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ABSTRACT

A COMPARATIVE STUDY ON CHEMICAL CHARACTERIZATION
OF DIFFERENT INK INGREDIENTS USED IN ANCIENT
ORNAMENTED MANUSCRIPTS

MERT, Esra
M.Soepartment of Archaeometry
Supervisor: Prof. Dr. Lemi Turker

Capsuwvisor: Prof. Dr. ahinde Demirci

September 2008, 106 pages

Manuscripts have an essential importance as beieglaceable parts of our cultural
heritage. It has long been known that these woak® been suffered from serious damages
due to the corrosive effects of the inks. In thigdg, the influence of inks prepared
according to historical recipes on the degradatbmmodel paper has been investigated.
Totally, sixteen ink solutions were prepared angliad on Whatman No. 41 filter papers.
The mostly examined ink is the iron-gall-ink whishknown as very corrosive. Changing
the ratios of the ingredients in the ink, it is eonto understand the degradation mechanism
of the cellulose caused by the iron-gall-ink. lefice of iron to gallic acid ratio, copper to
iron ratio and the effect of saffron on ink cormsiwere examined. Also the influence of
colored inks (red and green); prepared accordinghto historical recipes on cellulose
degradation was studied. In order to determinetiamges in the cellulose in time, dry heat
accelerated ageing was performed on the paper samigV-Vis spectroscopy, FTIR-ATR
and Color spectrophotometry were used to invegtighie changes in the chemical

composition of the cellulose after acceleratedragei

Key Words: Iron-gall-ink, cellulose degradationffian, colorimetry.
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ESK TEZH PL YAZMA ESERLERDE KULLANILAN FARKLI
MUREKKEP B LE ENLER N N K MYASAL
KARAKTER ZASYONU UZER NE KAR ILA TIRMALIB R
CALI MA

MERT, Esra
Yiksek Lisans, Arkeometri Bolumi
Tez Dan man : Prof. Dr. Lemi Turker

Ortak Tlean man : Prof. Dr. ahinde Demirci

Eylil 2008, 106 sayfa

Yazma eserler, kdltirimizin vazgecilmez o6nemli garg@dr. Bu eserlerde
murekkeplerin zararl etkilerinden dolay hasar deya gelmektedir. Bu catnada dei ik
kompozisyonlardaki tarihi recetelere gore haz nanatrekkeplerin model katlar n
bozulmas Uzerine etkileri attar Im tr. Bu amacla, toplam onalt mirekkep Whatman
No.41 filtre ka tlar na uygulanmtr. Cal mada en ¢ok Uzerinde durulan mirekkep zararl
oldu u bilinen demir- maz murekkebidir. Demir- maz rekikebinde kullan lan bilenlerin
oranlar dei tirilerek, demir-maz murekkebinin sellilozda nedeldu u bozulmalar n
anla Imas amaclanmtr. Bu kapsamda, demir /gallik asit oran n n, lbaklemir oran n n
ve safran varl nn mirekkep korozyonuna etkisi incelentimi Ayr ca, tarihi recetelere
gore hazrlanan der renkli murekkeplerin (krmz, y#) selliloz bozulmas na etkisi
¢al Im tr. Selllozda zamanla olan dei imi inceleyebilmek amac yla ka 6rneklere
kuru s yontemiyle h zland r Im ya land rma uygulanmt r. H zl ya land rma uygulamas
sonras nda seltlozun kimyasal bifeindeki dei imleri incelemek amacyla UV-Vis

spektroskopisi, FTIR-ATR spektroskopisi ve renkldpeskopisi yontemleri kullan Imt r.

Anahtar Kelimeler: Demir Maz Mirekkebi, sellilozaumas , safran, kolorimetri
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CHAPTER 1

INTRODUCTION

Throughout the history, man had needed to store emi®tions, thoughts and
information. For this purpose various materialshsas clay tokens, tablets, cuneiforms,

bones, silk, papyrus, etc.had been used as wnitaigrials until the invention of paper.

In our country, throughout the history many manipssr had been produced on
culture, art, philosophy, medicine, mathematicdroasmy, etc.. Manuscripts have an
essential importance both in reflecting the praperof our identity in art, culture, and

science and being the authentic historical reseutta have never been renewed.

There are about 600 000 manuscripts in Turkey mhas$t of them were written in
Turkish, Arabic and Persian. Most of these worksum country include many unique and
beautiful bindings, gold gilded and miniature ithagions relating to the Ottoman history i.e.
Ottoman laws, foreign policy, sciences, mediciiterature and culture. They also display a
number of calligraphic styles and they form an Ioghle archive demonstrating the

multilingual and multicultural properties of thagnnd (At Igan, 2000).

Preservation and conservation as well as archaeoaléhvestigations of these works
of art have a vital importance both for the Turkéstd World Cultural Heritage.

1.1 Turkish Inks

The use of inks by Turks was as old as the Middie £ivilization. Ibn-i Mukle and
lbn-i Bevvab who are the famous calligraphers 8f ahd X" centuries were known to
manufacture ink by burning the hair of black goad anixing its ash with a gum and green
vitriol (Yaman, 1995).



Ottomans have been known to be very successfokimanufacturing with respect

to color and quality. Ink manufacturing had becaneart in Ottoman Empire.

In XVII™ century, it has been said that there were forky inanufacturing shops
and sixty-five people instanbul dealing with ink manufacturing. In that ipdr ink-
manufacturing shops were in Bayezid district. Moo Ottomans founded a trust to meet

the demands of calligraphers (Yaman, 1995).

Inks were produced according to the type of callipy. Obtaining soot and making
ink were different jobs. Different methods and mials were used in manufacturing ink.
There were two types of black ink; one is ink preplawith soot called lampblack ink while
the other ink is composed of green vitriol and galYaman, 1995). The samples of
lampblack ink writing and iron-gall-ink writing cabe seen in Figure 1.1 and Figure 1.2,

respectively.

Soot, the main ingredient of lampblack ink is ob&&i by burning such substances as
linseed oil, beeswax, naphtha, or kerosene. Thphi#ank is produced by collecting the soot
deposited on an inverted earthenware bowl fromnapldurning hemp oil. Baking the
collected soot in the center of a dough ball exédoil residues and resulted in a pigment
consisting largely of amorphous carbon, a deepkblagmwder. The chemical name of
lampblack ink is carbon black. It is very stableinge unaffected by light, air, hot
concentrated acids and alkalis. It can only berdgst by burning which converts it to
carbondioxide. It is fairly stable in terms of dolity and it also has a good permenance.

The optical micrograph of carbon black is givei\ppendix Fig. A.1.

