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Cl assical Methods of Bleaching in the Restoration

Wor kshop: The Rol e of the OH Radi cal
By ECKHARD STROFER- HUA

| NTRODUCTI ON

Bl eachi ng processes for papers and textiles have been extensively
di scussed in the restoration literature on the basis of enpirical
experience.! Because of the huge anbunt of literature and the |ack
of know edge on the condition, conplexity and history of the

bl eached objects, a general judgenent is quite difficult. There
are sinple pragmati c reasons to exclude the use of certain

bl eachi ng agents in the restoration workshop because the
restoration workshop is not a chemcal |aboratory. Ozone and

chl orine di oxi de are poi sonous and expl osive gases that nay be
handl ed safely in routine industrial processes. The security of
the machi nery and the safety education of the personnel are, in
general, not guaranteed in a restoration workshop. The trend to
excl ude poi sonous and burning gases fromrestorati on workshops is
denonstrated by the use of insect repellents instead of

i nsecticides in nuseuns and archives.? This trend should be
supported for safety in the workplace. The use of sol utions of
hydr ogen peroxi de and sodi um hypochlorite for bleaching is
denonstrated in many cases in the scientific literature. 31

Al t hough many phenonmena have not been explored so far, the
understandi ng of the effect of these compounds on textiles and
papers is so firmy grounded that general rules on the use of

t hese bl eaching agents can be derived.

An anci ent object of art, such as an oil painting on canvas or a
hundr ed-year-old etching, has a nmuch nore conpl ex character than a
scientific object in the |aboratory, such as a sinple piece of
canvas or paper.

The construction of an object of art is quite conplex. It is
conprised of many different organic and i norgani c conpounds.
Further, the conplex character is denonstrated by the unknown

hi story of the object of art such as the nature, extent and tine
of climatic changes and nmechanical stress. A piece of art cannot
be extensively researched before bleaching starts. The use of a
certain bl eaching process always nmeans a real decision. The
optimal point in the bleaching treatnent cannot be predicted on
the basis of established principles, and, of course, success
cannot be guaranteed. During bl eaching, not only the deconposition
products in the paper are oxidized, but also the cellulose. The
mechani sm of the oxidation reactions uses different agents of

bl eachi ng.



HYPOCHLORI TE SCLUTI ONS: ACI D- BASE EQUI LI BRI A, | ONS, RADI CALS AND
CHEM CAL KI NETI CS

Paper mainly consists of cellulose fibres. Through bl eaching in
restoration, deconposition products should be destroyed by

oxi dation as nuch as possible, but the cellulose fibre should not
be attacked. Margaret Hey® was the first to point out, based on
physi cochem cal considerations, that avoiding the destruction of
cel l ul ose by bl eaching with hypochlorite solutions requires

mai ntai ning the pH above 9.0. The reason is the increase in
concentration of hypochloric acid (HOCI) by a decrease in pH. The
equi librium

HOO - H + OO~ Egq. 1A

is shifted to the left with decreasing pH, which neans an
i ncreasi ng concentration on H ions.

The resulting changes in oxidation potential of the solution by
changi ng the pH are profoundly discussed in the literature. HOd
and OCl - are stronger oxidation agents than the oxygen in the air:

2HOO < 20" + 2H + O Eq. 2A

The object to be bleached and the bl eaching agents are, of course,
not in a thernmodynamc equilibrium So it is inmportant to know the
rate of the bl eaching processes to determ ne the effectiveness of
t he bl eaching agent and the attack on the cellulose fibre. This is
called a kinetically controlled bl eaching process.

Epstein & Lewi n* researched the kinetics: the reaction rate of the
oxi dation of the cellulose fibres in an aqueous hypochlorite
solution. They found the foll ow ng dependence of the reaction rate
of the oxidation reaction.

Reaction rate ~ (HOJ)? x (A O)%> Eq. 3

The reaction rate is proportional to the concentrati on of HOCO
squared and to the square root of the concentration of OO . A
change in the concentration of HOO influences the reaction rate
nore than a change in the concentration of OC". If the equilibrium
in Eq. 1A is shifted to the left, the rate of the oxidation
reaction increases. This is the case if the pH decreases. Cose to
pH7, the reaction rate is at a maxi num

A piece of art is a conplex unity that conbi nes organi c and

i norgani ¢ conpounds. So it is of interest how much the reaction
rate is influenced by netallic conpounds. This was exam ned by
Nevel | & Singh.® Eq. 3 for the relationship between the reaction
rate and the concentrations in HOC1 and OCl" was confirned in the
response of netallic conpounds. Although the absolute reaction
rate increases by a factor of 10-20, the kinetics do not change.



This means that the nmechani sm of the reaction does not change
ei t her.

Based on these kinetics, a radical nechanismis derived for the
oxi dation of cellulose fibres in aqueous sol utions of
hypochl ori te:

HOCO + OCO° - OH+ dO+ d- Egq. 4
OH+ OH- HO+ 0.5 O Eq. 5A
OH + cellulose - cellulose radical + HO Egq. 6
HOCl + cel lul ose radi cal - oxidation products + HC Egq. 7A

Besi des oxi dation products, chloric acid is fornmed. This neans
that the pH decreases and the reaction rate increases; close to
pH7, a maximumreaction rate is reached. Radical reactions are not
very specific. This results fromthe reactive character of the OH
radi cal s.

