidizing

species, e.9. peroxysilicates“3, (3) direct interaction with



, (4) alteration of the mechanism of lignin oxidation

_: formation of new reactive species such as singlet

i
éluecular oxygen'®®, (5) enhancement of ionic strength!‘®,  (6)
]

f augmentation of alkalinity®, (7) prevention of the formation of

falkaline earth hydroxides which reportedly catalyze peroxide

b detergent, surfactant, and flocculating agent
L

23,28,146-150, 154

Although silicate plays an important role in the peroxide
:bﬂghtening of mechanical pulps, it is unlikely that it can
‘?lnrform all of the functions listed above in any given
LSpplication. In this study efforts were concentrated solely on
;wa role of silicate as a peroxide stabilizer not only because
:of its generally-recognized ability to function in this manner
Ebut also because of the great controversy surrounding the
| gechanism of its stabilization effect.

14,119,125,150,167,221

A number of investigators have

‘agreported data supporting the claim that peroxide stability is
'?fenhanced in the presence of sodium silicate. Otherst?3 132,138
'::on the other hand, have contended that, in fact, sodium silicate
-;destabilizes peroxide. Contrary to the foregoing conclusions,
evidence has been repeorted indicating that silicate neither
i stabilizes nor destabilizes alkaline solutions of hydrogen
,:peroxidéla.

Despite the controversy, several thecries have been advanced
to explain the role of sodium silicate as a peroxide stabilizer,
:the following being the most widely accepted: (1) coating of

147,149 (2)

transition metals ¢ passivation of transition



28,150 /3y gorption of transition metalsti 143151 (4)

F formation of stable complexes with transition metals®®? ™,  (5)
B retention of transition metals in solution'®, (6) termination of
bchain  reactions by binding free radicals?® 1, and (7)

 hweraction with peroxide forming peroxysilicates that are more
fistable than hydrogen peroxide itself'®? 192,

| With the foregoing in mind, this investigation consisted
fﬁnsically of a systematic re-evaluation of the proposed theories
{of peroxide stabilization by sodium silicate in order to clarify

“the mechanism of its action. This was achieved through a study

f of the following topics: (1) the effect of variables such as

fsilicate concentration, peroxide concentration, ©pH, chemical
§ purity, ionic strength, and SiOz/NaQO ratio of the silicate; (2)

;the reactivity of peroxide-reactive compounds with hydrogen
Z-peroxide in the presence and absence of silicate; (3) the effect
;3of iron, copper and manganese on peroxide decomposition in the
1 presence of silicate, including the effects of metal
:concentration, pH, metal "age", and metal solubility: (4) the
:effect of colloids such as carboxymethylcellulose, dextrin,
fstarch, sodium polymethacrylate and gelatine on peroxide
; decomposition; and (5) a determination of the amounts O
’éhydroxyl and superoxide anion radicals generated Dby the

! decomposition of hydrogen peroxide in the presence of silicate

and in the presence of silicate/copper combinations.

' 2. MATERIALS AND METHODS



11,1, Reagents

| Except when stated otherwise, the sodium silicate used
fbuoughout all the experiments was N-brand Clear (SiOz/NaZO =
3122) supplied by Philadelphia Quartz Corporation. Additioconal
5puification of the sodium silicate was carried out according to
 ﬁm method developed at Philadelphia Quartz Corporation; the
?pumedure involved the dissolution of fumed silica in 50% aqueocus
! caustic soda solution prepared from sodium hydroxide hydrate
; {Alpha Chemical Co., ultrapure) and doubly-deionized water. The
%irmu copper and manganese contents of the silicates are

B presented in Table 9.

;5ﬂmLE 9. Iron, Copper, and Manganese Contents of the Purified and
: Unpurified Silicates (0.335 M sin,) .

_.....-—__.____.__.._—___._._.._._—_____.__.________...___

Silicate Iron Copper Manganese
Unpurified 1.8 0.02 <0.01
Purified 0.01 0.02 0.01

____..._.,.._._________..._..._______........._______.,_‘_.._______,__________..._________.____

In experiments where the effect of the Sioz/NaZO ratio of
gthe sodium silicate on peroxide decomposition was examined, <the
::following sodium silicate brands were used: 5tarso, Star, N-
‘:Clear, and S-35. Their ratios and iron assays are presented in
’?Table 10. To avoid any possible influence of the iron in the

:% different silicates, the iron concentration of all four silicates

! was adjusted to the maximum value (37.8 ppm) by addition of



Hron (III) chloride.

JABLE 10. Iron Content and SlOz/Na 0 Ratio of Different
Sodium Silicate Brands.

—__....-_—_——__...____...-._.—___....___.__..-—_____..._..._-._—____..._.._._—____._._.___‘.____

'$ilicate Brand $1i0, /Na,0 Ratio Iron Content, ppm
EQZQS"—“—_"""M""EQB'"""""'""""SZ_E ___________
| Star 2.50 31.1

m—c1ear 3.22 37.8

$-35 3.75 21.0

——___..__._......-.——______...._-_-______._.-.-.——__.__..___._—__._.__.__...._-.____._..______.__

Copper silicate was prepared by reacting copper sulfate
EN.OS M) and sodium metasilicate (0.05 M) according to the method

i

"proposed by Gagnon et al_ %2,

All of the other chemicals used in this study were prepared

Fand/or purified as described in section 2.1 - chapter 2. The

ivﬂmr used throughout all of the experiments was doubly-

"distilled.
"9.2. Peroxide Decomposition Tests

All of the decomposition tests were carried out as described
“In section 2.1 - chapter 2. Except when stated otherwise the
ﬁonmr of addition of the chemicals was standardized as follows:
fvﬂﬁr, transition metal salt, sodium silicate, sodium hydroxide,

%uw.hydrogen pevoxide, with stirring between additions.
»23 pH Measurement and Control

i See section 2.3 - chapter 2



i!d. Determination of Hydroxyl and Superoxide Anion Radicals
See section 2.4 - chapter 2
‘TIJ. Ultrafiltration of Transition Metal Solutions

t samples (200 mL) of 0.34 mM soclutions of iron, ccpper and
flumanese were prepared at pH 10.3, 10.8 or 11.8 from "aged"
: ?solutions of these metals (prepared by dissolving the metal salts
;{hx water at pH 6.5 and boiling the resultant solution for 3 h).
gIn the preparation of these solutions the order of addition of
'f*ﬂm chemicals was as follows: water, transition metal salt,
%sodium silicate (0.08 M SiOZ), and sodium hydroxide, with
?fstirring petween additions. In all cases, there was a 10min lag
'}?between the additions of sodium silicate and sodium hydroxide.
birhe solutions were then heated to 50° C and.allowed to stand for

- 2 h. Subsequently, they were ultrafiltered using the procedure

! described in section 2.5 - chapter 2.
2.6. Determination of the Metal Content of the Solutions

See section 2.6 - chapter 2

2.1. Reaction of Hydrogen Peroxide with Peroxide-Reactive

Compounds

The peroxide-reactive compounds (Table 11) were supplied by
Aldrich Chemical Co. The consumption of these ccmpounds by
hydrogen peroxide was monitored by high pressure Liquid

chromatography (HPLC) using a 10 cm/8 mm C,g cartridge column



| ~ TABLE 11. HYdrogen Peroxide-Reactive ComPounds

b,

1 0

l:l3 \ 1

B C—CH-C-CHs
m

| Mesityl Oxide

| CH3
.

OCHz
OH

g vonillin

@)

{
@—CH =CH-C~CH3

Benzal Acetone

CHz OH
©OH ©OCH3

. CH OH
4 -Methylcatechol Methoxyhydroquinone

HO @-CH =CH@OH

4,4 - Di hydroxystilbene



?;aters Assoc.) as the stationary phase and a mixture of &0%
ﬁwhanol and 40% water {2 mL/min) as the mobile phase. The HPLC
ﬂﬂit was manufactured by Waters Associates and was composed of

following components: automatic gradient contrcller model

pumps model 510, absorbance detector series 440, universal

Ionic Strength Variation

Ionic strength adjustment was accomplished by adding the
Iumropriate amounts of sodium chloride to the reaction mixtures.

;Fe ionic strength of the sodium silicate solution at the

peasurements. Conductometric measurements were performed with a

?}9. Oxder of Addition of Sodium Silicate and Sodium Hydroxide

These experiments were conducted using "aged" and "fresh"
'L}ransition ‘metal species. "Fresh” metals were prepared Dby
irssolving the appropriate metal salts in 0.1 N HC1 solution.
“}Aged" metals were prepared by dissolving the salts in water at
j@H 6.5 and boiling the resulting solution for 3 h. There was

ialways a 10-min interval between the additions of sodium

fbydroxide and sodium silicate to the solutions containing the

B

jtransition metal species and vice versa. Hydrogen percxide was

i\lways added last.



Effaect of Reaction Variables on Peroxide Decomposition

1. Effect of Hydrogen Peroxide Concentratiocn

Concentrations of hydrogen peroxide in the range 0.040 to

9 M were chosen in order to bracket the concentration range

Jf 0.040 and 0.39 M correspond, respectively, to 0.41 and

4.0% hydrogen peroxide on o.d. pulp at 25% consistency. The
its extent of decomposition at 50° C in the presence of
ﬂ}roxide decomposition was observed at the higher initial

peroxide concentration for all four pH values.

In order to establish whether the reaction extent
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iﬂBLE 12. The Effect of Concentration on the Decomposition of
] Hydrogen Peroxide in the Presence of Silicate (0.08 M
$i0,, initial pH 10.8, 50° C, 120 min).

A A L s Mim L m . ——— —— — — — —— A e a —— ————————— —— = — = e a —m v~ T e mm  —w e — — —

IIO Conc., M H,0, Decomposition, % Final pH

F e e e e e e e e e e e e s e s

0.040 14.9 10.85
0.098 18.9 10.90
0.196 19.8 10.90
0.294 18.9 10.90
0.392 19.5 10.90

A " — o — i ——————————————— T = G b - W R o S e e b e s e am e e e e e =

B11.2. Effact of Sodium Silicate Concentration

‘ The effect of sodium silicate concentration on the extent of
éperoxide decomposition in the pH range 10.3 to 11.8 is
jillustrated in Figures 34-37. The concentrations chosen (0.04,

 0.08, and 0.16 M Si0,), which are equivalent, respectively, O

W 2.5, 5.0, and 10.0% sodium silicate on o. d. pulp at 25%
Econsistency encompass the range most commenly used in the
'11commercial brightening of mechanical pulps. An increase in sodium
silicate concentration results in a decreased peroxide
' %decomposition extent for each of the four solutions adjusted tc
I different pH values. This same trend has been found Dby other

143,221 5nd attributed to sodium silicate’s capacity

~ researchers
. to stabilize hydrogen peroxide.
Furthermore, increasing pH results in an enhanced extent of

ngeroxide decomposition at all three concentrations. This behavior

can be explained by the enhancement of the catalytic activity of
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To 1investigate the theory that hydroxyl 1ions enhance
;Fmoxide decomposition!?®®1®*°, a study was undertaken in which

‘ pH of the solutions was kept constant over the entire
{%muse of the reaction  without wusing buffers. This was
fumemplished by automatic titration of decomposition-generated

k lydroxyl ions with hydrochloric acid.

. The results of these tests show that control of pH decreased
pperoxide decomposition over the whole pH range investigated (Fig.
FJM. The decrease in decomposition caused by maintaining the pE
?um probably be attributed to the decreased availability of
;hwhmxyl ions which are responsible for the activation of the
Etransition metal impurities present in the sodium silicate,
iespecially at pH values above 10.8. The extents of peroxide

;decomposition under pH controlled conditions in the pH range 10.:2

@to 11.8 are presented in Figure B-1 (Appendix B).
'3.1.4. Ionic Strength

The effect of ionic strength on peroxide decomposition in
ithe presence of silicate is portrayed in Figure 39. 1In contrast
gto what has been found by other workers'*®, increasing ionic
i strength up to 1.0 M is shown to have an insignificant effect on

tperoxide  decomposition. The ionic strength of  solutions
i

! écontaining silicate was indirectly measured by conductometric

&
5
>

r
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fmalysis because the ion concentrations of silicate solutions can

 ?;¢ be determined simply by calculation.

Temperatures of 50° and 60° C were chosen for this study

they are typical of those most generally wused 1in

fhy increasing the temperature from 50 to 60° C. The enhanced
D , ,
3 also observed in the presence of iron, copper, and manganese

fFigs. 41-43).

Results showing the effect of the 510,/Na,0 ratio on
%jmroxide decomposition (Fig. 44) indicate no distinct and
4
yunderstandable trend. The least effective stabilizer is the

';sodium silicate with the lowest SiOZ/NaZO ratio but, on the other
Lhand, the most effective stabilizer did not have the highest
ESH%/Nazo ratio. Theoretically, silicates with higher Siolea?O

;ratios should be more effective stabilizers since they are more
';?extensively polymerized”. The rather irregular results obtained
in these experiments probably arose from the different purities
rfof the various silicates studied. Although the iron
?concentrations of the foir silicates were adjusted to the same

' value, the concentrations of other transition metal impurities

“such as copper and manganese may have been different, thus
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The iron concentrations were chosen so as to Dbracket the

QCNmentrations of manganese and copper lower than those
prevailing in pulp brightening systems were used in order to

kavoid total consumption of the hydrogen peroxide during the test.
512.1. Iron

Under certain conditions sodium silicate is an effective
fﬂabilizer for hydrogen peroxide in the presence of 1iron. For
tmmmple, at pH values below 10.8, iron in concentrations of up tc
;9 ppm acts as a peroxide stabilizer rather than as a catalyst
Eﬂmreas at very high concentration it catalyzes peroxide
:ﬁhcomposition (Fig. 45). With increasing pH values above 10.8,
%um iron-catalyzed reaction takes place and sodium silicate
i

| becomes a  poor peroxide stabilizer regardless of iron

i concentration. It should be pointed out, nevertheless, that

;bf 11 or below, hence the benefits of sodium silicate in this

. o
f particular situation are substantial. The reason why sodium

fof low concentrations of iron than in its absence is as vyet

funknown.  Also, it is not known why sodium silicate Dbecomes
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: In the @presence of copper, sodium silicate is a strong
;ualyst for peroxide decomposition regardless of pH (Fig. 46).
Eqmer concentrations as low as 0.01 ppm, which are innocuous in
Iﬂm absence of sodium silicate, caused significant decomposition

}f hydrogen peroxide even at lower pH values. It is interesting

note that the synergistic effect of copper-silicate
Lambinations.on peroxide decomposition 1is not observed when the
?ﬁwper is present in high (>50 ppm) concentrations. The results
;mmpiled in Table 13 demonstrate that at a copper concentration
bf 100 ppm, silicate 1is indeed a stabilizer for hydrogen
fumxide. Under normal brightening conditions, however, the
:umper concentration rarely exceeds 10 ppm, therefore the
}}wmrgistic effect of copper and silicate is bound to exist. It
ﬁﬂmuld be pointed out that the experiments with high copper
}«mcentrations were conducted at 6° C to avoid the total
2;mwumption of peroxide during the test.

| The catalytic effect of sodium silicate in the presence of
icqmer has been found by other workers'® but no plausible
?umlanation for this observation has yet been given. However, it
;Js reasonable to assume that this synergistic effect is caused by
;ume type of interaction between sodium silicate and hydrous
iamper oxide (the most likely copper species under weakly
{;lkaline conditions) which results in formation of copper
%silicate.