Gum Arabic was used to bind the carbon particleshto paper that is a natural
composite polysaccharide desired from exudatesaaicid Senegal trees (Minorsky, 1959;

http://turkishculture.com).

The lampblack ink is known to be very stable kensitive to water. It can easily be
smeared by water as can be seen in Figure 1.3ttém@n times, the calligraphers had used
their tongues to correct their mistakes. The Tirktiom of “licking ink” that is used for

educated people has been originated from this psoce



The other type of black ink that is produced frgraen vitriol and galls is the iron-
gall-ink that was widely used in European countriets given in detail in Section 1.2. There

are also some recipes containing both iron (liplsate and soot together (Nefeszade, 1938).

Ottomans have also used many different colored @igsin illustrations besides
black pigments. In Ottoman calligraphy, the mostownly used colored inks were red,

yellow, white, gold, (Derman, 1998) blue and gr@dafeszade, 1938).

Red ink was mostly used in manuscripts for tiled punctuation. The red ink had
been kept making lastly in the beginning of the"Xééntury by a specialist from Eyiip. By
the death of him the composition ofhis red ink basn left as a mystery (Yaman, 1995).

The sample of red orange pigment used in a histiomenuscript can be seen in Figure 1.4.

There were many resources to be used as a pigmeed iinks. These are artificial
pigments such as red lead, vermillion, animal aaged organic pigments such as lac,
kermes and cochineal, plant originated organic pigim such as Madder rootRupia

tinctoriumL.), Brazil wood CaesalpinidrasiliensisL.

Red pigments mentioned in Ottoman recipes aredatipigments such as cinnabar,
used with white lead to make rose-colored red; ahioniginated red pigments such as lac,

kermes and cochineal (Nefeszade, 1938).

Cinnabar, a dense mineral, is the principal orthefmetal mercury or quicksilver; it
is found widely but not abundantly, distributed thre world. The appearance of native
cinnabar is given in Figure 1.5. Vermilion is tharglard name given in England and the
United States to the red artists’ pigment baseautificially made mercuric sulfide (HgS).
There are three kinds of mercuric sulfide pigmetits;natural, which is simply fine-grained
cinnabar; synthetic one made by the dry processraanly called vermillion and third is the

synthetic one made by wet process (Rutherébral, 1972).

The only defect of the vermillion is that it isgitly toxic and also can darken to a
black substance. Since Roman times it has beenrktioat specimens of vermilion darken
when exposed to light. Some tests have shown itiatrities in the alkali polysulfides used
to "digest" the pigment lead to this instabilityhely catalyze the transition of red to black. It
has also been found that the darkening of vermitioours mainly in paintings used egg

tempera binder. The optical micrograph of vermillzan be seen in Appendix Figure A.2.

3



The animal originated organic pigments, Ikik), kermes i rm z)andcochinealare

animal dyestuffs extracted from insects. They vedse used as red pigments.
The lac insectLaccifer lacca,is native to India and Southeast Asia (Wheat and

Hedlund, 2003). There are four chemical speciebiwithe lac beetle that produce the red
dye: laccaic acid A (Structure 1.1), B, C and DijwA being most abundant (Duffy, 2007).

CHCHaNHCOCH 3

Laccaic Acid A

Structure 1.1

Kermes,Kermes vermilipis a parasite that feeds on Mediterranean oakd{@a
1990), found in the Mediterranean region of southeurope and Turkey. Kermesic acid,

kermes (Structure 1.2) is the aglycone of carmama (cochineal), and both acids are
responsible for producing red color of the dyes)@Biam and Tyman, 2000).

oH 0
HO I I I OH
COOH
OH © ChHy
Kermesic Acid

Structure 1.2

The cochineal pigment is native to the New Worldl arsed for centuries by the
Aztecs and Mayan people as a dye in textiles agchgits in paints. It was brought to
Europe in 18 Century. Its earliest recorded use was a texijke id the Peruvian Paracus
culture of 700 B.C. It was brought to Europe slyosfiter the discovery of the America and

the conquest of Mexico in 1523 and was first désdi by Mathioli in 1549

4



http://www.library.cornell.edu/preservation/pap&ifAtlasWesternl.pflif It is obtained

from the dried bodies of the female insect “Daghyis coccus”. The female beetles are
collected 2-4 times a year and are killed with tWater. The resultant color is dependent
upon the amount of soaking, the quantity of pigmesed and the chemicals added to the
mordanting process. Dried and powdered sampleecificeal insects can be seen in Figure
1.6 and 1.7.

The organic pigment obtained from cochineal is ¢aem Its main dye constituent is
carminic acid (7--D-Glucopyranosyl-9, 10-dihydro-3, 5, 6, 8-tetrahyx/-1-methyl-9, 10-
dioxoanthracenecarboxylic acid,68,40:3). (Structure 1.3) It is soluble in water and algloh
but not in ether. It has a tendency to changernmie orange hue on exposure to acids and a
more purple hue on exposure to alkalis. The optitatograph of cochineal carmine can be

seen in Appendix Figure A.3.

Carminic Acid
Structure 1.3

According to Ottoman tradition, in making yellowks) the natural pigment called
orpiment was ground with gum Arabic and mixed wititer (Derman, 1998). Apperance of

yellow pigment used in an illustration is giverFigure 1.8.

Orpiment, AsS; may be found in natural and artificial form. It dfficult to
differentiate between natural and artificial orpimyeexcept that the artificial form is more
finely grained. Orpiment has been identified ineait$ of the 3% century B.C. in Egypt,
some scientists suggesting that the pigment wad irséegyptian cosmetics despite its
toxicity.



The Chinese used the toxic properties of Orpimenepel insects from book rolls,
as described in"5century treatises. The pigment decomposes slimwhater, and is soluble
in hydrochloric acid and sodium hydroxide. It isampatible with lead and copper pigments
and will darken them when in close proximity. Is@lhas a corrosive action on binding
materials, often decaying and coming away frompiwehment (Baker, 2004). The samples
of mineral orpiment and the optical micrograph loé torpiment pigment can be seen in

Figure 1.9 andrigure A.4, respectively.

In making white ink that was primarily used for timg sure or chapter or headings
in ornamented Qur'ans, lead white had been usea gigment. The sample of white ink
used in an illustration is given in Figure 1.10atdewhite is a manufactured pigment and it
has been prepared artificially since the earliestbhical times and used until the nineteenth
century. It was prepared by suspending stripseafl labove vinegar or urine in a vase,
sealing it and burying it in a dung heap for selvdesys. After a few days the artist scraped
off the crust formation on the lead and groundoit dise. The pigment is poisonous when
ingested or inhaled. Lead white tends to darkermmvebgposed to air and is incompatible with
verdigris and orpiment. Bone white was often areralitive choice when working in

proximity with these two pigments (Ross, 1971).