For burning processes, such as paper with air, OHradicals are the
nost inportant reaction carriers. A conbustion process is the
conpl ete oxidation of cellulose to water, carbon di oxi de and ash.
CH radicals are also found in biological systens; here, because of
their high reactivity, they are poisonous. |If the poisonous effect
is not desired, the concentration nmust be kept |ow. Hydrogen
peroxi de (see below) is poisonous because OH radicals may be
formed fromthe hydrogen peroxide. The discoloration of papers by
zi nc-containing pignments is explained by the formati on of OH
radi cal s. * Zol linger’ discussed results fromthe above-nentioned
ki netic exam nations in a broader framework. He pointed out that
the diffusion rate of the conpounds into the fibre is also

i nportant, besides the chem cal reaction rate.

HYDROGEN PEROXI DE: | ONI C AND RADI CAL MECHANI SMS

Ney® has done profound research in al kal i ne bl eaching of cellul ose
fibres with hydrogen peroxide.

HO, - H + HOY Eq. 1B
HO,” + cellul ose — oxidation products Eq. 7B
Reaction 7B is slower than reaction 7C.

HO or HO, + cel lul ose — oxidation products Egq. 7C

To mnimze the destruction of cellulose, conditions nust favour
t he ionic nechani smover the radical mechanism Because of the
high reactivity of the radicals, this can only be reached by
preventing the formation of radicals. Reactions 5B and 2B have to
be prevent ed:

HO, - 20H Eq. 5B
H + HO, - HO + HO Eq. 2B



Pieces of art contain traces of heavy netals. These netals
catal yse (i.e. accelerate) the deconposition of the hydrogen
peroxi de: 13

Fe2*, Cu* + HhO, -~ Fe®, Qu® + OH + OH Eq. 8

This is known by chem sts as Fenton's reagent; for restorers it is
known as corrosive green colour and corrosive iron gallotannate
ink.* By reaction of the Fe® and Cu? ions with HO, radicals, the
Fe?* and Cu*ions are recycl ed.

Fe¥, Qu® + HO, -~ Fe**, Qu* + O, + H' Eq. 9

By these reactions free oxygen is formed (bubbles). By the
formati on of bubbles, the structure of the cellulose fibre is
destroyed nechanical ly.

By netal ions the radical reaction is further accel erated,
resulting in a change fromthe ionic 7B to the radical 7C
mechani sm of oxi dation. Because of this change in nmechani sm
gaseous oxygen is forned. This results in mechanical destruction.
The quantity of OHradicals fornmed per tine unit al so increases,
and this destroys the cellul ose by oxidation (reaction 7C)

In contrast, there is no change in nechanismin the al kaline
hypochl orite bl eaching process if nmetal traces are present.

In this case, a radical nechani sm al ways dom nates. This nmechani sm
is characterized by a lowrate of formation of OH radicals, which
means that the cellulose is only snoothly oxidized, even though
aggressive radicals are present. The formation rate of OH radicals
is | ow because of the slow formation fromHOC and OC ".

The nechani sns and the selectivity of the reaction of OH radicals
wi th chronmophores and lignin as conpared with carbohydrates
(cellulose) are still being investigated. ! The selectivity is
obvi ously influenced by the concentration of OH radicals.

For these reasons, | recommend the general use of the hypochlorite
bl eachi ng process. This conflicts with the pollution control
canpai gn agai nst chlorine.!® The danger of chenical and nechanica
destruction of the object to be restored is nuch too great by the
hydr ogen peroxi de bl eachi ng process. Traces of netal result in a
change of the reaction nechani sm because of catalysis of the
deconposition of the hydrogen peroxide, which results in formation
of a huge quantity of reactive radicals and a huge quantity of
gaseous oxygen bubbl es.



SUMVARI ES

Cl assi cal Methods of Bleaching in the Restoration Wrkshop: The
Rol e of the OH Radi cal

As such poi sonous and burni ng gases as ozone and chl ori ne di oxi de

shoul d be excluded in restoration workshops, the author discusses

the reactions and the chem cal kinetics of other processes as they
are used by restorers for bleaching paper objects, mainly

hypochl orite. Hypochlorites can safely be used for bl eaching paper
objects as long as a pHof > 9.5 is maintained.

Met hodes Traditi onnell es de Bl anchi nent dans |' Atelier de
Restauration: Le R&le du Radical OH

Et ant donné que |l es gaz toxiques et inflammables tels que |'ozone
et | e bioxyde de chlore devraient étre exclus des ateliers de
restauration, |'auteur discute des réactions chim ques et des
cinétiques d autres procédés tels qu'ils sont utilisés par |les
restaurateurs pour blanchir des oeuvres d' art sur papier:
princi pal ement |' hypochlorite. Les hypochlorites peuvent étre
utilisés sans risque pour blanchir des oeuvres aussi |ongtenps que
| e pH est supérieur a 9,5.

Di e kl assi sche Bleiche in der Restaurierwerkstatt. Die Rolle der
OH Radi kal e

Ausgehend von der Feststellung, dass giftige und brennbare Gase
aus der Werkstatt des Restaurators verbannt werden sollten, wrd
di e Reaktion und di e Reaktionskineti k anderer Bl ei chprozesse

di skutiert, hauptsachlich der Hypochlorite. Hypochlorite kdnnen
ohne Ri siko zum Bl ei chen von restaurierbedirfti gen Objekten
verwendet werden, vorausgesetzt das pH der Bl ei chl dsung si nkt

ni cht unter 9,5.
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