In an effort to determine whether copper silicate is a more
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;wvere catalyst for peroxide decomposition than hydrous copper
‘!
logide itself, the former was synthesized from sodium silicate and

i@pper sulfate and reacted with hydrogen peroxide.

WMBLE 13. The Effect of Copper Concentration on the Decomposition
‘ of 0.098 M H.O. in the Presence and Absence of Silicate.
(0.08 M SiO,, initial pH 10.8, 6° C, 120 min).

»..-....._....‘.________._..._.____.__,___...._._______._.._...______.__,,_,____.__.__.___...__.__.___._,_

'Copper Conc., pPpm Without Silicate With Silicate
e e S S ST T T T

0.5 1.6 28.8
2.5 2.4 32.3
10.0 9.2 37.6
50.0 32.8 38.6
100.0 78.9 43.3

Fﬂm results in Table 14 show that peroxide decomposition in the
‘%%02— CuSio, system is similar to that occurring in the HO,
50, system. Thus, copper silicate is not a more effective
?cnmiyst for peroxide decomposition than hydrous copper oxide

'izkself. Besides, if only the relatively small amount of sodium
fﬁlicate which is chemically combined with copper is responsible
iim:the synergistic effect, peroxide decomposition in the HO, -
{

%ﬁﬁio3 and H,0, - CuSO, - Na,S10, systems should have been
{ﬂmilar but such was not the case (Table 14). Therefore, the
ﬂumess silicate that does not react with copper plays an

fhmortant role in the observed synergistic effect. Changes in the

ESH%/Cuzo ratio of the copper silicate occur when excess silicate

184



2

{s present in the reaction?*? and these changes may explain the

enhanced synergistic effect caused by the addition of silicate in

excess of that which reacts with the copper.

_TABLE 14. The Effect of Copper Silicate on the Decomposition o¢f
0.098 M H,0 in the Presence and absence of Sodium
Silicate (0.08 M Si0,). (CuSO, = CuSi0, = 10 ppm

as Cu, initial pH 10.8, 6° C, 120 min).

o e T T v} - — . —— A — —————————— —— " ———— T T T LM . e an M e — e s

System fgoz Decomposition, %

ho, - cuso, ez
%02 - CuSiO3 10.1

B0, - CuS0, - Na,5i0, 37.6

B0, - CuSio, - Na,S5i0, 48.8

S e e LA AlS e " i - ————— — T — T —— A i — ] T b R imR e A - ——— = = e e me

The reason why decomposition is 1lower in the H,0,-Cu30 -
Ngﬁi03 system than it was in the HZC)z—CuSiOB-NaZSiO3 system 1is

fot apparent.
3.2.3. Manganese

The effect of pH and manganese concentration on hydrogen
peroxide decomposition in the presence of silicate is illustrated

in Figure 47. Similar to the cases of iron and copper, peroxide

fdecomposition catalyzed by manganese increases rather sharply
Ewith increasing pH above 10.8. Manganese-catalyzed peroxide
5decomposition in the presence of silicate under varying pH
Econditions differs substantially from that observed 1in the
absence of silicate. In the latter situation, decomposition

!
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-}mxelated very irregularly with pH reaching a maximum value at
i 9.8 and a minimum value at pH 10.3 (section 3.2.3 - chapter
;”' In the presence of silicate, the lower decomposition values
ﬁgtained in the pH range 10.3 to 10.8 are probably attributable
&0 the formation of stable manganese silicate. However, with
fhmreasing pH, formation of manganese hydroxide and manganese
éﬁoxide is more favored thus preventing or retarding the
ihrmation of stable manganese silicate. Consequently, peroxide
%mcomposition increases sharply because of the strong catalytic
ieffect of manganese dioxide.

]

,3.2.4. Metal Combinations

The effect of sodium silicate on peroxide stability in the
presence of various compbinations of iron, copper, and manganese
h illustrated by the data in Table 15. Although the results are

Interesting a more thorough investigation of this subject is

needed in order to draw any valid conclusion.

'3,2.5. Aging of the Metals

"Aged"” transition metals were prepared Dby boiling 0.005% M

i1y

: gunutions of the metal salts for three hours at pH 6.5. A pH ©
E&S was selected in order to reproduce the pH conditions normally
%wmvailing in wood pulp and process water which are the main
-sources of most of the transition metals encountered in pulp
éMdghtenlng systems. Metal solutions designated of "fresh" were
i

ﬁﬁpared by dissolving the transition metal salts in 0.1 M HCI1.



'P0f the metals studied, iron was the only one whose catalytic
;ctivity was changed significantly by the aging treatment (Table
{-‘_ ...16). The decrease in the catalytic activity of iron resulting
fﬁrom aging probably can be traced to the formation of hydrous
, ffiron oxides which are effectively inactivated by sodium silicate.
When silicate was added to "fresh" iron solutions, formation of
Viron silicate took place but, apparently, the latter is a more
Zleffective peroxide decomposition catalyst than hydrous 1ron
;‘:_oxides deactivated with sodium silicate.

" The aging of manganese and copper solutions did not result
; Nin any significant changes in the catalytic activities of these
?ietals in the presence of silicate. Similar results were cbtained
gln the absence of silicate (ref. section 3.2.5 - chapter 2)y. It
- ?should be pointed out, however, that in the case of manganese,
”.the solution was not changed to any extent by the aging
‘ireatment, i.e., no insoluble manganese hydroxide or oxide was
tormed as indicated by the clarity of the solution. Therefore, nc
alteration in the catalytic activity of manganese towards
IIperoxide was expected to result from aging. In the case of
f‘copper, on the other hand, the aging presumably resulted in
:tormation of hydrous copper oxide but even so, no difference in
»‘;'peroxide decomposition was observed. This result can be explained
1f one assumes that the catalytic activity of the copper silicate
fformed by inrteraction between "fresh" copper and sodium silicate

'{s similar co the catalytic activity of the copper hydroxide

 formed during the aging of the solutions.



W TABLE 15. Individual and Combined Effects of Transition Metals
: (Fe, Cu and Mn) on the Decomposition of 0.098 M HO,
in the Presence of Sodium Silicate. (0.08 M s5iQ,,
Initial pH 10.8, 50° C, 120 min).

" Metal == ommmmmmmm e — oo m——— oo o oo ommmeee Combined

Combination No Added Effect
Metal Fe' cu’ Mn' Total

FesCutMn 160 30 22.0 8.0 43.0 590
Fe + Cu 16.0 -3.0 22.0 - 35.0 15.90
Fe + Mn 16.0 -3.0 - 8.0 21.0 54.0
Cu + Mn 16.0 - 22.0 8.0 46.0 38.0
Fe = 9.4 pem, Cu = 0.01 ppm, Mn = 1.0 ppm

):TABLE 16. Decomposition of 0.098 M H0, by "Fresh" and

"Aged” Solutions of Iron, Copper, and Manganese in the
Presence of Silicate. {(0.08 M sioz, initial pH 10.8).

22
Transition Metal " Presh Metal Aged Metal
trom (20 ppm’ 20 118
iCopper (0.1 ppm)2 23.4 20.6
! Manganese (5 ppm)’ 19.5 | 18.3

Under the nearly neutral conditions prevailing in biclogical
i.systems, iron and copper certainly exist as "aged" metals, i.e.,

I as hydroxides or hydrous oxides. Manganese, on the other hand,

. e



@ exists in the "fresh" or ionic form. Therefore, the interactions

@ of iron and manganese with silicate, which result in peroxide

stabilization, probably occur yvia different routes.
3.3. Effect of Chelating Agents on Peroxide Decomposition

The two chelating agents chosen were the pentasodium salt of
diethylenetriaminepentaacetic acid (NaSDTPA) and triethanolamine
{TEA) . The former is frequently used commercially as a chemical
pretreatment prior to mechanical pulp brightening the latter, on
the other hand, is regarded as a very effective chelating agent
at pH values above 10.0?*". The effect of chelating agent
concentration on peroxide decomposition in the presence of sodium

silicate is shown by the data compiled in Table 17.

TABLE 17. The Effect of Chelating Agent Concentration on the
Decompesition of 0.098 M H O, in the Presence of Sili-
cate. (0.08 M Sioz, initial pH 10.8, 50° C, 120 min).

272
Chelating Agent, g/L —_;;;;;;; _________________ {EX ————————————
e TR T T e
0.340 2.4 9.4
0.170 1.0 4.8
0.034 0.5 5.5
0.000 16.0 16.0
Cbncentrations of Na/DTPA as low as 0.034 g/L, which

corresponds to 0.01 % Na. DTPA on o. d. pulp at 25% consistency,

1A1



stabilized hydrogen peroxide solutions almost completely. Higher
concentrations of NaDTPA resulted in small losses of hydrogen
peroxide. These losses have been previously reported*®, and
probably are the result of peroxide consumption 1in reactions

with Na,DTPA. The reaction of tertiary amines with hydrogen

peroxide is well-documented in the literature?'”, reactions [81]

and [82].
slow
R,N + H-0-0-H ———> R3N+OH + HO™ (81)
' fast
R3N+OH - R3N+O' + H' (82]

TEA, on the other hand, was unable to completely prevent the
decomposition of hydrogen peroxide. Similar to Na/DTPA, TEA
consumes hydrogen peroxide. As seen in Table 17, none of TEA
concentrations tested was able to completely stabilizé peroxide
without consuming it.

The effect of pH on peroxide stability in the presence of
Na DTPA and TEA is presented in Figure 48. It is seen that both
compounds were effective peroxide stabilizers in the pH range
10.3 to 11.8, Na/DTPA being slightly superior. The fact that
Na,DTPA was an effective peroxide stabilizer at a pH above 11.0
in the presence of silicate contrasts with the results obtained
in the absence(of silicate. It was shown in the latter case that

the stabilization capacity of NaDTPA 1is significantly reduced Dy

increasing pH above 11 (section 3.3.2 - chapter 2 - page 103).

14D
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. 3.4. Mechanistic Considerations

In this section the most widely-accepted theocrla!
for peroxide stabilization by sodium silicate are considered 1n
detail. In addition, the proposed formation of more reactive

peroxysilicates is also discussed.
- 3.4.1. Formation of Peroxysilicates

The formation of a more reactive brightening agent,
peroxysilicate, has been suggested as being the reason for
improved peroxide brightening in the presence of sodium
;silicate”3. In an effort to find supporting evidence for this
claim, the reactivities of alkaline hydrogen peroxide towards
some peroxide-reactive compounds in the presence and absence of
fsodium silicate were compared under conditions where peroxide
- decomposition was negligible (in the presence of 0.034 g/L of
jN;pTPA). The reasoning was that any change in the reactivity of
- hydrogen peroxide caused by reaction with the silicate would
" indicate the existence of some other form of hydrogen peroxide
;which could very well be regarded as evidence for peroxysilicate
" formation.

The results in Table 18 show that the reactivity of hydrogen
%:peroxide towards seven peroxide-reactive compounds (containing
phenol, enone; ethylenic, and carbonyl functionalities) was not
increased to any extent in the presence of sodium silicate. Since
peroxide reactivity towards these compounds was not enhanced in

' the presence of silicate, it is also very unlikely that, 1if

14£A



;jépresent, peroxysilicates would have any extraordinary effect on
~ lignin chromophores. Thus, based on the results in Table 18, the
. proposed theory which claims formation of more reactive
peroxysilicates when silicate is added to alkaline solutions of

peroxide is likely incorrect.

TABLE 18. Consumption of Peroxide-Reactive Compounds by 0.049 M
H_ O, in the Presence and Absence of Sodium Silicate
(b 04 M sio,, initial pH 10.8, 120 min).

......-.-_—___.___.__.__.‘.__________.__._.________.___—______,___.__.______.______.._...__

Mesityl Oxide (0.049M)! 84.1 85.3
Benzal Acetone (0.0049M)’ 75.3 74.0
Isoeugenol (0.0049M)° 15.3 15.8
4,4’ -Dihydroxystilbene (0.0049M)? 38.4 37.3
4-Methylcatechol (0.049M)° 25.8 24.7
. Methoxyhydroquinone (0.0049M)" 81.1 82.8

" Vanillin (0.049M)? 37.5 38.0

3.4.2. Stabilization of Hydrogen Peroxide

Most of the theories proposed to account for peroxide
stabilizatiocn by sodium silicate involve deactivation of
" transition metals by the former. However, it has also been
propocsed that silicate stabilizes peroxide by forming stable

peroxysilicates'®’ with it or by disrupting free radical

165



'decomposition reactions?® 1%,

k
3.4.2,1. Disruption of Free Radical Chain Reactions

It has been suggested that silicate terminates reactions of
R

ydrogen peroxide decomposition by binding free radical
}}htermediatés while simultaneously undergoing polymerization in

:ﬁhe processzmlﬂ. The free radicals that most likely exist ﬁnder

¥ the weakly alkaline conditions used in brightening are hydroxyl
t{énd superoxide anion. Therefore, assuming the integrity of the
i%éroposed mechanism, the addition of sodiuﬁ silicate to alkaline
féolutions of peroxide should decrease the concentration of these
E}adicals.