Lead white is a basic lead carbonate, soluble litediitric and acetic acid and its
chemical formula is, (2.Pb(GJ2 .Pb(OH}); the purity of the color depends on the purity of
the lead. Lead white shows remarkable permanenddsaunaffected by light. Hydrogen
sulfide in the air can cause the pigment to tuacklperhaps because of the formation of
PbS due to the reaction 1.1 and can be seen imeFiglil. The black color formation can be
converted to a more stable state using hydrogeoxjplsr, as shown in the treatment of
certain wall paintings (Feller, 1993). Optical cheteristics include high opacity and high
density (Baker, 2004).

In twentieth century zinc oxide had been begundaged as a white pigment then

titanium oxide being superior to lead in many wagd became the competitor of lead white.

The microscopic appearance of lead white is givegp. A Figure A.5.

PbCQ(s) +H:S(g) PbS(s) + bkO(9) + CQ(9) (R.1.1)



In making blue inks, indigo and copper compoundd haen used. In Ottoman

calligraphy, indigo was used with lead white toadbtazure color (Nefeszade, 1938).

Blue pigments were generally used in illustratidmshistorical manuscripts. The

sample of the blue pigment used in an illustratsogiven in Figure 1.10.

Indigo is a vegetable extraction froimdigofera tinctoria The first mention of the
trading of indigo is seen in fZentury accounting book of a European merchantth®yic
indigo was not produced until 1870. The differebedween natural and synthetic indigo is
determined by the amount of the isomer indirytiesent in the pigment. Indigo is insoluble
in water, dilute alkali solutions and acids. Undlee microscope indigo particles are very
fine and opaque (Baker, 2004). The optical micrplraf the indigo pigment can be seen in

Appendix AFigure A.6.

There were three types of green inks in Ottomansantioned in resources about
the Ottoman calligraphy; mixture of orpimeamtdcopper (I) sulphate, mixture of gall juice
and copper (ll) sulphate and mixture of saffron andper (ll) sulphate (Nefeszade, 1938).
Mixing orpiment and indigo to produce shades ofegr&vas not only seen in the Islamic
world of the 14 century but also due to Cenini this is a popularcpee in 18 century
Florence (Baker, 2004).

Verdigris, cupric acetate, was produced by theasion of strips of copper with
vinegar fumes. After the pigment was scraped frbenlate, it was mixed with wine and
allowed to thicken. It is not compatible with whlead and orpiment as well as many media
and surfaces. The color ranges from green, graeno blue and it exists in two forms:
basic and neutral verdigris. Verdigris reacts desively with its binding medium and
binding surface. It is commonly known that theeetance of verdigris pigment changes as it
dries. Verdigris mixed with sulfur containing pignte in an aqueous media may darken due

to the formation of copper sulfide (Baker, 2004).

In Ottoman resources, verdigris so-callgehfar or zangdr was said to be used
generally for ruling the text. But it is destruaiand degrades the cellulosic materials and
parchment, however due to a research of Barkesidi Ataie (2002); in some Persian
miniature paintings the presence of saffron appeamnitigate the harmful effect of the
verdigris. Research of them shows that verdigrisechiwith saffron did not char the paper



support, and charring occurred only where the pardigris existed. The optical micrograph
of it is given in Appendix A Figure A.7.

Gold was often used in gilding manuscripts withatative borders or laid in gold
leaf form. First, a base adherent or bole was puhe desired areas. Next, the gold lead was
carefully positioned on the page. Then it was afldwo dry and the excess was removed

with a tool like a soft brush.

Flgure 1. 3Samp|e of smeared soot ink Flgure 1. tSampIe of red orange plgment

Figure 1.5 Native cinnabar associated with caltite

! http://webmineral.com



Figure 1.8 Sample of yellow pigment
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1.2 Iron-gall-ink

Iron-gall-ink which was the most important ink inet Western history was also a
popular ink for drawing favour by many artists frothe fifteenth century onward
(Kanngieberet al, 2004). It was attractive due to simplicity in figeparation, good quality

of writing and the fact that it was practicallygmovable when applied.

There have been many recipes for iron-gall-ink aragon. It is produced from four

main ingredients; tannin, vitriol, Gum Arabic anfliad medium (Kanngiebegt al, 2004).

Tannins may be found in the leaves and bark ofynpdent species. Plants contain a
large variety of compounds including alkaloidsptres and phenolics. These compounds
do not have a role in “primary” metabolism suchbassynthesis, biodegradation and other
energy conversions of intermediary metabolism bay tare efficient in biological activities
such as toxicity and hormonal mimicry. They alsaweha role in protecting plants from
herbivory and disease. The group of phenolics knastanninsis different from other plant
secondary phenolics in terms of chemical reactisitind biological activities (Hagermann,
2002).

Tannins are defined as water-soluble phenolic @mgs having molecular weights
between 500 and 3000. They give usually phenokctiens and have special properties
such as precipitating alkaloids, gelatin and otpeateins. They are usually divided into
hydrolysable tannins and condensed tannins. Coedetennins, proanthocyanidins, are
polymeric flavonoids (Structure 1.4), which areigedse group of metabolites based on a
heterocyclic ring system derived from phenylalanamel polyketidebiosynthesis. They are
polymers of 2 to 50 (or more) flavonoid units tha¢ joined by carbon-carbon bonds, which

are not susceptible to cleavage by hydrolysis @dagnn, 2002).

Hydrolysable tannins are derivatives of gallic add4, 5 tri-hydroxy benzoic acid.
The simplest hydrolyzable tannins are gallotannifey are polygalloyl esters of glucose.
The prototypical gallotannin is pentagalloyl glueos-1, 2, 3, 4, 5, 6-Pentagalloyl-O-D-
Glucopyranose) (Structure 1.5). It has five ideadtigalloyl esters; the galloyl moiety is
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given in structure 1.6 which involves linkages wéliphatic hydroxyl groups of the core

sugar (Hagermann, 2002).
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tri&ture 1.6 Galloyl Moiety

The function of tannins in iron-gall-inks depends their metal ion chelating
property. Phenolics can affect the activity of rhéas by chelating the metal (Mc Donald,
1996). Chelation depends upon the pH of the meditrshould be above the pKa of the
phenolic group (10.0). Phenolic-metal ion compleaes often colored and it has been said
that characteristic colors can be used to idergfgcific arrangements of phenolic groups
(Waterman, 1987; Hagermann, 2002).