The results presented in Table 19 show that the
ai;oncentrations of hydroxyl and superoxide anion radicals are not
ﬁchanged significantly when silicate is added to a peroxide
‘;solution at pH 10.8. To further confirm this finding, copper was
?added to the reaction system in order to catalyze peroxide
idecomposition and thereby increase the amounts of free radicals
ain the system. In this case as well, silicate caused no reduction
fin the concentration of the radicals. Indeed, under the same
ifeaction conditions, the amounts of radicals méasured are higher
;in the system containing silicate. The higher concentration of
{radicals observed when copper and silicate are combined is
‘ﬁattributable to the previously reported synefgistic effect which

R

jcauses enhanced peroxide decomposition (see results in brackets -

The fact that silicate did not cause any significant



Tfree radical scavenger. Therefore, the theory that silicate

fkcauses disruption of free radical chain reactions 1is also

¥invalid.-

:f~ A comparison of the extents of formation of superoxide anion
f;adicals when peroxide is decomposed in the presence and absence
;bf sodium silicate is illustrated in Figure B-2 (Appendix B). The
;Effects of silicate concentration and pH on the generation of

‘superoxide anion radical are shown, respectively, in Figures B-3

nd B-4 (Appendix B).

§ TABLE 19. The Amounts of Hydroxyl and Superoxide Anion Radicals

. Detected when Hydrogen Peroxide is Decomposed in the
el Presence and Absence of Silicate and/or Copper.

2 (initial pH 10.8, 50° C).

- ————— Y ——— — —————————_——— e - A —— T A Al S S e e e e o — e —

System 000000 s m— e — e -
Hydroxyl® Superoxide Anion?

P TP —— R R e e
f silicate 9.2 (13.8) 1.5 + 0.6 (4.5)
¥ copper | 34.3 (28.0) 8.9 & 2.8  (7.2)
f Silicate - Copper 54.7 (95.7) 9.1 + 3.1 (23.5)

ﬁ* Determined by measurement of the amounts of phenol generated

P  during peroxide decomposition in the presence of benzene for 2
h. {HO = 0.098 M, SiOz = 0.08 M, Fe = 18.8, Cu = 0.7,

Mn = 6.% ppm) .

42 Determined by EPR spectrometry after 10-min reaction (H,0, =

¥ 0.49M, 5i0, = 0.08 M, Fe = 94, Cu = 3.5, Mn = 1.5 ppnm).

f ' Values in parentheses indicate % of reroxide decomposition



£3.4.2.2. Formation of Stable Peroxysilicates

The peroxide stabilization effected by sodium silicate

peroxysilicates!’?. The proposed mechanism of peroxysilicate

ﬁyery powerful nucleophile) on a silanol group of the silicic acid

fresulting in the replacement of one of the hydroxyl groups, ed.

o O

gHO - Si - OH + HO; ———> HO - 51 - 0-0-H + HO" 189]
1 I
OH OH

ﬁ;f this reaction does in fact occur, formation of larger amounts

fof peroxysilicate should occur at higher alkalinities where a
féreater concentration of perhydroxyl anions 1is present and,

'ﬁonsequently, better peroxide stability should be expected. The

iy

ciesults presented in Figure 49 show, however, that peroxide
'igtability is not influenced by pH if purified chemicals are used.
liéherefore, formatidn of more stable peroxysilicates, if it
iéccurs, does not appear to be responsible for improved peroxide

 stabilization in the presence of sodium silicate.

§ 3.4.2.3. Deactivation of Transition Metals

i Before undertaking a thorough discussion of the proposed
k

¥ theories for silicate deactivation of transition metal impurities

1469



ihuring brightening, it is useful to first interpret the stability
ihharacteristics of peroxide when pH is varied in the presence and
jiear absence of transition metals in solutions containing
;gilicate. As is shown in Figure 49, peroxide decomposition in the
E}resence of unpurified chemicals increases sharply with
ﬁincreasing pH, particularly above 10.8. ©On the other hand,
%decomposition in the presence of purified chemicals is noct
:;ffected significantly Dby increasing pH in the range 10.3 to
;51.8. The rather high decomposition values obtained at pH values
%;bove 11 in the presence of unpurified chemicals may be
';ttributed to the enhancement of the catalytic activity of
iﬁertain transition metal impurities present in the <chemicals
¢JTable 1 - page 65 and Table 9 - page 128) . The enhancement of
jﬁhe catalytic activities of iron, copper, and manganese with
%increasing pH is clearly demonstrated in Figure 50. It is
fimportant to note that iron functions as a peroxide stabilizer at
épH values lower than 10.8; this fact explains why peroxide
idecomposition in this pH range is slightly lower 1in the presence
-;of the unpurified chemicals which contain iron as the major
;impurity (Fig. 49). -

a The fact that metal impurities, especially iron, present in

;commercial silicate increase peroxide decomposition at pH values

¥ sbove 11  explains why some researchers®?-**® have contended

g that silicate actually destabilizes peroxide. Furthermore, the

E;enhanced catalytic activity provided by the metals also explains

i why peroxide Dbrightening of mechanical pulps is  highly
,<

I inefficient at pH values above 11. If transition metal-free

10
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VFigure 49, Effect of pH on the decomposition of10.098 M Hzcziz in
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unpurified chemicals. (SiO2 = 0.08 M, 50° C, 120
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Figure 50. Effect of pH on the decomposition of 0.098 M H ,0,
in the presence of purified sodium silicate, 1ron
copper, and manganese. (5i0, = 0.08 M, 50° C,

120 min).

474



'%Iightening systems existed, peroxide brightening should be more
;fficient at pH values above 11 where decomposition would

=%ot occur and where hydrogen peroxide would be mostly dissccilated
#o perhydroxyl anion which is the active brightening species.

. Comparing the results of peroxide decomposition in the
Ebresence and absence of silicate when purified chemicals are
Ehsed, it 1is observed that silicate is not by itself a péroxide
;;tabilizer (Fig. 51). However, in the presence of added iron and
g;anganese, the positive effect of sodium silicate as a peroxide
??tabilizer is quite evident (Table 20). In the presence of added
fﬁopper, on the other hand, silicate is an active peroxide

K.

bcatalyst.

 TABLE 20. Concentrations of Iron, Copper, and Manganese Causing
; 50% Decomposition of 0.098 M H,0, in the Presence and
Absence of Sodium Silicate. (0. 5@ M SlO initial pH

10.8, 50° C, 120 min),

Iren Copper Manganese
Without Silicate 18.8 1.0 0.32
Hith Silicate >50 0.015 4.60

__..-....———___..__..._......-.—___—.__.__...,_...._—___.__._._—-_—___...__.._._—_____..___.._____._

n - pulp brightening, iron and manganese are the principal
1}mpurities whereas copper and other metals are usually present in
;much lower c¢oncentration. Therefore, at least one role of
;%ilicate in peroxide stabilization must be the deactivation of

Eiron and manganese. An important question to be answered is how
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silicate deactivates these metals. It has been suggested that

?‘silicate deactivates metals by forming stable complexes with

152,153

@ them , by maintaining the metals in solution thus avoiding

formation of insoluble metal oxides/hydroxides”, and by coating
the metals so that surface-catalyzed reactions are retarded o:

suppressed!®’ 1%,

3.4.2.3.1., Coating of Transition Metals

The claim has been made that sodium silicate coats transitic:.
metal oxide solids with a protective layer so that the
heterogeneous surface catalysis of hydrogen peroxide is either

retarded or prevented'®’ 1%,

In an effort to verify the validity
of this theory, the effectiveness of various organic colloids as
peroxide stabilizers in the presence of insoluble iron, copper
and manganese was examined. fhis approach was chosen because the
ability of sodium silicate to coat surfaces reportedly stems
from its colloidal properties'®,

The results presented in Table 21 show that organic cclloids
such as carboxymethylcellulose (CMC), starch, dextrin, sodium
polymethacrylate and gelatine have no significant positive effect
on peroxide stability regardless of the transition metal
involved. Moreover, CMC and starch actually caused an increase in
peroxide decomposition. In these experiments, the transition
metal solutions were aged for two hours at pH 10.8 and 50° C
prior to the addition of organic colloids and hydrogen peroxide.
This aging was performed in order to produce solid metal oxide

surfaces that could be ccated by the organic colloids.
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TABLE 21. The Effect of Organic Colloids on the Decomposition of
: 0.098 M H.O. in the Presence of Iron, Copper, and
Manganese. (f% = 20 ppm, Cu = Mn = 5 ppm, initial pH

10.8) .

__________________________________ ho, Decomposition, %
¥ ganic colloid, g/L T et Copper?  Manganese’
BIQQL—_(;S—;éélﬁ;zé;"m"“M"EITE"”_""_?{é“"_""éé—.ém
lﬁodlum Silicate, 16.7 11.8 97.8 11.3
;Earboxymethylcellulose, 2.0 57.8 48.3 55.2
f starch, 1.0 48.3 40.3 16.2

4 fDextrln, 1.0 33.5 9.3 22.5
;: ;Sodlum Polymethacrylate, 0.5 29.7 8.2 21.3
Gelatlne, 1.0 33.1 10.5 31.3

The ineffectiveness of the organic colloids in stabilizing

?peroxide indicate that the coating of transition metal surfaces
gis very unlikely to be the reason for peroxide stabilization in
ﬂthe presence of silicate wunless the latter has very unigue

b colloidal properties.
3.4.2.3.2. Retention of Transition Metals in Solution

It has been claimed that sodium silicate retains transition
;imetals in solution thus preventing the formation of insoluble
Jihydroxides/oxides which are reportedly more efficient catalysts
}for peroxide decomposition than soluble metals'®. If this is so,

ﬁthe solubility of the metals under weakly alkaline conditions
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.éhould increase when sodium silicate is added. Scheme 2 shows the
;;chematic representation and results of an experiment 1in which
ihe solubility of iron, copper, and manganese solutions at pH
j"-K_().B, 10.8, and 11.8 was investigated by ultrafiltration. It is
fobserved  (Scheme 2) that undetectable (< 10 ppb) amounts of these
jtetals are in the filtrates of the solutions. This provides an
{Endication that sodium silicate does not solubilize the metals

ffo any extent. Therefore, the proposed theory that silicate

fretains transition metals in solution is incorrect.

=

In principle, the proposed theory is already guesticnable on
F'the grounds that the reaction of sodium silicate with transition

imetals can only form metal silicates which are by nature

Erelatively insoluble compounds.
g

;«

1 "Aged" Solutions (0.34 mM) of FeCl,, CuS0,, or MnSO, |
at pH 10.3, 10.8, or 11.8, 50° C, 120 min in the
Presence of Sodium Silicate.

< Ultrafiltration on
Membranes (Cutoff > 1000 MW)
4 FILTRATE RETENTATE
3 (< 10 ppb Fe, Cu, or Mn) (~100 % Fe, Cu, or Mn)

MR scheme 2. The solubility of iron, copper, and manganese solutions
. in the presence of sodium silicate.
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3.4.2.3.3. Formation of Stable Complexes with Transition Metals

It is difficult to prove the existence of silicate-
transition metal complexes since their identification in solution
'is rather intricate. On the other hand, the isolation of such
compounds under brightening conditions 1is also difficuir
because of their low concentration. Although the existence of
these complexes in pulp brightening has never been demonstrated,
it has been claimed that their formation during Dbrightening
results in inactivation of the transition metals with conseguent
peroxide stabilization'®?1%.

In an effort to determine the possible influence of metal
silicates on peroxide stability under brightening conditions, the
effect of the order of addition of sodium silicate and sodium
hydroxide to "fresh" and "aged" solutions of iron, copper and
manganese on peroxide decomposition was investigated. The
rationale behind this study was that the addition of silicate to
nfrash" solutions of the metals prior to the addition of the
sodium hydroxide should favor the formation of metal silicates
because the metals are initially present in the form of free
ions. On the other hand, the addition of sodiﬁm hydroxide prior
to the addition of silicate results in the immediate formation of
inscluble metal oxides/hydroxides which do not react as readily
with silicate to form metal silicates.

The results presented in Table 22 show that peroxide

decomposition catalyzed by "fresh” iron was higher when silicate

was added to the solution prior to the addition of sodium
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hydroxide (Fe/Silicate/NaCH) than in the opposite cas-.

(Fa/NafH/eiYipara) By wigua) sheervation, it was {nferved 'he
W;iron silicate was formed in the system Fe/Silicate/NaCH sincCc

precipitate of hydrous iron oxides was observed upon addition of
sodium hydrexide. On the other hand, when socdium hydroxide was
added tb the "fresh" solutions of iron prior to sodium silicate,
the immediate formation of a brown precipitate of hydrous iron
oxide was observed which did not dissolve significantly upon

addition of sodium silicate. Thus, it was concluded that 1L

(o)
=

D

iron silicate was formed in the Fe/NaOH/Silicate system. The fac’
that better peroxide stabilization 1is observed in the
Fe/NaOH/Silicate system than in the Fe/Silicate/NaOH systen
(Table 22) indicates that silicate 1is more effective when
inactivating insoluble hydrous iron oxide than when forming iron
silicate with the iron ions. It is important to note, however,
that the presence of silicate resulted in decreased peroxide

decomposition regardless of order of addition.

TABLE 22. The Effect of Order of Addition of Sodium Silicate and
Sodium Hydroxide on the Decomposition of 0.098 M
H,0, Catalyzed by "Fresh” and "Aged" Iron Solutions.
(550, = 0.08 M, Fe = 20 ppm, initial pH 10.8, 50° C,
120 miny).

22
Order of Addition "Fresh" Iron "aged" Iron
Fe/Silicate/NabH 29.5 11.8
Fe/NaQOH/Silicate 9.6 10.4

Fe/NaOH 85.9 31.8




The results obtained for "aged" iron solutions are quite
different from those shown for "fresh" solutions. It 1is observea
that the order of addition of sodium silicate and sodium
hydroxide does not affect peroxide decomposition, This is beoca. o
in both cases iron is present in the form of insoluble hydrous
oxide from the outset hence the formation of iron silicate is
very low. Apparently, the reaction of insoluble hydrous oxides
with sodium silicate to form iron silicate occurs at a very low
rate.

The experiments performed with "aged" solutions simulste
brightening conditions more realistically since the iron present
in the pulp and process water very likely exists in the "aged”
form, i.e., as insoluble hydrous iron oxides. Therefore, 1t car
be postulated that formation of iron silicate does not
contribute decisively to the stabilization of peroxide against
iron-catalyzed decomposition during brightening.

The effect of order of addition of sodium silicate and
sodium hydroxide on peroxide decomposition presents an entirely
different pattern in the presence of manganese. The results in
Table 23 show that better peroxide stabilization is obtained when
sodium silicate is added to the "frash" solution of manganese
prior to the sodium hydroxide than when the order is reversed.
The addition of silicate prior to sodium hydroxide resulted in
formation of manganese silicate as was indicated by the clarity
of the solutions even following addition of sodium hydroxide. On

the other hand, the prior addition of sodium hydroxide caused the
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immediate formation of a dark brown precipitate of manganvs
dioxide which did not dissolve upon the addition of sodiun
silicate. The formation of manganese silicate is very beneficial
because it prevents the generation of manganese dioxide which i=
a2 severe catalyst for peroxide decomposition. It shoula ke
pointed out, however, that silicate retarded peroxide
decomposition quite significantly even after manganese diox:ide

was formed.

TABLE 23. The Effect of Order of Addition of Sodium Silicate
and Sodium Hydroxide on the Decomposition of 0.0%8 M
B0, Catalyzed by "Fresh" and "Aged" Manganese
Solutions. (SiO2 = 0.08 M, Mn = 5 ppm, initial pH 10.8,
50° C, 30 min).

H,0, Decomposition, %
order of Addition “Fresh Manganese  "Aged” Manganese
silieatermmon T T e
Mn/NaOH/Silicate 43.2 41.0
Mn/NaOH _ 85.9 83.0
There were no significant differences between peroxide

decompositicon catalyzed by "fresh" or "aged” manganese solutiocns
because the soluticns were not changed during the aalng

treatment, i.e., manganese was not precipitated as manganese

o
O
o8

dioxide when boiled at pH 6.5 for 3 hours. Therefore, the '

and "fresh" manganese solutions were essentially identical.

b

In a brightening system, manganese exists in the form ¢




free ions since the pH of the pulp and process water are not high
enough to cause its precipitation as manganese dioxide. Thus,
formation of manganese silicate must play an important role i

the stabilization of peroxide by sodium silicate durine

brightening by preventing the formation of mangarese dioxide. If
silicate is not present, formation of manganese dioxide will
occur immediately after the pulp slurry is made alkaline in the

peroxide brightening stage.

A more practical piece of evidence for the Denefits
accompanying manganese silicate formation was obtained in
experiments where the order of addition of sodium silicate and
sodium hydroxide was studied in connection with the brightening
of TMP. The TMP contained 78 ppm of iron, 97 ppm of manganese,
and 19.5 ppm of copper. The iron and copper present in the pulp
were disregarded in this particular study since the majority of
these metals exists in an insoluble form and is therefore
unaffected by the order of chemical addition.

The bleachability of the TMP when sodium silicate and
sodium hydroxide were added as a mixture (Silicate + NaCH) was
first determined. This was done in order to produce a basis for
comparison since the prior mixing addition of <chemicals 1s
common practice in industry.

The results in Table 24 show that the final brightness value
for the system where silicate was added to the pulp slurry prior
to the sodium hydroxide was similar to the one where they were

added as a mixture. This was to be expected since formation of
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manganese silicate took place in both cases (visual
observation). A lower final brightness value was obtained when
sodium hydroxide was added to the pulp slurry prior to sodium
gsilicate but the difference was very insignificant compared tc
the standard (Silicate + NaOH). To establish whether the decrease
in brightness observed when sodium hydroxide was added prior =<
silicate was real, 100 ppm of manganese on o.d. pulp was added t<
the pulp slurry and the experiment repeated. The results show
that the final brightness when sodium silicate was added pricr tc
the sodium hydroxide is 1.6 % higher than in the opposite <case
{Table 24).
TABLE 24. The Effect of Order of Addition of Sodium Silicate ana
Sodium Hydroxide on the Brightening of TMP in the Pre-
sence and Absence of Added Manganese. (HO, = 1 % on o.
d. pulp, Silicate = 5 % on o. d. Pulp, Consistency =

12 %, initial pH 10.8, 50° C, 120 min, wunbleachad
brightness = 58.2 %).

Brightness HZO2 Final
Order of Addition % Cons., % pH
silicate + maon T4 soe e
Silicate/NaOH 73.3 80.5 G.4
NaQH/Silicate 12.7 81.2 9.4
Mn (100 ppm)/Silicate/NaOH 72.1 92.5 9.6
Mn (100 ppm)/NaOH/Silicate 70.5 96.0 9.7

The above results indicate that formation of manganese
silicate has a very important role in the stabilizaticn ci

hydrogen peroxide during brightening. When silicate is added to
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the pulp slurry prior to the sodium hydroxide or as a mixture
with sodium hydroxide, formation of manganese silicate takes
place thus preventing formation of the powerful paeroxide
catalyst, manganese dioxide. When sodium hydroxide 1is add=d
first, manganese dioxide is 1mmediately formed and lower
brightness values are obtained as a result of enhanced peroxide
decomposition. The higher values of peroxide consumptioh and
final pH (Table 24) support the fact that more peroxide
decomposition occurred when sodium hydroxide was added to tre
pulp prior to the sodium silicate.

In the case of the copper-catalyzed reaction, the order cf
addition of sodium silicate and sodium hydroxide had no
significant effect on peroxicde decompeosition {Table 25). In this
situation formation of copper silicate probably takes place when
sodium silicate 1is added to the "fresh" solutions of coprer
prior to the sodium hydroxide. However, the catalytic activity
of copper silicate is probably similar to that of the hydrous
copper oxide which is formed when sodium hydroxide is added prior
toc the sodium silicate. Because the catalytic activities of
copper silicate and hydrous copper oxide are similar, the
decomposition of peroxide is approximately the éame in "aged" and
"fresh" copper solutions. The fact that silicate interacts
synergistically with copper to decocmpose hydrogen peroxide
(section 3.2.2) severely complicates the interpretation of these

results.
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TABLE 25. The Effect of Order of Addition of Sodium Silicate and
Sodium Hydroxide on the Decomposition of 0.098 W™
H,0, Catalyzed by "Fresh" and "Aged" Copper Solutions.
37 = 0.08 M, Cu = 0.1 ppm, initial pH 10.8, RT,

30 min).
"""""""""""""""""""""""" ko, Decomposition, *
order of Addition “EFresh® Copper  "Aged” Copper
Co/silicate/NacH 23.4 20.6
Cu/NaOH/Silicate 26.1 25.8
Cu/NaOH l.6 1.5

The results discussed above indicate that formation of iron,
manganese, and copper silicates under brightening conditions 1S
relevant only in the case of manganese because only the latter
exists as free ions which are readily available for reaction
with sodium silicate. The formation of manganese silicate
prevents the generation of the inscoluble manganese dicxide which
is a severe peroxide decomposition catalyst. The other two metals
exist in the form of insoluble hydroxide/oxides which do not
react promptly with silicate to form metal complexes. The
mechanism of the inactivation of insoluble hydrous iron oxides by

sodium silicate is far from being understood at this point.

4, SUMMARY AND CONCLUSIONS

The theories proposed to account for peroxide stabilization

by sodium silicate were re-evaluated through a study of
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effect of: (1) sodium silicate on the generation of hydroxyl and
superoxide anion radicals during peroxide decomposition, (2)
sodium silicate on the solubility of transition metals such as
iron, copper, and manganese, (3) organic colloids on peroxide
decomposition in the presence of iron, copper, and manganese, (4)
the order of addition of sodium silicate and sodium hydroxide on
peroxide decomposition in the presence of iron, <copper, and
manganese, and {(5) pH and chemical purity on peroxide
decomposition in the presence of silicate. Alsc assessed was the
influence of reaction wvariables such as chemical concentration
(peroxide, silicate, chelating agents, iron, copper, and
manganese), pPH control, temperature, ionic strength, and
§10,/NaC ratio of the silicate on hydrogen peroxide
decomposition in the presence of sodium silicate. Finally, the
effect of additicn of sodium silicate on the reactivity of
alkaline hydrogen peroxide towards peroxide-reactive compounds
was also determined. The principal findings of this work are as

follows:

1. Silicate does not stabilize peroxide by itself but it may
inactivate certain transition metals that catalyze peroxide

decomposition during brightening.

2, Silicate stabilizes peroxide under brightening conditions by

inactivating hydrous iron oxides and manganese ions.

3, Silicate inactivates manganese ions through the presumed

formation of manganese silicate.



4.

5.

10.

The reaetiviey of hydrogen peroxide towarde peroxide-

reactive compounds is not affected by sodium silicate.

Formation of copper silicate 1is not the cause of the
synergistic effect of copper and silicate on peroxide

decomposition.

The concentrations of hydroxyl and superoxide anien radicals
in alkaline peroxide solutions are not reduced to any extent

when silicate is added to the reaction system.

The concentrations of hydroxyl and superoxide anion radicals
are increased significantly when copper is added to alkaline

peroxide solutions containing sodium silicate.

The stability of alkaline solutions of hydrogen peroxide is

not affected by the addition of organic celleids such as
gelatine, sodium polymethacrylate, and dextrin to the
reaction system and was actually decreased by the addition of

carboxymethylcellulose and starch.

Sodium silicate does not increase the sclubility of iron,

copper, and manganese in alkaline media.

Iron-catalyzed peroxide decomposition is greater when sodium
silicate 1is added to the reaction prior to the addition of
sodium hydroxide. The opposite trend i1s observed for

manganese-catalyzed peroxide decomposition.
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11.

12.

13.

14,

15.

16.

17.

Peroxide decomposition is not significantly affected by rthe
initial peroxide concentration in the range 0.098 to 0.39 M
which is equivalent to 1.0 to 4.0 % H,0, cn o. d. pulp at 25%

consistency.

Peroxide decomposition is significantly decreased Ly
increasing silicate concentration in the range 0.04 to 0.08
M which is equivalent to 2.5 to 10 % Silicate on o. d. pulp

at 25% consistency.

Maintenance of constant pH during the course of the
decomposition reaction reduces slightly peroxide

decomposition,

Peroxide decomposition 1is completely inhibited by the
addition of small amounts of Na DTPA in the pH range 10.3 to

11.8.

Triethanolamine (TEA) stabilizes peroxide in the presence
of silicate but does not completely eliminate decomposition

in the pH range 10.3 to 11.8.

Significant amounts of hydrogen peroxide are consumed in
reactions with TEA and Na DTPA if too high a concentration

of the chelating agent is used.

Peroxide decomposition increases sharply with increasing pH
above 11 when iron, copper or manganese is added tc the

reaction system.
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8.

20.

21.

22,

At pH values lower than 11, sodium silicate is an effective
peroxide stabilizer in the presence of iron and manganese Dut

a peroxide decomposition catalyst in the presence of copper.

In the presence of unpurified chemicals, silicate stabillizes
peroxide insignificantly at pH values lower than 11 but
destabilizes it extensively at higher pH values. In the
presence of purified chemicals, silicate does not affect
peroxide stability significantly in the pH range 10.3 to

11.8.

Ionic strength has no significant effect on peroxide

decomposition.

Iron-catalyzed decomposition of peroxide is reduced
significantly by "aging"” solutions of the metal whereas
copper- and manganese-catalyzed decomposition is not affected

by this treatment.

Peroxide decomposition increased more than three-fold when

the temperature was increased from 50° to 60° C.
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FACTORS AFFECTING PEROXIDE STABILITY IN THE BRIGHTENING OF
MECHANICAL AND CHEMIMECHANICAL PULPS

CHAPTER 4 - HYDROGEN PEROXIDE STABILITY IN THE PRESENCE OF
MAGNESIUM AND COMBINATIONS OF STABILIZERS
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1. INTRODUCTION

It is well-known that compounds such as sodium silicate,
magnesium sulfate, and chelating agents play important roles ir
the peroxide brightening of mechanical pulps, the most common:y
accepted of which is the stabilization of hydrocgen peroxide
solutionsi®®t,

Magnesium has been shown to stabilize alkaline hydrogen

128,223,224

peroxide solutions quite effectively Under actual

brightening conditions, however, it does not function
efficiently, especially in systems containing significant amounts
of transition metals'?®,

The term "magnesium" used throughout this text designates a
weakly alkaline solution of a magnesium salt, usually magnesium
sulfate. It is difficult to predict accurately the composition of
the magnesium species under the various conditions cited but 1t
is reasonable to postulate that a large proportion of it exists
as magnesium hydroxide in equilibrium with magnesium ions since
the solubility product of this hydroxide is relatively low (Z.6¢6
. 107 at 25° €)%,

The mechanism by which magnesium stabilizes alkaline
hydrogen peroxide is very controversial. 0f the several
mechanisms proposed to explain this process, the following two
are most widely accepted: (1) deactivation of transition metal
catalysts either by sorbing them!10-129-131 5r by forming stable,
not readily oxidizable, complexes with them'?’ and (2)

stabilization of superoxide anion radicals thereby retarding the
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propagation of the free radical chain decomposition

reactiont® 133134,

The best performance of magnesium in peroxide
brightening is achieved when it 1is added in combination with
sodium silicate!?. Thus, the brightness gain attained when
sodium silicate and magnesium are added in combination to the
brightening liquor is higher than the sum of the individual gains
obtained when each of the chemicals is applied separatelylﬁ. The
reason for the apparent synergistic effect of the two stabilizers
is not clear. The formation of a stable colloidal suspension of
magnesium silicate which absorbs transition metal catalysts has
been  suggested?’® as a possible cause for the  observed
synergistic effect but the large imbalance in stoichicmetry
existing between the two stabilizers under typical Dbrightening
conditions makes this theory very questionable.