Galls are the most important resources of hydraliezéannin. As early as thé"5
century BC, oak galls (also called gallnuts or cghples) were collected and used
commercially as a source of tannic acid. Therenaamy different types of galls, all with
varying tannin content such as Aleppo galls, agalis, oak-marble galls, Chinese galls and
Japanese galls. Tannin could also be extracted &tn@r sources such as chestnut wood,

bark, the Sumac plant and pomegranate peels.
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Simple gallotannins with up to twelve esterifiedig@ groups and core glucose are
generally found in tannins from oak galls and suméldagermann, 2002;
http://www.knaw.nl/ECPA/ink/ink_ingredients.html).

Oak galls Quercus infectorip(Figurel.12) have the highest amount of tanré it
about 60-70 w% whose 28-35 w% is gallic acid (Kaz06).

Figul.120ak Galls

Glucose esters of tannin (gallotannic acid) hydrelynto gallic acid and glucose
during the preparation of ink (Reaction 1.2). Hygss of gallotannic acid occurs in three
ways; one is leaving the galls in distilled watgther is boiling the galls in distilled water for
hours, third one is by using acids or by letting thalls to ferment after boiling
(http://www.knaw.nl/ecpa/ink/make_ink.html).

GHs.046+ 5 H20 5 GHgOs + CiH 1205 (R.1.2)
Gallotannic acid Gallic acid Glucose

Vitriol, the main inorganic component of the ink, also referred to in recipes as
copperas, sal martis, vitriolum commumnériolum romanorumand vitriolum cyprinum It
has several varieties. The iron and copper vasietie vitriol were widely utilized in
antiquity, and were commonly referred to as gremuh lalue vitriol, respectively. In modern
mineralogical terminology, the green and blue eitricorrespond to melanterite
(FeSQ.7H,0) and chalcanthite (CuQ®H,0), respectively (Karpenko and Norris, 2000).
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Melanterite is one of the water-soluble sulphateerals. It forms in the near-surface
secondary oxidation zone of ore deposits. Appeeafianelanterite can be seen in Figure
1.13.

Figure 1.13Appearance of Melanterite

Chalcanthite like melanterite is soluble in wated at thus makes a solution of

copper sulphate. The appearance of it can be sd&gure 1.14.

Figure 1.14Appearance of Chalcanthite

Another component of ink is Gum Arabic, a naturalypaccharide derived from
exudates of Acacia Senegal trees. An Acacia Seriggglis shown in Figure 1.15. Acacia
Senegal is one variety of 1100 acacia tree. It astntcommonly found in the African
grassland savannas along the southern edge ofatierséSDesert also as far East as Oman

and India.
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Though some gum will flow naturally from crackstire bark of theéAcacia senegal
tree, commercial tappers stimulate the flow by reimp thin strips of bark, an operation that
requires some skill if the tree is not to be ingu(Eigure 1.16,1.17) (Botét al, 2005).

)
Sl

Figure 1.16Gum accumulated on the bark Figure 1.17Collecting the Gum (Botti etal,
2005)

Gum Arabic (GA) consists of mainly three fractiofit) The major one is a highly
branched polysaccarides {#3x10) consisting of - (1-3) galactose backbone with linked
branches of arabinose and rhamnose, which termimagkicuronic acid (found in nature as
magnesium, potassium and calcium salt) (2) A smaléetion (~10 wt% of the total) is a
higher molecular weight (~1x10g/mol) arabinogalactan-protein complex in which
arabinogalactan chains are covalently linked to ratgn chain through serine and
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hydroxypyroline groups. The attached arabinogataatathe complex contains ~13 %( by
mole) glucuronic acid. (3) The smallest fraction 1% of the total) having the highest
protein content (~ 50 wt %) is a glycoprotein whitiffers in its aminoacids composition
from the second fraction. Studies showed extens@aation in the molecular weight
distributions of the various components betweerviddal samples, even those supplied
from a common vender. Variations are traced tootiigin, type and age of tree, and even to

possible effects of processing conditions suctpesysdying (Droret al, 2006).

The macromolecules of gum Arabic have a molecukight between 250 000 and
300 000. The molecules are almost spherical; babuyt 100 A° long and with a diameter
of 110 A°. The gum dissolves in water slowly, batmpletely, in water in twice of its
volume. It appears that the macromolecules readibnge their shape and dimensions in
solution, and this indicates that the forces ofaatton between the constituent sugars are
weak. This confirms the hypothesis of a highly lofed structure inducing a relative
compact shape (Drat al, 2006).

The maximum viscosity is reached at the neutral @), at ordinary room
temperature. There is a decrease in viscosity wihen solution is heated, and the
macromolecules start to break down, as seen byilibeation of sugars. This molecular
degradation can also be brought about by a nunfbether factors, such as the presence of
acids, salts, ultraviolet light or even by simpleahanical grinding. The ageing of gum
Arabic has been well studied (Daniels and Sashb@@3). It is understood that ageing does

not change solubility of gum Arabic. Only a heatind 00 °C makes it brown and insoluble.

Gum Arabic is an excellent protective colloid, dodthis reason it is often used to
stabilize emulsions or dispersions and a thickemiggnt. So it is important in ink recipes
(Masschelein and Kleiner, 1995).

An agueous solution of the gum is used as a bindiadium in water-colors, inks
and gouaches and serves as an adhesive for papeatboard. Gum Arabic was also the

binding medium of miniatures on ivory (Chizzola 859.
The analysis of the mural paintings in the tomiNefertari, the wife of Rameses II,

indicates the presence of a gum Arabic without mase, which could have come from a
local acacia species still growing in the Luxorioeg(Masschelein and Kleiner, 1995).
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Gum Arabic used as a binding material decreasepdksibility of the precipitation
of ferric gallate pigment through adsorption of glmabic particles on the surface of ferric
gallate particles. It also adjusts the viscosityhaf ink(Kolar et al,, 2006).

In a recent study, it has been found that gum Ardbiays the degradation of paper,
due to physical factors, as the gum coats the gdpens and limits the diffusion of oxygen
or free iron (Rouchon-Quillett al,, 2004).

Other main ingredient of the iron-gall-ink is tHeifl medium such as distilled water,
wine, beer, vinegar, etc. Beside the main ingradiementioned above the other ingredients
of iron-gall-inks are indigo, logwoods, saffronnima, pomegranates, crystalline sugar, alum,

rose-water, etc.

Saffron was present in many ink recipes both ofoRean and Ottoman. It consists
of stigmas of flowers ofCrocus Sativughat is a bulbous perennial plant of the family
Iridaceous (Figure 1.18, 1.19) The stigmas of flowers atiedland used to act as flavor and
coloring agent for foods as well as a dye for inks textiles. (Fig. 1.20) Saffron is a spice
known only in cultivation and principally grown Bpain and Iran, but also cultivated on a
lower scale in Greece, Turkey, India, AzerbaijanarEe, Italy, India, China, Morocco,
Israel, Egypt, United Arab Emirates, Mexico, Swiland, Algeria, Australia, and New

Zealand.

Figure 1.185affron flower Figure 1.19affron flower
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Figure 1.20Stigmas of Saffron

In Turkey cultivation of saffron is limited. It isultivated only in Davutobas , Yorik,
and Aa glney villages of Safranbolu and in Harraanl urfa.

The name saffron comes from the Arabéfaran which means yellow. The use of
saffron also goes back to ancient Egypt and Rorheravit was used as a dye, in perfumes,

and as a drug as well as for culinary purposes @Aaelv and Espinosa-Aguirre, 2004

The stigmas of the saffron flower contain many cleairsubstances. Carbohydrates,
minerals, musilage, vitamins, especially riboflguimamine and pigments including crocin,
anthocianin, carotene, lycopene, zigzantin, flavdsoamino acids, proteins, starch, gums,

and other chemical compounds have also been ighiif saffron.

The saffron stigma, which is commercial form offsaf, has a distinct and unique
color, flavor and aroma. One of the coloring pigtsein saffron is crocin (Structure 1.7),
which is easily soluble in water. In addition t@an, saffron contains crocetin and small
amounts of the pigment anthocianin, a-carotenegrbtene, and zegxantin (Abdullaev and

Espinosa-Aguirre, 2004

Saffron has a bitter tast€he bitter-taste of it comes from the picrocrodgsH,c0;)
(Structure 1.8), a monoterpene glycoside precwsseafranal (GH40) (Structure 1.9), and
the main volatile oil responsible for the aromaslucosidase action on picrocrocin liberates
the aglycone, 4-hydroxy-2, 6, 6-trimethyl-1-cyclabae-1-carboxaldehyde {g:60,),
which is then transformed to safranal by dehydratiaring the drying process of the plant
material. The colour of saffron comes from the watduble glycosidic cis- and trans-
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carotenoids crocins, glucosyl esters of crocetin §8diapocarotene-8, 8'-dioic acid;
C20H2404) (Ortegﬁet al., 2007)

Saffron has found nearly in all of Ottoman recipspecially in green ink and black

ink with gall, iron and copper. In recipes, it wadvised saffron to be used in ink in order to

make the ink better and brighter.

Structure 1.7 Structure of Crocin Structure 1.8 Picrocrocin

Structure 1.9 Safranal

1.3 Paper Degradation

Historical manuscripts have been unique parts ofcoltural heritage. Thus, their

preservation and conservation are important cultasks.

The main carrier material used in historical manipss is paper and millions of
books worldwide now are menaced by paper disintegréhrough malignant and inevitably
progressive degradation of cellulose chains (Lojaves al, 2005).
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Paper consists of mostly bonded cellulose fibras dne linear polymers of glucose
( -D glucopyronose) monomers linked by-1, 4-glycosidic bonds. All chemical reactions
occur at glycosidic bond and/or at hydroxyl gro(Psoniewiczet al, 2001). (Figure 1.21).

Polymerization of cellulose gives a linear molecwith cyclic glucose units which
have three hydroxyl groups in carbongs G; and G as shown in Figure 1.22 (Sistagbal,
1998).
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Figure.1.21Molecule of cellulose (Sequeiet al, 2006)

Figure 1.22C1 to C6 positions in glucose (Carlsson, 2005)

According to recent findings, cellulose degradatstiould be regarded in terms of
mixed oxidative and hydrolytic mechanisms where tiie reactions are autocatalytically

accelerated by active oxygen species and by protesgectively (Lojewskat al, 2005).

The molecular mechanism of acid-catalyzed hydislgé cellulose (cleavage of -
1, 4-glycosidic bond) occurs in three steps. (Ri@3) First, a proton from acid interacts
rapidly with the glycosidic oxygen linking two suganits, forming a conjugate acid. Then
the cleavage of the C-O bond occurs and the cotgugeid breakdowns to the cyclic

carbonium ion, which adopts a half-chair conformatiAfter a rapid addition of water, free
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sugar and a proton are liberated. The formationhefintermediate carbonium ion takes

place more rapidly at the end than in the middlghefpolysaccharide chaiN(tt, 2006).

Figure 1.23Acid catalyzed hydrolysis of the-1, 4-glycosidic bond in cellulose
(Hydrolysis can occur at any glycosidic bamthe chain) (Sequeiret al, 2006).

Depolymerization of cellulose is a continuous andsecutive process. This process
essentially results in the progressive loss ofikerssrength and color change of the paper
(Banik, 1996).

The acidity problem is specific to the paper praliover around 150 years between
the mid-19' century and the late 2@entury (modern paper). The bad situation of modern
paper has always been attributed to the unavailstblege conditions such as overheated,
humid libraries and acid polluted atmospheres hanedocuments of the Middle Ages have
been able to survive under the same conditiongeSime modern paper is acidic due to the
alum (KAI(SQy),.12H,0) added during the paper manufacture while olcepsapere made at
neutral pH(Williams, 1971).

Paper made before the™8entury was often made by hand from linen andooott
rag materials which are excellent sources of higjlulose, long fibers. Gelatin, from animal
hides, was used to size such papers and becausestliing papers were neutral to only
slightly alkaline they had very good storage prtiper(Zicherman, 2007).
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At the beginning of the f9century, wood fiber took the place of cotton aimer.
However, wood has shorter fibers and lower cellilosntent along with lignin. Lignin
contains phenolic entities sensitive to light whidavelop chromophores or conjugated
double bonds in the chemical structure which casodb light in the visible range. This
makes paper containing high amounts of lignin vergne to discoloration or yellowing
(Zicherman, 2007).

Besides lignin, alum (Kal(S®.12H,0) was another degradation factor in old
papers. Alum was used to precipitate the rosin g@aiper forming an alum/rosin sizing.
Aluminum sulfate reacts with water and produce$usigl acid and production of paper on
the paper machine demanded additional alum, sorpaers often used the salt in excess
(Zicherman, 2007).

Besides acid catalyzed hydrolysis, alkaline medialso causes hydrolysis of
cellulose polymer as seen in Figure 1.24. It hdasren taken into consideration as much as
acidic hydrolysis since the depolymerization levedlkaline samples is much lower than the
acidic ones. This is due to the fact that alkaligdrolysis of cellulose can only take place in
the reduction end of the polymer or in oxidizedugp® while the acid scission can happen in
any of the glycosidic bonds between the monomedshais raises the occurrence probability

of acidic scission (Sequeist al., 2006).