The role of chelating agents in peroxide brightening 1s
basically - to inactivate traces of transition metals which
catalyze peroxide decomposition. These compounds are usually used
in the ©pretreatment of the pulp slurry so that the chelated
metals are removed from the brightening system in the subsequent
dewatering operation. The removal of the metal-chelate complexes
is believed to be important because some metal cations in a high
valence state (e.g. Fe’ and Mn'"), though complexed with the
chelating agent, reportedly induce peroxide decomposition'’®. On
the other hand, the use of the chelating agents in combination
with other stabilizers in the brightening formulation may be

advantageous because it simplifies the brightening operation by

eliminating the pulp pretreatment step in addition to reducing
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the amount of chelating agent required.

The application of chelating agents in  combination wirk
sodium silicate and magnesium sulfate in the brightening
formulation has not yet been thoroughly explored. Preliminary
laboratory  studies and mill trials'™ have indicated that
concentrations of Na,DTPA significantly lower than those commonly
used in pulp pretreatments provide efficient peroxide brightening
when applied to bleaching liquors stabilized with sodium silicate
and magnesium sulfate. Moreover, the use of Na DTPA in the
brightening formulation permits the wuse of lower-than-usual
concentrations of sodium silicate'®?.

A full understanding of the effect of chelating agents on
the stabilization of peroxide bleaching liquors, especially in
the presence of transition metals such as iron, copper, and
manganese, 1is of fundamental importance in order to assess their
potential in this particular application mode,

The objectives of this investigation were to: (1) «clarity
the mechanism o©of alkaline hydrogen peroxide stabilization by
magnesium, (2) clarify the individual and combined roles of
Na DTPA, magnesium,. and sodium silicate as stabilizers for
alkaline hydrogen peroxide in the absence and presence of varying
amounts of iron, copper, and manganese under conventioconal
hydrogen peroxide brightening conditions, and (3) evaluate the
effect of hydrogen peroxide decomposition inhibitors such as

sodium citrate, sodium tartrate, and sodium pyrophosphate.
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2. MATERIALS AND METHODS

2.1. Reagents

The sodium silicate used throughout these experiments was N-
brand clear (SiOz/NaZO = 3.22) supplied by the Philadelphia
Quartz Corporation. All of the other chemicals used were c.p.
reagent grade supplied by Fisher Scientific and Aldrich Chemical
Companies, The purified sodium hydroxide and sodium silicate
solutions used in all of the experiments were prepared according
to procedures described in section 2.1 - chapter 2 and section
2.1 - chapter 3, respectively. In the experiments involving
magnesium, borax, pyrophosphate, citrate, and tartrate, the
following salts were used: Mg804.7H20, NaQBQOT.IOHzo, Na,p, 0 .10

4,0, Na,CHO,.H O, and NaXKCHO .4H,0.
2.2. Peroxide Decomposition Tests
See section 2.2. ~ chapter 2
2,3. pH Measurement and Control
See section 2.3. - chapter 2

2.4. Determination of Superoxide Anion Radicals

See section 2.4. - chapter 2
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3. RESULTS AND DISCUSSION

3.1. Peroxide Decomposition in the. Presence of Magnesium
3,1.1. In the Near Absence of Transition Metals

Magﬂesium was added in the form of Epsom salt (Mg30,.7H.C)
at a concentration of 0.17 g/L which is equivalent to 0.02% or
Epsom salt on o.d. pulp at 25% consistency. The pH adjustments
were made with highly purified sodium hydroxide.

The results presented in Table 26 show that the addition of
magnesium to alkaline hydrogen peroxide solutions prevents
decomposition almost completely regardless of pH in the range 9.8

to 11.8 in agreement with results of other workers'”> %%,

Due to
its high efficiency in stabilizing alkaline peroxide solutions,
magnesium is usually added to peroxide bleaching liquors in order

to avoid decomposition during storage.

TABLE 26. Decomposition of 0.098 M H 0, in the Absence and
Presence of Magnesium. (MgSO,.7H,0 = 0.17 g/L, 507 C,
120 min).

. e - A - A o ——————— e G e - o M P o T G = - e . he T T T Mo Rm e M e e e e e e = e o T S

. uith MgSo,.7H0  Without Mgso,.7H0
s TGO TSRS
10.3 0.5 16.0

10.8 - 1.5 20.5

11.3 1.0 10.5



3.1.2. In the Presence of Iron, Copper, and Manganese

The results presented in Figures 52, 53, and 54 show the
decomposition of alkaline hydrogen peroxide solutions stabiliza:z
by magnesium in the presence of increasing amounts of iron,
copper, and manganese, respectively. It is noted that magnesium
does not effectively stabilize peroxide in the presence of any of
the three metals. 1In the case of iron, peroxiae decomposition
increases rapidly at a molar ratio above 0.167 Fe/Mg which
corresponds to a concentration of 6.3 ppm iron in the solution
under the conditions used in this experiment. Iron concentrations
nuch highér than this value are found in typical brightening
systems?®!., Under the same conditions, sodium silicate can
inactivate iron in concentrations greater than 35 ppm

Magnesium is also inefficient in preventing copper-catalyzed
peroxide deccmposition especially at Cu/Mg molar ratios above
0.041 which is equivalent to 1.8 ppm Cu in the solution used in
this experiment. Similar results have been found by other
workers'?’,

Alkaline hydrégen peroxide sclutions containing manganese
and magnesium decompose at a extent directly proportional to the
concentration of manganese in the solution. It should be pointed
out that the manganese-catalyzed peroxide decomposition is higher
in the presencé of magnesium than in its absence, 1i.e, manganese
interacts synergistically with magnesium to decompose hydrogen

peroxide. At a molar ratio of 0.0066 Mn/Mg, which corresponds to
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a manganese concentration of 0.25 ppm in the solution
used in this experiment, decomposition is ~70% in 2 hours at &0
o and pH 10.8 (Fig. 54). Under the same conditicns,
decomposition is ~28% in the absence of magnesium. The
acceleration of peroxide decompositicen by magnesium in the
presence of manganese has been reported’’ but no explanation for
this finding has been offered.

Results showing the effect of pH in the range 9.8 to 10.3 on
the decomposition of peroxide solutions catalyzed by iron,
copper, and manganese in the presence of magnesium are presented
in Figures C-1, CC-2, and C-3 (Appendix C), respectively. Copper-
and manganese-catalyzed reactions are significantly affected by
changes in pH whereas the iron-catalyzed reaction is not.

The effect of magnesium on the decomposition of peroxide
solutions containing various combinations of iron, copper, and

manganese is shown in Table C-1 (Appendix C).

3.1.3, Mechanistic Considerations

Magnesium compounds have been claimed to stabilize alkaline

hydrogen peroxide solutions by: (1) inactivating transition

110,127,129-131

metals and (2) stabilizing superoxide anion

radicals thereby disrupting the free radical chain decompositicn

reaction®* 134,

The first mechanism may be disregarded because
it has been shown that magnesium stabilizes peroxide very

inefficiently in the presence of transition metals such as iron,



—rmy

copper, and manganese (section 3.1.2). Thus, it is unlikely that
the nearly complete peroxide stabilization by magnesium in the
.absence of added metals results from inactivation of metal
impurities.

The second proposed mechanism of peroxide stabilization,
which involves the disruption of free radical chain reactions Dby
the magnesium, was investigated by measuring the concentrations

;of superoxide anion radicals in alkaline solutions of peroxide in
;the presence and absence of magnesium. The results in Figure 55
%indicate that larger amounts of superoxide anion radical are
'detected in the system containing magnesium. It is seen that the

" amounts of superoxide anion radical measured in the presence of

;;magnesium increase sharply in the beginning of the reaction,
! reach a maximum at approximately 30 min and then decrease slowly.
" Although very small amounts of peroxide were decomposed in the
presence of magnesium, sizable amounts of supercoxide anion
radical Qere detected. This finding is consistent with the

133

postulated reaction of magnesium with these radicals forming

stable magnesium superperoxide (eq. [90]) which is detectable by

EPR spectrometry.

2 0° + Mg?” -—— Mg (0,) (90}

The slight decrease in the measured amounts of superoxide

anion observed at the later stages of the reaction may bDbe

S0\
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attributed to the decomposition of the magnesium superperoxide
formed in eq. [90] to produce oxygen and magnesium dioxide,

according to eqg. [91]:

Mg (0,), _—— Mgo, + 0, [91]

In alkaline peroxide solutions not containing magnesium, the
maximum measured amount of superoxide occurs at 10 minutes’
reaction and then decreases significantly thereafter. This
decrease in superoxide anion radical concentration results from
the fact that these radicals are consumed by side reactions which

produce oxygen, eq. [7], or new radicals, edq. {121:

0.* + HO- —-——> 0 + HO™ (7]

0.* + H,O —-——=> ] + HO" + HO

2 272 2 {12}

The steady state concentration of superoxide anion radical
1s probably greater in the system where magnesium 1is absent
because peroxide decomposition is higher in this case. However,
larger amounts of radical are detected in the system containing
magnesium because they are stabilized by the latter and therefore
accumulate.

The decomposition of alkaline hydrogen peroxide solutions
has been shown to be caused by traces of transition metral
impurities introduced with the reagents, especially sodium
hydroxide (section 3.3.2 - chapter 2). It has also Dbeen
demonstrated that, in contrast to copper-catalyzed decomposition,

peroxide decomposition catalyzed by transition metal impurities



such as iron and manganese does not involve free radical
reactions (section 3.3.3 - chapterh?). Cobalt and lead reportedly
do not induce formation of free radicals on decomposing
peroxide® whereas titanium does®’’. Therefore, the proposed
function of magnesium as a superoxide anion radical stabilizer 1is
applicable only if it is assumed that most of the peroxide
decomposition in alkali is caused by metals that induce
formation of free radicals. 1In fact, it has been suggested that
peroxide decomposition under alkaline conditions is caused mainly
by copper impurities originating from the sodium hydroxide
solution?®?.

A fact that in part supports the concept that magnesium
functions by disrupting free radical chain reactions is the low
efficiency of the magnesium in stabilizing peroxide under actual
brightening conditions where large concentrations of transition
metals are present. The Dbulk of the peroxide decomposition
occurring under brightening conditions probably does not occur
via a free radical chain reaction since the transition metal
impurities present in largest concentrations under those
conditions are iron and manganese which do not induce formation
of radicals on decomposing peroxide. Therefore, the role of

magnesium under actual brightening conditions becomes minor since

it cannot prevent peroxide decomposition attributable to
mechanisms other than those involving free radical chain
reactions. The only Dbenefit of magnesium in this case is to

prevent or retard decomposition reactions caused by copper and

other free radical-inducing transition metals which occur via a



free radical <chain reaction. However, such reactions are
apparently of minor importance.

If magnesium prevents or retards only free radical
decomposition reactions, it is understandable why increasing 1ts
concentration above a certain value during brightening does not
result in any improvement in the peroxide brightening actiocn.
Obviously, the free radical reactions are limited and no demand

for larger concentrations of magnesium exists.

3.2. Peroxide Stabilization by Combinations of Stabilizers

in the Presence of Transition Metals

This set of experiments was designed to determine the
maximum amounts of iron, copper and manganese that could be
individually added to alkaline hydrogen peroxide solutions 1n the
absence and presence of stabilizers and combinations oL
stabilizers without seriously affecting peroxide stability. In
order to simulate brightening conditions more realistically,
"aged"” metals were used throughout the experiments. To minimize
the introduction of transition metal impurities into the system,
the sodium silicate and sodium hydroxide used in all experiments
were purified prior to use. The concentrations of sodium ¢ilicate
(0.08 M Si0,) and Epsom salt (0.17 g/L) used in these particular
experiments are gimilar to those commonly used in commercial

brightening applications and are equivalent to 5.0% silicate and



0.05% MgSO4.7H20 on o.d. pulp at 25% consistency, respectively.
The concentration of Na,DTPA was fixed at 0.34 g/L, which 1is
equivalent to 0.1% Na DTPA on o.d. pulp at 25% consistency, and
was selected based on the results of laboratory studies reported
by other workers'®?.

The effect of pH in the range 10.3 to 10.8 on peroxide
decomposition in the combined presence of magnesium and sodium
Eilicate at varying iron, copper, and manganese ccncentrations is
illustrated in Figures C-4, C-5, and C-6 (Appendix C). Also shown
is the effect of pH on peroxide decomposition in the combined
presence of sodium silicate, magnesium, and Na DTPA in solutions
containing iron, copper, and manganese (Fig. C-7 - Appendix C).
No significant differences in peroxide decomposition with pH are
ocbserved in this pH range in any of the cases examined,.
Therefore, all of the experiments were performed at an initial pH
of 10.8 which is a value commonly used in peroxide brightening.

A temperature of 50° C was used in this study because it is
typical of temperatures used in pulp brightening. The effect of
temperature on peroxide decomposition in the presence of
magnesium/sodium silicate combinations in solutions containing
iron, copper, or manganese is shown in Figures C-8, C-9% and C-10
(Appendix C), respectively.

Although the main objective ir this work was to determine
the effect of stabilizer combinations on peroxide decomposition
in the presence of individual transition metals, the effect of

various combinations of iron, copper, and manganese on peroxide



fstability in the presence of sodium silicate and magnesium
Tﬁulfate was also determined. The results presented in Table ¢-2
(Appendix C) show that the metals acted synergistically in all
cases, the most pronounced effect being exhibited by the

.combination of iron and manganese.

3.2.1. Iren

The effect of iron solutions on peroxide decomposition in
the absence and presence of various stabilizers and combinations
0f stabilizers is shown in Figure 56. It is observed that iron
in  low concentrations stabilizes hydrogen peroxide rather than
Eatalyzing its decomposition. In the complete absence of
stabilizers, the addition of 1.2 ppm of iron to the peroxide
solution decreases decomposition from 20 to 14%. Magnesium is an
ineffective peroxide stabilizer in the presence of iron being
unable to completely prevent decomposition in the presence of
more than 1,0 ppm of this transition metal. A fairly stable
. System 1is obtained in the presence of sodium silicate where the
addition of iron in concentrations as high as 37.6 ppm to the
peroxide solution causes only ~8% decomposition. In the combined
presence of magnesium and sodium silicate, peroxide stability is
even greater, being nearly complete regardless of iron
concentration. Since iron concentrations above 30 ppm are seldom

present during pulp brightening, it seems that the addition of
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‘sodium silicate alcne to the brightening liquor results in iron
L
- being an unimportant factor as far as peroxide stability 1is
;concerned.

The addition of Na DTPA to a combination of magnesium and
silicate decreases peroxide stability in the presence of iron. At
an iron concentration of 18.8 ppm, the addition of 0.34 g/L
Na DTPA to an alkaline peroxide solution containing magnesium and
silicate increases peroxide decomposition by approximately 15%.
The enhancement of peroxide decomposition caused by the addition
- of chelating agents to alkaline hydrogen peroxide solutions

113-117° In the

containing iron has been observed by other workers
case of Na EDTA, this type of behavior has been explained by the
formation of an unstable purple complex identified as
- Fe(III) (EDTA)O,” which decomposes readily releasing oxygen®®,
The formation of a purple color was also observed in the
- experiments with NaDTPA which suggests the formation of a
similar complex. It is important to point out that the purple
complex was formed despite the fact that iron was present as an
insoluble hydrous oxide ("aged solution"). This indicates the
existence of a reversible equilibrium between hydrous iron oxide
iand chelatable iron.

The addition of NaDTPA in combination with magnesium and
silicate in the brightening formulation is not recommended if a
significant cdncentration of iron is present in the brightening
system because of the resulting enhanced peroxide decomposition.
Fortunately, the wuse of stabilizers other than magnesium and

. silicate seems unnecessary for the prevention of iron-catalyzed



i

;
%peroxide decomposition since a very stable system is obtained
Q;
‘with these two stabilizers .alone even at high iron

J concentrations.

¥

13.2.2. Copper

‘

% The results in Figure 57 show the effect of copper on
peroxide decomposition in the absence and presence of stabilizers
éand combinations of stabilizers. In the absence of any
.stabilizer, peroxide decomposition is approximately 30% in
solutions containing 0.05 ppm of copper. Decomposition is much
greater in the presence of sodium silicate, reaching 100% in
solutions containing 1less than 0.05 ppm of copper. Magnesium
‘stabilizes peroxide up to a copper concentration of 0.2 ppm. =
combination of magnesium and sodium silicate showed a synergistic
‘effect in improving hydrogen peroxide stabilization. In this
case, a copper concentration of 3 ppm caused insignificanc
decomposition. The synergistic effect of magnesium in combination
with silicate seems to be quite large since magnesium alone has a
very small positive effect and silicate has a deleterious effect
on peroxide stability in the presence of copper.

A combination of NaSDTPA, magnesium, and sodium silicats

stabilized peroxide over a wide range of high copper
" concentrations. It is interesting to point out that NaDTFA
interacts synergistically with magnesium and silicate in

. stabilizing peroxide against the copper-catalyzed decomposition.
. Under optimum conditions, i.e., assuming all the copper is

; present in a chelatable form, the amount of chelating agent added
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(0.34 g/L) 1is sufficient to chelate only 17 ppm of copper?!”,
However, the combination NaSDTPA(pagnesium/silicate stabilized
‘peroxide nearly completely in the presence of 40 ppm of copper.
Moreover, optimum conditions for chelation cannot be assumed
‘under the conditions of the experiment because copper was added
in the "aged" form, 1i.e., as insoluble hydrous copper oxides
which probably are not readily chelatable.

The cause of the aforementioned synergistic effect 1is
difficult to rationalize since a large number of interactions may
take place among the various stabilizers and between the
stabilizers and hydrous copper oxide. It is also difficult ro
explain the sudden decrease in peroxide stability when copper

% concentrations above 50 ppm were used (Fig. 57). The exhaustion
of the chelation capacity of the Na DTPA could be an explanation
‘but, as mentioned earlier, the concentration of the latter used
is not sufficient to chelate more than 17 ppm of copper under
optimum chelation conditions.

The use of Na,/DTPA in brightening either 1in a pulp
pretreatment or in combination with magnesium and sodium silicate
in the brightening formulation seems to be imperative for the
prevention of peroxide decomposition 1f significant amcunts oI

copper are present in the brightening system.
3.2.3. Manganese

The effect of manganese on peroxide decomposition in the

absence and presence of stabilizers and combinations of

stabilizers 1is illustrated in Figure 58. As in the case of
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§
copper, the stability of alkaline peroxide solutions
?decreases sharply with the additign of small amounts of manganese
‘to unstabilized solutions. Peroxide stability further decreases
‘when magnesium is added to the sclutions containing manganese.
.The adverse effect on peroxide stability caused by the
‘interaction between manganese and magnesium has been reported®®
but no explanation for this behavior has as yet been offered. The
addition of sodium silicate to solutions containing magnesium
results in some peroxide stabilization which decreases almost
linearly with increasing concentration of manganese. Thus, a
combination of magnesium and silicate acts synergistically 1in
stabilizing hydrogen peroxide solutions containing manganese but
stability decreases sharply with increasing manganese
concentration.

The addition of Na,DTPA in combination with magnesium and
silicate to alkaline peroxide solutions containing manganese

' results in improved stability. Similar to the case of copper,
Na DTPA seems to interact synergistically with magnesium and
silicate to inactivate manganese. Under optimum conditions the
. concentration of Na DTPA used (0.34 g/L) is sufficient to chelate
- only 15 ppm of manganese. However, no significant peroxide
decomposition is observed in the presence of up to 28 ppm of
manganese. It is interesting to note that at manganese
- concentrations above this value peroxide stab.lity decreases
rather sharply. This phenomenon has not yet been raticnalized.
The combination of Na DTPA, magnesium sulfate and, sodium

silicate is definitely the most effective stabilizing system for



alkaline peroxide solutions containing copper and manganese.
"However, under actual brighteniﬁg conditions in the presence of
fseveral transition metals, it is difficult to predict stability
‘behavior since Na/[DTPA can adversely affect peroxide stability

through complexing with iron. Furthermore, the effect of

-‘interactions between the transition metals is another

kcomplicating factor that may influence the choice of a suitable
stabilizing system for a particular situation. The effect of a
::combination of Na/DTPA, magnesium, and silicate on peroxide
‘stability in the presence of combinations of transition metals is
;not known.

Although the addition of Na/DTPA to alkaline percxide
solutions stabilized with magnesium and silicate impreoves
peroxide stability significantly in the presence of copper and
manganese, it seems more appropriate to use this chelating agent
in a pretreatment of the pulp so that the chelated iron does not

interact with peroxide and thereby reduce its stability.

3.3. Effect of Other Peroxide Stabilizers

Among the mechanisms that explain the action of wvarious
peroxide decompositien inhibiters in a bleaching solution, the
following may be cited: (1) the inhibitor forms a stable complex
with peroxide and so counteracts the effects of transition metal
catalysts which form unstable peroxidesw, and (2) the inhibitor
may form stable complexes with catalytically-active materials

such as transition metal cations and thereby prevent the latter



from combining with peroxide to form unstable compounds or from
Eforming catalytic hydroxidesw. ' Magnesium and calcium are
examples of the first category of inhibitors and compounds such
as dimethylglyoxime, ethylenediamine, NaAEDTA, Na DTPA, sodium
Ccitrate, sodium tartrate, sodium pyrophosphate, and sodium
‘silicate can be cited as belonging to the second category of
inhibitors!®,

In this section the stability of alkaline hydrogen peroxide
' was investigated in the presence of sodium citrate, sodium
tartrate, and sodium pyrophosphate and the results compared with
those obtained in the presence of sodium silicate, magnesium
- sulfate, and Na,DTPA (section 4.2). Although sodium borate has
' not been evaluated as an inhibitor for peroxide decomposition, it
was examined in this study since it has been claimed to have a
- positive effect in the peroxide Dbrightening of mechanical
| pulps®?’.

The results in Table 27 show the effect of the wvarious
inhibitors on peroxide decomposition, including the effect or
combinations of citrate and tartrate with silicate. The results
shown were obtained using optimized concentrations of the
compounds (Tables C-3 and C-4 - Appendix C). Among the new
additives studied, only citrate and tartrate result 1in a
significant reduction of peroxide decomposition. The results are
almost comparable to those obtained using magnesium oOr

Na DTPA.




TABLE 27. Decomposition of 0.098 M H,0, in the Presence of
Variocus Inhibitors. (initial” pH 10.8, 50° C, 120 min).

4 - A - ———————— o " - A - - —rn 7 R AR e M S e S m e e T R A R e s e e e e e e s s = e

Inhibitor, g/L H,0, Decomposition, %
Nome T
Silicate, 16.7 18.5
Mgso,.7H,0, 0.167 1.5
Na,DTPA, 0.034 0.0
Na,P,0.,, 1.67 13.0
.NaKC,;HqOS, 45.5 2.9
Na,C_HO,, 45.5 3.0

' NaKC,H,0,, 45.5 + Silicate, 16.7 2.9
_Na,CHO, 45.5 + Silicate, 16.7 2.8
 Na_B.O., 0.167 30.1

274777
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In order to verify the effectiveness of these new additives
“under brightening conditions where larger amounts of transition
metals prevail, the stabilization capacity of citrate was
investigated in alkaline peroxide solutions containing iron,
copper, and manganese. Tartrate was not tested because it was
assumed to have essentially the same characteristics as citrate.
" The results in Table 28 show that the addition of <citrate to
E peroxide solutions containing iron and copper has no influence on
'peroxide stability but in the presence of added manganese it
_increases peroxide stability. Since "aged" transition metal
f solutions were used, copper and iron were present as insoluble
: hydrous oxides and therefore were not chelated by the «c¢itric

acid. Manganese, on the other hand, was present in the form of



ﬁfree ions and hence was chelated by the citric acid with the
result that the formation of insoluble manganese dioxide, a
potent peroxide catalyst, was reduced. It is important to note
that sodium silicate deactivates manganese much more efficiently

than sodium citrate.

TABLE 28. Comparison of the Effects of Sodium Citrate
(Na,C HO)) and of Sodium Silicate on the Decompositicn
of 5.058 M H,0, in the Presence of Iron, Copper, and
Manganese. (initial pH 10.8, 510, = 0.08 M,

Na,C H.O, =.45.5 g/L).

System e T
Iron' Copper2 Manganese3
HZO2 31.8 1.5 83.6
H,0,/5ilicate 11.8 25.8 18.3
j HEOZ/Na3C5H507 36.3 1.6 62.5

5 ppm, 50° C, 30 min.

4. SUMMARY AND CONCLUSIONS

The mechanism of alkaline hydrogen peroxide stabilization by
imagnesium was evaluated. The individual and combined roles of
' Na_DTPA, magnesium sulfate, and sodium silicate as stabilizers
for alkaline hydrogen peroxide in the absence and presence of
varying amounts of iron, copper, and manganese under conventional

f hydrogen peroxide brightening conditions were also examined.



3on

;Finally, the effect of peroxide decomposition inhibitors

such as sodium pyrophosphate, sodium citrate, and sodium tartrate

peroxlde stability was assessed. The principal findings of

?this work were:

Magnesium stabilizes alkaline hydrogen peroxide solutions by
scavenging superoxide anion radicals thus interrupting free

radical chain decomposition reactions.

Magnesium completely prevents peroxide decomposition in the
near absence of transition metals but is an ineffective
stabilizer in the presence of iron and copper and, becomes a

catalyst in the presence of manganese.

The combination of magnesium and sodium silicate is wvery
effective in reducing the catalytic activity of iron anc

manganese but less effective in the case of copper,

The addition of NaDTPA to an alkaline hydrogen peroxide

solution stabilized with a combination of magnesium and sodium

" silicate further improves peroxide stability in the presence

of large amounts of copper and manganese but has a detrimentcal

effect in the presence of iron.

Sodium citrate prevents peroxide decomposition almost comple-
tely in the near absence of transition metals but is of little
effect in the presence of manganese and is completely

ineffective in the presence of iron and copper.



FACTORS AFFECTING HYDROGEN PEROXIDE STABILITY IN THE BRIGHTENING
OF MECHANICAL AND CHEMIMECHANICAL PULPS

- CHAPTER V - EFFECT OF TRANSITION METALS IN NORWAY SPRUCE TMP ON
HYDROGEN PEROXIDE STABILITY



1. INTRODUCTION

In the peroxide brightening of mechanical pulps, part of the
peroxide is consumed in oxidation reactions, part is decomposed
into water and oxygen and, finally, a portion of it remains
unchanged in the spent liquor. The exact amount of peroxide
decomposed under brightening conditions is difficult to determine
because the high consistencies used do not allow for accurate
determination of the amount of oxygen released which 1is the
conventional way to assess decomposition. However, measurements
carried out at low (e.g. 4%) consistencies indicate that as
much as one-third of the peroxide’s Dbrightening capacity may bhe
lost through decomposition during brightening!®*'?,

The cause of peroxide decomposition during brightening is
well-known. It involves substances present 1in the pulpwood,
brightening chemicals, process equipment and mill water which
catalytically 4initiate the decomposition reaction®”'. The
enzyme catalase, a commen by-product of bacteria in pulps, has

been shown to produce this effect!’® 1%,

However, trace amounts
of transition metals such as iron, copper and manganese found in
the brightening system reportedly have the most serious
detrimental effect on peroxide stability®®.