Figure 1.24Alkaline hydrolysis mechanism in cellulose (Seqaeit al, 2006).

21



Another reason for the degradation of cellulos¢hes iron-gall-ink used in many
historical manuscripts. The large variety of diffiet recipes and the compositional diversity
of the natural raw materials result in a diversifydistinguishable degradation mechanisms
leading to changes in color in time and, occaslgnedsulting in iron-gall-ink corrosion.

Two principal causes are usually considered to éspansible for the paper
degradation. The first one is the high acidity @ihg inks that leads to hydrolytic splitting of
the cellulose (formation of sulphuric acid). Theaad one is the presence of soluble and
mobile iron ions that may act as catalysts for atiie@ decomposition of the cellulose
(Kanngiebeeet al, 2004).

The acidity of iron-gall-ink comes from the reactiof gallic acid with ferrous
sulphate; iron-gall-ink contains sulphuric acidtttsaa by-product of the ink. This acid can go
through the paper and penetrates into the fibeewhis ink is used in writing. The reaction is
given below (Reaction 1.3) (Sistaehal, 1998).

(R.1.3)

Gallic Acid Ferrous gallate complex

Other major process that causes degradation ofrpepdhe metal-catalyzed
oxidation of cellulose. Most old iron-gall-ink rees, however, contained an excess of
iron(ll) sulphate compared to the tannin conterggiel, 1995) so after many years or even
centuries the ink may still contain substantial ame of iron ions and sulfuric acid.
According to Neevel (1995), iron bound to galliecadoes not participate in the degradation
of paper whereas iron ions are likely to be resiid@gor the metal-catalyzed oxidation of
cellulose (Wagneet al, 2004).

Iron (ll) ions are suspected to cause the oxidategradation of cellulose by
catalyzing the formation of hydroxyl radical®H) from hydrogen peroxide in the so-called

“Fenton reaction”. The reaction sequence can bengas follows (Neevel, 1995):
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Iron (ll) ions reduce atmospheric oxygen in acidmedium to give hydrogen

peroxide in two steps. (Reaction 1.4 and 1.5)

B&+ 0O, +H Fe" +HOO (R4NL.

Fé+HOO +H  Fe' +H0, (R. 1.5)

Then in the third step hydrogen peroxide reacts Wi? present in the medium to

give hydroxyl radicals and Fe (lll) ion. (Reactibi)

Be+ HO, Fe +-OH+OH (R.1.6)

Hydroxyl radicals are very reactive and take outirbgen from cellulose and

oxidize hydroxyl groups of cellulose into carbogybups (Figure 1.25).

Figure 1.25Formation of carbonyl groups in cellulose oxidatiynOH radicals in the
presence of Fe (Il) ions (Gibegt al, 1999).

In reaction between cellulose an®H radicals, following processes are possible
(Gibertet al, 1999):
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Hydrolytic cleavage of Cand oxidation of the remaining aldehyde group to

carboxyl which gives gluconic acids (structure .10

Structure 1.1@luconic Acid lactone form (Carlsson, 2005)

Hydrolytic cleavage in £giving glucoside fragments
Oxidation of carbon & C; to give keto groups. Oxidized groups in, C; are
shown below (Fig. 1.26 and 1.27).

Figure 1.260xidized Groups in €and G (Sistachet al, 1998).

Figure 1.270xidized Groups in £(Sistachet al, 1998).

Oxidation of G to give aldehyde groups and then to glucuronidsa¢structure
1.11). the residual oxidized cellulose and othagrinents from hydrolysis tend
to degrade more readily by heat and acids thamttia cellulose (Giberet al,
1999).
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Structure 1.11 Glucuronic acid (Carlsson, 2005)

Although iron has known to be the main metal in itte-gall-ink catalyzing the
oxidation of cellulose by Fenton- like reactionbere are many metals affecting the
permanence of paper which interferes with the pdpeing the manufacture of it. Various
metals such as manganese, copper, aluminum, calomagnesium, zinc, cobalt and barium
may be found in the wood used for paper. Also msetah be found as contaminants in the
additives. Moreover, metals can also be found énitlks used in the manuscripts beside iron
especially copper. Studies performed on histongahuscripts demonstrated that substantial

amount of copper were used in inks (Stelial, 2003).

It is important to note that copper is known ttabzze free radical production much
more efficiently than iron (Pihlaet al, 1999). In a low acidic medium, copper ions cataly
the oxidation on the anhydroglucose ring whileaw lalkaline medium, copper ions seem to
be active on the cleavage of the glycosidic bonddfidere, 1996). Especially in alkaline
conditions (pH8) copper ions are much better catalysts for pdeoxiecompositions than
iron ions (Budnaet al, 2004). Therefore, copper ions should also beidered in studying

the degradation of cellulose.

In another hypothesis for cellulose degradatioon-gallic acid complex (structure
II) is considered as a hydroxyl radical conveyortlie cellulose oxidation (Gibedt al,
1999).

Iron-gallic acid complex (Structure 1) shown belasnstitutes a redox system
together with hydrogen peroxide. Gallic acid iditiareacts with ferrous sulphate to form
ferrous gallate and Hons that combine with the excess sulphate iorfigrta sulphuric acid.
(Reaction 1.3)

Ferrous gallate (Structure 1) shown below is a dess and water-soluble substance,

oxidized by atmospheric oxygen to form ferric pyabgte, blackish purple complex that is
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insoluble in water. (Reaction 1.7) In the complbgre are totally four molecules of water
bound to the iron (lll) ions above and below thang of the molecule, occupying the

remaining sites of coordination of the octahedm@h i(lll) ions (Gibertet al, 1999).

Ferrous gallate Ferric pyrogallate complex

0 (I (R.1.7)

When first prepared the color of an ironHgalk solution is pale. The oxygen present
in water reacts to produce a light gray color ie thitial ink. When iron-gall-ink is applied

to paper, it remains as gray for a while thennsuo dark blue.

Due to Gibertet al(1999), this dark blue color of iron-gallic complexexplained
by the charge transfer from an aromatic nucleugaitic molecule to the Fe (lIl) central ion
generating a conjugated double bond system redgerfsr energy absorption in the visible

region. (Reaction 1.8) Also cellulose molecule rhaye a role in the color formation.

(I (Il (R.1.8)

In this redox system iron-gallic complex (Structiii® is activated with peroxide to
give intermediate product (Structure 1IV) and transfed into quinone like structure
(Structure V) by loosing water. (Quinone is a clagsyclic organic compounds containing
two carbonyl groups). This quinone like structuBtrdcture V) is capable of abstracting

hydrogens from cellulose to give structure VI aielding radicals as seen in structure VII.
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These radicals finally become oxidized cellulosataming chromophoric carbonyl groups

(Structure VIII). In this redox system active ralik are continuously generated by
interaction between iron, gallic acid, cellulosel aeroxides.