The principal source of transition metals in the brightening
system is the pulpwood®’. Transition metals in pulpwood originate
principally  in the growing tree where some of them play a vital

physiological role!’”'’®, in saws, in mud adhering to the logs,



and in grinding linings and refiners'’®. Finger bars, broken off

and ground with the wood, often represent a serious source of
iron contamination in the case of stone groundwood (SGW)**7.

Refiner plates, on the other hand, are an important source of
iron in thermomechanical pulping!'®!.

The effectiveness of transition metals as peroxide
catalysts depends on their type, concentration, physical
condition and chemical composition. Dick and Andrews®® claim that
among iron, copper and manganese, the latter has the most
deleterious effect on peroxide stability. The authors contend
that manganese, which usually comes entirely from the wocd, 1is
loosely complexed with wood components. Iron and ceopper, on the
other hand, are viewed as being more firmly held by the pulp.
Although present in the original wood, these two metals are also
adsorbed during grinding or refining from process equipment and
from mill water®®,

Fragmentary evidence suggests that the metals present in
mechanical pulps are relatively inactive catalysts for peroxide
decomposition whereas those pressnt in process waters are more
likely to have an accelerating effect on peroxide decompositiocn
during brightening®®. This finding does not agree with the fact
that a chelation or acid-washing pretreatment of a pulp prior to
brightening results 1in a substantial improvement in its
brightening response'®% 187191

It 1is possible that the metals which are not removed from
the pulp by chelation or acid-washing treatments do not catalyze

peroxide decomposition whereas those eliminated are harmful ¢to



:ffperoxide stability. In an attempt to confirm this hypothesis, the
.;‘stability of hydrogen peroxide was determined in the presence of
é“x-cellulose containing transition metals not removed by an acid
twash. The.origin of transition metals such as iron, copper, and
manganese present in TMP and their distribution among the pulp

constituents were also examined.

2. MATERIALS AND METHODS
2.1. TMP Preparation

Norway spruce chips were converted to TMP in a two-stage
process using a KRK refiner. The first stage consisted of a 3-min
steaming of the chips followed by pressurized refining at 135° C.
The discharge consistency was 20%. The second-stage refining was
conducted at atmospheric pressure and at room temperature. The
discharge consistency was 17% . The brightness of the pulp was

58.2% Elrepho.
2.2, Holocellulose and o(-Cellulose Preparation

The holocellulose was prepared by treatment of the TMP with

peracetic acid for 2h at 70° C according to the method described

ol®

by Leopold??®, Following this step, the holocellulose at 2
consistency was reduced twice with 3% scdium borohydride (based
on o.d. weight of the holocellulose} for 12 h at room temperature
(initial pH 9.5). The holocellulose was not washed between the

. two reducing treatments. The reduced holcoccellulose (2%



consistency) was then treated with 0.1 M HCl for 3 h at rocom

temperature and then thoroughly ., washed with doubly-distilled

water. The acid-insoluble 1lignin content of the exhaustively-

. reduced holocellulose was determined according to Tappi standard

T222 os-74.
The o(-cellulose was  prepared from the reduced

holocellulose as described in Tappi Standard T203 o0s-74. This

. material was treated with 0.1 M HCl for 3 h at room temperature

and 2% consistency, filtered and washed thoroughly with doubly-

distilled water.

2.3. Determination of Transition Metal Contents of TMP,

Holocellulosa, and K-Cellulose

Two-gram samples of TMP, holocéllulose, and A-cellulose
were wet-ashed with a mixture of 30 mL of HNO, and 5 mL of HCILO,
according to CPPA Technical Section Method G-30 P. Subsequently,
the ashed samples were diluted to 100 mL in a volumetric flask
and then analyzed for iron, copper, and manganese by conventional
flame atomic absorption spectrometry. A Perkin-Elmer model 403

spectrometer was used for these measurements.

2.4. Adsorption of Transition Metals on o -Cellulose

o\

Samples (20 g) of X -cellulose were slurried in water at 2
consistency and the equivalent of 150 ppm of iron, copper, Or
manganese based on the o.d. weight of the A -cellulose was added
to the slurry and mixed thoroughly. The transition metal

solutions added to the L -cellulose were prepared by dissolving



the sulfate salts of the metals in HCl1 0.1 M. After the addition
- of transition metals to the slufry, the pH was adjusted to 6.5
with ultrapure NaOH and the mixture was boiled and stirred for 3
h in a 2-L flask fitted with a condenser. The slurry was
subsequently treated with 0.1 M HCl for 3 h at room temperature,
filtered and thoroughly washed with doubly-distilled water.

In the case of copper a second procedure!’ was used which
consisted of the reaction of 10 g of ©(-cellulose with 3 g of
Cu(OH)2 in 200 mL of an 18% NaOH solution. After 4 h the slurry
was washed, treated with 0.1 M HCl at 2% consistency for 3 h at
room temperature, filtered and thoroughly washed with doubly-

distilled water.
2.5. Rydrogen Paroxide Decompeosition Tests

Six-gram samples of holocellulose or K -cellulose at 12%
consistency were reacted with 0.040 M hydrogen peroxide (initial
pH 10.8, 50° C, 2 h). At the end of the reaction peroxide
residuals were determined by the icdometric procedure described

205

by Kraft and the peroxide decomposition values were

calculated.
2.6. Desorption of Transition Metals from TMP

The following three procedures were used to desorkt
transition metals from the TMP: {1) treatment of the TMP with
0.5% Na DTPA (based on o.d. weight of pulp) at 2% consistency,

pH 4.5, and room temperature for 30 min, (2) treatment of the TMP



with 0.1 M HCl at 2% consistency and room temperature for 3 h,
and {(3) treatment of the TMP witg 0.1 M HC1 at 2% consistency
and room temperature for 3 h followed by a Na DTPA treatment (1%
based on o.d. weight of pulp) at 2% consistency, pH 4.5, and 90°
C for 72 h. After all three treatments, the TMP was filtered and

washed thoroughly with doubly-distilled water.
3. RESULTS AND DISCUSSION

3.1. Origin of the Transition Metals Present in TMP and their

Distribution among the Pulp Constituents

The results compiled in Table 29 show that ccntamination of
the TMP by iron and copper occurred principally during the
refining process. This i1s inferred because the concentrations of
iron and copper in the ?MP are substantially larger than in the
wood from which it was produced. The iron sorbed onto the pulp
during refining probably results from attrition of the refiner
plates. In the case of copper, the source of contamination is
very likely the process water. Manganese, on the other hand,
originates basically in the wood and 1its concentration 1is
actually reduced during the refining process.

It is interesting to note that treatment of the TMP with 0.1
M HCl for 3 h removed less than 25% of the 78 ppm of iron
originally present in the pulp. This result indicates that a
large fraction of the iron sorbed during the refining process

is attached strongly to the TMP since the original wood contained



only 9.5  ppm of strongly attached iron. The iron originally
present in the wood is considered strongly attached because it 1is
not removed to any extent by a strong chelation treatment (Table
29). The fact that iron become strongly attached to the TMP
during the refining process may be attributed to the conversion
of the colloidal amorphous iron (III) oxide from the refiner
plates to crystalline iron (III) oxide. This conversion is
favored by the high temperatures existing in the refining zone.
Crystalline iron (III) oxide, goethite, reportedly is capable of
becoming strongly attached to mechanical pulps whereas colloidal

amorphous iron (III) oxide is not!®!.

TABLE 29. Transition Metal Content of Norway Spruce Wood, TMP,
and TMP Treated with 0.1 M HCl and/or Na DTPA.

1 8 o o 1
Iron Copper Manganese
Wood meal 9.5 4.5 114.9
Wood chips 10.06 4.8 116.2
Wood meal Treated with NaSDTPA2 9.7 4.1 <1.0
TMP 78.0 19.5 97.0
TMP Treated With 0.1 M HC1® 60.8 3.8 <1.0
TMP Treated With Na DTPA 59.8 4.0 <1.0
TMP Treated With 0.1 M HCl and
Na_DTPA® 23.5 2.3 <1.0

Based on o.d. wood

2% NasDTPA on o.d. wood, 2% consistency, 72 h, RT, pH 4.5.

0.1 M"HC1l, 2% consistency, 3 h, RT.

0.5% Na_DTPA on o.d. pulp, 2% consistency, 30 min, RT, pH 4.5.
0.1 M Hél, 2% consistency, 3 h, RT; 1.0% Na,DTPA on o.d.
pulp, 2% consistency, 72 h, 90° C, pH 4.5.

B W N



The acid treatment removed approximately 80% of the copper
originally present in the TMP. The small fraction of strongly-
attached copper remaining in the pulp after acid treatment
probably o¢riginates from the wood since the copper content of
woodmeal after a strong chelation treatment with Na DTPA (Table
29) 1is similar to that of the acid-treated TMP., These results
indicate that the copper originally present in the wood 1is
strongly attached to its lignin and carbohydrate components.

In agreement with the results of other workers!® 872!
manganese was completely removed from the wood and TMP by the
acid treatment. Manganese is apparently loosely complexed with
the wood components®® and thus is easily removed from the wood or
pulp by acld washing or chelation. It is important to point out
that nearly all of the manganese was removed from the TMP
regardless of the desorption treatment used (Table 29).

The expression "strongly-attached iron and copper" used
throughout this text refers to the iron and copper which are not
removed from TMP or ©(-cellulose by treatment with 0.1 M HCl for
3 h at room temperature. As can be observed in Table 29, the 3-h
acidic treatment had approximately the same effect as the
conventional 30-min chelation treatment with Na DTPA normally
used in the industry.

In an attempt to remove the strongly-attached iron and
copper from the TMP, a more severe treatment of the pulp was

performed which consisted of acid washing for 3 h followed by



chelation with Na DTPA for 72 h. The data in Table 29 show that
the iron and copper contents of the TMP are reduced significantly
(~50%) but total elimination of the metals is not achieved.
Therefore, it should be expected that considerable amounts of
iron and copper will accompany the TMP to the peroxide
brightening tower even after a strong acid and/or chelation
pretreatment.

The componeﬁt of the TMP which contains the major part orf
the strongly-attached iron is the cellulose because of the
predominance of this component in the TMP. The removal of lignin
from the TMP results in a decrease of ~18% in the concentration
of the strongly-attached iron. This was inferred because the
amount of iron in the holocellulose is approximately ~18% lower
than that of the TMP treated with 0.1 M HCl (Table 30). Similar
results are observed for caopper.

The results for & -cellulose indicate that removal of
hemicelluloses from the holocellulose results in a significant
decrease 1in the concentrations of strongly-attached iron and
copper (Table 30). The fact that the hemicelluloses contain
copper and iron is in agreement with theories which postulate
that transition metals can be chelated by the carboxyl and
carbohnyl functionalities present in these wood

const.ituents8? 190,192



TABLE 30. Transition Metal Contents of Norway Spruce TMP,
Holocelluleose, and o<C-~Cellulose.

———a — - —— —tme S W W T T Ty v e o ek e A A A e s A s e

Material Iron Copper Manganese
™  82.3 20,6  102.3
TMP Treated With 0.1 M HC1® 63.7 4.3 <1.0
TMP Holocellulose?® 49.4 3.1 <1.0
T™P “-Cellulose’ 36.8 1.4 <1.0

! Based on o.d. TMP
“ 3 h, RT.
3 Treated with 0.1 M HC1l for 3 h at RT.

Although a large fraction of the iron strongly attached <to
the TMP is bound to the carbohydrate component of the fibers, it
is not clear whether this association is a chemical or a physical
phenomenon. It has been suggested!® that iron is bound to
cellulose either through hydrogen bridges between the hydroxyl
groups of cellulose and the hydroxyl groups of iron (III)
hydroxide or possibly through the adsorption of positively-
charged iron (III) hydroxide micelles by negatively-charged
cellulose micelles. In contrast, it is also possible that the
strong attachment of the crystalline iron (III) iron occurs via
an adsorption process which does not involve chemical bonding
between iron and cellulose chains (e.g. adhesion).

The results disecussed in this section clearly demonstrate
that, for all practical purposes, it 1s impocssible to eliminate
all of the iron and copper present in TMP. The question that

remains 1is whether these strongly-attached metals have any



impact on hydrogen peroxide stability during pulp brightening. In

the next section this issue is discussed in detail.

3.2, Effect of the Transition Metals Strongly Attached to

TMP on Hydrogen Peroxide Decomposition

This set of experiments was designed to determine if the
tran;ition metals which are not removed from the TMP by a 0.1 M
HC1l treatment (3 h, RT) have any impact on hydrogen perocxide
stability. To achieve this gcal it was necessary to prepare a
pulp substrate which had some characteristics of the original TMP
but which did not consume hydrogen peroxide. The first and more
obvious approach was to remove the lignin from the TMP wvia
preparation of holocellulose. The results in Table 31 show that
peroxide decomposition in the presence of holocellulose made from
the TMP 1is approximately 10% higher than in its absence. This
result indicates that either the holocellulose consumes percoxide
or that the metals strongly bound to it initiate peroxide
decomposition. In order to verify whether the additiocnal
consumption of peroxide in the presence of the holocellulose was
caused by reaction of percxide with organic substrates in the
holocellulose or by decomposition reactions, o -cellulose was
prepared from the holocellulose and reacted with peroxide wunder
the same conditions. The results (Table 31} show that peroxide
decomposition in the presence and absence of A —cellulose  is
similar. This is an indication that peroxide consumption in the
presence of holocellulose 1s due to reactions with organic

substrates other than & -cellulose since the major fraction of



the strongly-attached metals which could cause peroxide
decomposition was still present in the ®C-cellulose. It should be
pointed out that the holocellulose contained 1.8% of Klason
lignin which was probably removed by the strong alkali treatment
used in the preparation of the & -cellulose. This lignin residue
present in the holocellulose may have accounted for at least a
part of the 10% of peroxide consumed.