This hypothesis is callegenton-Hamilton mechanisrGibertet al, 1999) (Figure 1.28)

Figure 1.28Suggested mechanism for the reaction between iabit-gomplex and
cellulose (Giberet al, 1999).
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In order to illustrate the progress of the ink osion process, a model that has been
developed by the researchers in Netherlands Itestftar Cultural Heritage. According to
their model the cross-section shows the crossesedf an iron-gall-inked paper during
ageing (Reif3land and Hofenk De Graaff, 2001). (Fedu29)

Figure 1.29Progress of corrosion during ageing of iron-galied paper

All these degradation mechanisms of cellulose braatkthe depolymerization of
cellulose and this affects the stability of fibeasd causes breakages in the fibers of
cellulose. A manuscript that belongs to the colteciof National Library of Turkey and

degraded due to iron-gall-ink corrosion can be sedigure 1.30 as an example.
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Figure 1.30Degraded manuscript from the collection of Natidribrary of Turkey

1.4 Previous Archaeometric Studies on Historical Inks

Libraries, museums and archives have great numbemnamuscripts, historical
documents and precious art works that suffer serilamage due to the corrosive effects of

different kinds of historical inks.

In order to prevent these valuable works from ferrtleterioration, the degradation
mechanisms should be understood clearly. For thipgse, several researches have been

carried out on historical inks and their effectspaper degradation.

Although there are some studies on original workest of the studies have been
performed by using model inks that were preparedaboratories and applied on filter

papers without any additive. Here some importardiss have been summarized.

Neevel (1995) carried out a study on preventingctireosive effect of iron-gall-inks
on paper degradation. He suggested that acidityncanbe the only reason for the ink
corrosion. He focused on the effect of Fe (ll) immsthe cellulose degradation and reports
that the free Fe (Il) ions have a dominant roléhi;m degradation by catalyzing the oxidation

of cellulose.
29



Several studies were performed on the chemicalactexization of historical inks
prepared in laboratory by using various analytinathods. Senvaitieret al,(2005) studied
on series of different inks prepared according iiohical recipes and analyzed them by
means of FTIR spectroscopy and reported that Etepscopy may provide important
information on the chemical composition of histatiinks. Also Senvaitienet al(2006)
carried out another study on historical inks ugiTdR, UV and visible spectroscopies and
capillary electrophoresis in order to develop a newethodological approach for the

gualitative determination of nature of unknown biigtal inks.

UV-Vis spectrophotometry was used in another sttalyletermine the hydroxyl

radicals during ageing of cellulose by Koddral. (2001).

Another study of historical inks using FTIR spestopy was performed by
Remazeillest al. (2000). In the study, original and laboratory melof one kind of iron-
gall-ink were analyzed by FTIR using different teitfues; reflectance microscopy, diffuse

reflectometry with KBr and transmission electrorcrascopy.

The same group carried out another study on iadhHgk impregnated papers in
order to determine the evolution of the organiceriats present in iron-gall-ink manuscripts
by using GC-MS. They suggested that gum Arabic aldeg during the ageing especially in
the presence of ferrous sulphate (Bletbal, 2003).

Keheyan and Giulianelli (2006) performed a studydentification of historical ink
ingredients. In this study historical ink ingrediesuch as Gum Arabic, saffron, and henna

were analyzed by pyrolysis GC-MS technique forrthbeemical characterization.

In 2007, Csefalvayovat al, performed a study on iron-gall-ink treated papsisg
FTIR spectroscopy and mechanical tests in orddetermine the effect of iron-gall-ink and

ferrous sulphate alone on paper degradation dagegng.

Another forthcoming study for the effect of ink negients on cellulose degradation
was carried out by Rouchon-Quilket al. (2004) in order to detect the impact of Gum Arabic
on iron-gall-ink corrosion using FTIR, GC-MS and&iExclusion Chromotography. In this

study, gum Arabic is suggested to reduce the rfadegradation of cellulose.

30



In 2004, same group again studied on iron-gallickmpregnated papers using FTIR
spectroscopy to determine the effect of gallic asid iron-gall-ink corrosion and they
suggested that gallic acid enhances the cellulggkation by effecting on Fe (lll) / Fe (ll)
ratio, probably because of its reducing property.

Gibertet al. (1999) studied on paper samples treated with &by prepared iron-
gall-inks using color spectrophotometry in orderditermine the changes in the lightness
and the chromatic values of the samples dependinth® iron-gall-ink corrosion. In this
study it is understood that color spectrophotomitig useful tool in analyzing the changes
occur in the paper due to the impact of differemisi Especially, measured changes in the

chromatic values @* and b*) show the degree of the oxidation of cellulose.

In another study performed in 2005 by Lojewskal. FTIR spectroscopy was used
to study the oxidative and hydrolytic degradatidncellulose during accelerated ageing

under controlled conditions.

In 2002, Calvini and Gorassini performed a study FeCt and CuC doped
cellulose papers in order to determine the effdcthese transition metals on cellulose

degradation using FTIR Deconvolution analysis.

Sivakovaet al. (2008) carried out a research work related tocegfef historical inks
on the degradation of cellulose. Eight differerikt necipes were applied on paper samples
and analyzed with FTIR before and after artifici@geing. In this study it was seen that
absorption variation in the region of 1500-1900cis informative for the cellulose

degradation and changes due to ink composition.

1.5 Aim of the Study

Preservation, conservation and archaeometrical stigations of historical
manuscripts are important cultural tasks since theye been unique parts of our cultural
heritage. However, most of them are in deteriorat@adition due to the external factors
such as temperature, humidity, light, usage, seo@mditions and internal factors such as
acidity, corrosive inks, etc.
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In this study, the degradation of cellulose dudittorical inks especially iron-gall-
ink were evaluated. The corrosive character of-galrink had been known since the end of
19" century. It causes degradation of cellulose byousrimechanisms, as suggested by the

previous researchers.
There have been many studies for developing mettmdaminish or even stop the
corrosiveness of ink. In order to find effectivéusimns for the cellulose degradation, the ink

corrosion mechanism under various conditions shbaldnderstood clearly.

The object of this study is to investigate theusfice of different ink compositions

on the degradation of cellulose and contributeréiséoration studies on manuscripts.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Sample Preparation

Sample preparation consists of preparation of various inks appticof

them to the special filter papers of highest purity.