The fact that the OC-Cellulose does not contribute to
peroxide decomposition indicates that the metals strongly
attached to it are not active peroxide catalysts. It should be
noted that the o{-cellulose reacted with peroxide contained 36.8
ppm of iron and 1.4 ppm of copper. These amounts represent a very
large fraction of the original iron and copper strongly attached
to the TMP (Table 30). Therefore, it is reasonable to conclude
that the strongly-attached iron and copper present in the TMP are

not effective peroxide catalysts.

TABLE 31. Consumption/Decomposition of 0.040 M H 0, in Reaction
with Norway Spruce TMP, Holocellulose, and oK-Cellulose
made from TMP. (initial pH 10.8, 50° C, 120 min, 12%

consistency) .
H,O, Consumption/
System Decomposition, %
H,0, 29.8
H,0, + TMP' 100.0
H,0, + Holocellulose! 40.1
H,O, + c(—Cellulose1 28.8

! TMP, holocellulose, and K -cellulose were treated with 0.1 M
HC1l for 3 h at RT prior to reaction with peroxide.



To further confirm the finding that the metals strongly
attached to TMP are not effective peroxide catalysts, attempts
were made to add iron and copper irreversibly to TMP o{-
cellulose. No attempts were made to add manganese because this
metal is not firmly attached to the original TMP fibers. Iron was
easily deposited on the oA -cellulose by boiling the latter in an
iron (III) <chloride solution at pH 6.5. Copper, on the other
hand, did not adhere strongly to the o -cellulose using this
procedure. Strong attachment of copper to the C(—cellulose was
achieved by treating the latter with copper hydroxide under
strongly alkaline conditions. The results in Table 32 show that
an approximately 2.5-fold increase in the iron concentration of
the G{—cellulose does not result in any significant increase in
peroxide decomposition. The same trend was observed in the case
of the copper where an eight-fold increase in its concentration
did not change peroxide decomposition. It is important to point
out that the artificially-introduced iron and copper that were
strongly attached to the A -cellulose may not bear any structural
similarity with the metals originally present in the TMP. This
is especially true in the case of the copper which required
rather strong alkaline conditions in order to bind to the o~

cellulose.



TABLE 32. Effect of the Concentration of Strongly-Attached Iron
and Copper in < -Cellulose on the Decomposition of
0.040 M HO,. (initial pH 10.8, 12% consistency, 50°
C, 120 min).

— . kR A M - R M - ————— —— o v  Sne — r fily S M e A e M e T S e e S S s e e e e

A-corlulose  Irom  Gopper | mMamgamese  Decombdsition, %
Untreated? .9 2.1 a0 28.8
Fe Treated? 108.3 2.1 <1.0 29.9
Cu Treated® 47.9 2.0 <1.0 30.5
Cu Treated' 47.9  16.3 <1.0 31.3

o ——— i ———— — — " —— kT o ——————— = T o T AT A8 S e e e e e

Based on o.d. A ~cellulose.

Washed with 0.1 M HCl1l for 3 h at RT.

* Treated with 150 ppm of FeSO, or CuSO, for 3 h, PH 6.5,
100° C; washed with 0.1 M gcl for 3 n' at RT.

Treated with Cu(OH). + 18% NaOH for 4 h at RT; washed with
0.1 M HCl for 3 h at RT.

o

As a final comment in this section it must be emphasized
that, although metals strongly attached to the pulp are not
catalysts, the effect of transition metals in TMP on peroxide
stability during brightening cannot be neglected. The metals
that are removed from the TMP by acid or chelation treatments
certainly play an important role on peroxide decomposition. This
fact 1is clearly observed in the commercial brightening of
mechanical pulps where an acid or chelation pretreatment of the
pulp prior to the peroxide stage to remove transition metals is
almost imperative for successful brightening. Among the metals
removed in the pretreatment stage, manganese probably is the most
deleterious to peroxide stability not only because of its
effectiveness as a peroxide catalyst but also since it is

usually present in high concentrations.



4., SUMMARY AND CONCLUSIONS
The effect on hydrogen peroxide decomposition of transition
netals strongly attached to TMP was assessed. The origin of
transitioﬁ metals such as iron, copper, and manganese present in
TMP and their distribution among the pulp components was also
determined. Finally, the effect of acid washing and/or Na DTPA
chelation on the removal of transition metals from TMP was

evaluated. The principal findings of this work are:

1. The iron and copper strongly attached to TMP are not

catalysts for hydrogen peroxide decomposition.

2. All the iron and copper originally present in the wood is

strongly attached to its lignin and carbohydrate components.

3. Approximately 75% of the iron present in TMP is strongly
attached to the fibers whereas a smaller fraction of the

copper (~20%) and none of the manganese is similarly bound.

4. Most of the iron (~90%) and copper (~80%) present in
TMP is picked up during the refining process. Manganese, On

the other hand, originates totally from the wood.

5. Complete removal of iron and copper from TMP is not achieved

by chelation and/or acid treatments.



CONCLUDING REMARKS

-

In this investigation the mechanisms of hydrogen peroxide
decomposition and of hydrogen peroxide stabilization by sodium
silicate and magnesium sulfate in weakly alkaline solutions were
clarified. Additionally, the effect of stabilizers such as sodium
silicate, magnesium sulfate, chelating agents (Na,DTPA) , and
their combinations on peroxide stabllity in the presence ot
transition metals such as iron, copper, and manganese was
investigated for the purpose of establishing optimum stabilizing
systems for peroxide in the presence of each transition metal.
Finally, the origin of the transition metals present in
termomechanical pulps (TMP) and the effect of non-chelatable
transition metals in TMP on peroxide stability was assessed. The
most important findings of this work are: (1) the decomposition
of alkaline peroxide during pulp brightening 1s a transition
metal-induced reaction, (2) peroxide decomposition invoclves
hydroxyl and superoxide anion radicals but a free radical chain
reaction is not the main decomposition pathway, (3) the catalytic
decomposition of peroxide by iron, copper, and manganese in
alkaline media is caused by insoluble forms of these metals, (4)
sodium silicate does not stabilize peroxide by itself but it
inactivates certain transition metals that catalyze peroxide
decomposition, (5) sodium silicate stabilizes peroxide under
brightening conditions by inactivating iron hydrous oxides and

manganese ions, (6) sodium silicate inactivates manganese ions



through the presumed formation of manganese silicate, (7)
magnesium completely prevents peroxide decomposition in the near
absence of transition metals but is an ineffective stabilizer in
the presence of iron and copper and, becomes a catalyst in the
presence of manganese, (8) magnesium stabilizes alkaline peroxide
solutions by scavenging superoxide anion radicals thus
interrupting free radical chain decomposition reactions, {9) the
combination of magnesium and silicate 1is very effective in
reducing the catalytic activity of iron and manganese but less
effective in the case of copper, (10) the addition of Na DTPA to
an alkaline peroxide solution stabilized with a combination of
silicate and magnesium sulfate further improves peroxide
stability in the presence of large amounts of copper and
manganese but has a detrimental effect in the presence of iron,
(11) all of the iron and copper originally present in the wood is
strongly attached to its lignin and carbohydrate components, (12)
‘approximately 75% of the iron present in TMP 1s strongly attached
to the fibers whereas a smaller amount of the copper (~20%) and
none of the manganese is similarly bound, {13) complete removal
of iron and copper from TMP is not achieved by chelation and/or
acid treatments, and (14) the iron and copper strongly attached
to TMP are not catalysts for peroxide decomposition.

Throughout this investigation a number of problems were
identified as 1jpotential topics for future work, the following
being of immediate interest: (1) determination of the form 1in
which strongly-attached iron and copper are held by mechanical

pulps, (2) clarification of the mechanism by which sodium



gilicate deactivates iron during pulp brightening, (3) assessment
of the effects of combinations of transition metals such as iron,
copper, and manganese on hydrogen peroxide stabllity, (4)
assessment of the effect of combinations of stabilizers such as
magnesium, silicate, and chelating agents on hydrogen peroxide
stability in the presence of combinations of transition metals,
(5) determination of the role played by transition metal
oxides/hydroxides particle size on peroxide stability, (6)
determination of the cause of increased peroxide decomposition
resulting from the combined presence of silicate and copper in
alkaline peroxide solutieons, and (7) determination of the cause
of increased peroxide decomposition with increasing pH in the

range 9.8-11.8 in the presence of transition metals.
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APPENDIX A

TABLE A-1. The Amounts of p-Nitrosodimethylaniline (PNDA) Decolo-
rized by Hydrogen Peroxide Decomp031t10n in Various
Systems. Uio = 0.04 M, PNDA = 2.5 . 107 M, sio, =
0.04 M, Mgsb, 7m0 = 0. 069g/L, Na,DTEA = 0.014 g/L, Fe
= 7.7 ppm, Mn 0.12 ppm, = §.03 ppm, initial pH =
10.8, 50° C, 120 min}.

—— — —— — —— ——— — A —— Ty e M - . ———— e e e Wmn M e e S E S M MM e e e e e e e S o o AR

System PNDA Decolorized, M . 10°

o T R
H,0, - Fe 0.97

H,0, - Cu 2.95

HZO2 -~ Mn 1,02

H202 - NaSDTPA 0.11

H202 - Mg 0.41

H,0, - Silicate 1.18

H,0, - Silicate - Mg 0.36

o . - A A ——— ——— e e = e e e s ik A S - — Y W T AL SR s A e e e el =

TABLE A-2. Solubility Product Constants (K of Iron (III), o
Copper (II), and Manganese (II)}hydrox1des at 25° C*°7.

e e . A T —— v i — . S S — - RS v A e M Mk S — - s e e e R S S5 SR eSS e

Transition Metal Hydroxide KSp
o Fecomr, 2.67 . 10
Cu(OR), 6.07 . 107%°
Mn (CH) , 2.04 . 1070

o e = - o e e - T W S e e o e SRS TR S
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jure B-4. Effect of sodium silicate concentration on superoxide
anion radical generation in the decomposition of 0.49
M Hzoz. (initial pH 10.8, 50° C, 120 min).
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APPENDIX C

TABLE C-1. Individual and Combined Effects of Transition Metal:
(Fe,Cu and Mn) on the Decomposition of 0.098 M H.O
in the Presence of Magnesium. (Mgsoq.7H20 = &.f?g/L,
Initial pH 10.8, 50° C, 120 min).

@ e e B e e = - - = e b T o o o T = e S T ML SN M See e o e e e o SR SR

e e W AR M W A . A — A e AR A L e e e e M e dm e me e R am s m e e

Metal Individual Effect Combined
Combination  =—==-—=w-=--—-——————o————eoeo—mo—o— oo Effect
: No Added
Metals Fe* cul! wmn? Total
Fe + Cu + Mn 1.5 20.0 31.0 15.0 67.5 100.0
Fe + Cu 1.5 20.0 31.0 - 52.5 100.0
Fe + Mn 1.5 20.0 - 15.0 36.5 28.0
Cu + Mn 1.5 - 31.0 15.0 47 .5 70.0

@ e e o - - S A A o A ST 6 MR e el e e e S

TABLE C-2. Individual and Combined Effects of Transition Metals
(Fe, Cu and Mn) on the Decomposition of 0.098 M H,0, in
the Presence of Magnesium and Sodium Silicate.
(MgS0,.7H,0 = 0.17 g/L, Sio, = 0.08 M, Initial pH

10.8,'50°°C, 120 min).

— ————— o —————— i A Y . e o ——— T — T — T = - e A S 9SSR RS S e s e T

- ————— - A = G . —— e W W A A e e e e e o me =S

Metal Individual Effect, %

Combination = = =  —--sememee—eemss————e——emoeo——ss—— e Combined
No Added Effect
Metals Fe! cu! Mn' Total

Fe + Cu + Mn 1.0 4.0 19.0 19.0 43.0 95.0

Fe + Cu 1.0 4.0 19.0 - 24.0 28.0

Fe + Mn 1.0 4.0 - 19.0 24.0 79.0

Cu + Mn 1.0 - 19.0 19.0 39.0 50.0

....-.————__._..._._____.__..-—_.——__——_-_-...-_—__—__.__...—-——__-...___-———-———----—-—
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TABLE C-3. Effect of Sodium Citrate (Na3CJgO ) and Sodium

Potassium Tartrate (NaKCJiOG) Concen%rations on the
Decomposition of 0.098 M hzo in the Presence and
Absence of Sodium Silicate. (25i02 = 0,08 M, 50°

C, 120 min). -

e P —— —_— — - — A i e S G - A R e e e e e e e el Mg S SR SS S SR A s s

Concentration,  -—-==-===-—=—----ce--—-o-oo————-eossoSsoSoommmom TS

g/L Without Silicate With Silicate

e mo T v e, wecpo,

oo T TTTa0e T Tzes 1ss 185
1.42 17.9 18.4 16.7 16.9
2.84 16.8 17.9 13.6 12.6
5.68 13.3 12.2 10.2 9.8
11.37 6.1 6.1 8.7 8.4
22.74 4.8 4.8 6.3 6.1
45.47 2.9 3.0 2.9 2.8
90.90 0.9 1.1 0.5 0.8

—_-.._—.-—..—____—.__-.___.-—_——___._._____...————___.___.-__..-—_——_____.._.,__.__

TABLE C-4. Effect of Sodium Pyrophosphate (NaqP207) and Borax

(Na_B,0.) concentration on the Decomposition of 0.098

M HO,. (Initial pH 10.8, 50° C, 120 min).

- —————— il ——— ———— — AL M = A e s =

_____________________________________ L R o AU
0.167 19.3 30.1
1.670 13.0 31.2
3.340 14.8 36.2
5.010 ® 18.5 40.7
10.020 31.0 44.0
15.030 - 45.7

-—a..-..—____...__—_._..p..._——____.—___,..—_..-_____.._-..;—.——___._.-__.._...—_—_..--.- —_—— -
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