2.1.1 Ink Preparation

Sixteen ink solutions were prepared in which ons vea, two were green and others
were black. Analytical grade reagents (if possikleje used for the preparation of inks.

The main ingredients used in the black inks ardicgalcid monohydrate (Ga)
(C;He0s.H0O, Myy: 188.14g/mol, Aldrich) and ferrous sulphate hdpgdrate (FeS©Q7H,0,
Mw: 278.02g/mol, Merck). The other ingredients argpmy sulphate penta hydrate
(CusQ.5 H,O Aklar Kimya., My: 249.68g/mol), gum Arabic (commercial), saffron
(commercial), alum; KAI (S€)..12.H,O (commercial), cochineal (commercial), oak galls
(commercial). The ratio of ferrous sulphate heptihie to gallic acid monohydrate was
decided according to historical Turkish resourcad aecent studies (Nefeszade, 1938;
Yaman, 1995). In most of the historical recipesinta was used instead of gallic acid.
Considering that the tannin content of oak gallsesveen 60-70% by weight whose 28-35%
by weight of this is gallic acid (Kavak, 2006) maktios of iron (ll) sulphate (Fe) to gallic

acid (GA) were calculated and given in Table 2.1.
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Table 2.1Fe: Ga mole ratios due to historical Turkish resip

Oak FeSQ. Mole of Gallic Mole of Mole Reference
galls 7H,0 acid’ FeSQ. ratio
(g) (g) C7HGO5H20 7H20 Fe:Ga
10 3 0.001 0.0108 1.09 Yaman,199%
50 20 0.049 0.072 1.47 Yaman,199%
20 10 0.020 0.036 1.8 Yaman,1995
2 2 0.002 0.0072 4 Yaman,1995
0.003 0.0108 3.6 Yaman,1995
50 25 0.050 0.09 1.8 Yaman,1995
20 12 0.020 0043 | 215 | raman1995
100 50 0.098 0.18 1.84 Yaman,199%

"Calculations;
Weight of gallic acid content in tanninWgaix 60/100x 28/100.
Mole of ga"lC acid: W gallX 60/100x 28/100/'\/'\65".5 acid

As it can be seen in the Table 2.1, the mole maitivon (II) sulphate to gallic acid
changes between 1 and 4 in Ottoman recipes (Yat8%). Considering the ratios used
in the historical recipes and recent studies (Reiftleg et al, 2000), the mole ratio of

iron(ll) sulphate to gallic acid was taken as iB.6nost of the iron-gall-inks prepared in this

study.

The ideal complex formation ratio of ferrous sulighto gallic acid has been said to
be 1.49 which corresponds to ttagio of molecular weight of ferrous sulphate tolecalar
weight of gallic acid (Giberet al, 1999). However in a research, it was suggestadiritn-
gall-ink which has the mole ratio of iron to tanroh 3.6:1 (so-called balanced ink) will
theoretically form a non-corrosive writing mediag@Vel, 1995). This was also examined in

this study.

Laboratory prepared inks were grouped into sevearder to determine the effect of

different ink compositions on cellulose degradation
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First Group Experiments

Three iron-gall-inks with iron to gallic acid motatios; 0.17 (ink 3), 1.5(ink 2) and
3.6 (ink1) were prepared and analyzed in ordenvtuate the effect of Fe/Ga ratio on the
degradation of cellulose.

In the preparation of the inks; 100 ml distilledterawas mixed with three different
amounts of gallic acid (Table 2.2), 1.0 g FeSTH,O and 1.0 g gum Arabic. The mixture
was stored in dark colored bottle at room tempeegatu

The compositions of inks in Group 1 are presentetikible 2.2.

Table 2.2Composition of inks in Group 1

Distilled | Gallic acid | FeSQ.. | Gum Mole

Inks Water |C;HgOs.H,O| 7H,O | Arabic ratio
(mL) (9) (9) (9) Fe/Ga

Ink 1 100 0.19 1.0 1.0 3.6

Ink 2 100 0.45 1.0 1.0 1.5

Ink 3 100 4.0 1.0 1.0 0.17

Second Group Experiments
Three iron-gall-inks with copper to iron mole rati@.01 (ink 6), 0.4 (ink 4) and 0.8
(ink 5) were prepared and analyzed. Ink 1 was wsead reference since there is no any

copper in it. The compositions of the inks are giieTable 2.3.

Same procedure as in Group 1 inks were performeldisngroup but with different

amounts of CuSgb HO and same amounts of gallic acid monohydrate.|€TAI3)
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Table 2.3Compositions of inks in Group 2

Distilled | Gallic acid Gum FeSQ. CuSO,. Mole
Inks Water |C;HgOs5.H,O| Arabic 7 H,O 5 H,0 Ratio
(mL) (9) (9) (9) (9) Cu:Fe
4 100 0.19 1.0 1.0 0.36 0.4
5 100 0.19 1.0 1.0 0.72 0.8
100 0.19 1.0 0.01
6 1.0 0.009
1 100 0.19 1.0 1.0 - -
(Reference

Third Group Experiments

Three iron-gall-inks with saffron to iron weightias 0.03 (ink 11), 0.17 (ink 9) and

1.0 (ink 10) were analyzed. Ink 1 is again used esference since there is no any saffron in

it.

The amounts of saffron added to ink solutions weddd according to the old ink
recipes. (Table 2.4) Since it is hard to deterntime molecular weight of saffron, in this

study the weight ratios were used in the calcutatito get the ratio of ferrous sulphate to

saffron. The amounts of saffron in old referencesengiven in Table 2.4.

Table 2.Fhe saffron amounts in old ink recipes
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FeSQ.7 H,O | Saffron | Weight Ratio Reference
(9) (9) Fe:Sa
9 2 4.5 Yaman,1995
3 3 1 Yaman,1995
12 1 12 Yaman,1995
56 8.4 6.6 Nefeszade, 1938




The weight ratio of FeS{¥ H,O to saffron is 5.82s average. Therefore in this

study the ideal weight ratio of iron to saffron veamsidered as 6.

The preparation of saffron solution

5 g saffron stigmas were ground with a clean cpiestle until it becomes a powder.
100 ml cold water was added to this powder. It tes heated and stirred on a magnetic
heater until a homogeneous dye solution was olitaifibe color of the solution is deep
bright orange (Barkeshli, Ataie, 2002). The saffremiution was kept in a dark colored
bottle.

After the ink solutions were prepared accordinth®same procedure used in Group

1 and 2, saffron solution was added in the amoginen in Table 2.5.

Table 2.5Compositions of inks in Group 3

Gum Weight
Inks Distilled | Gallic acid Arabic FeSQ. | Saffron| Ratio | 5%saffron
Water | C;HgOs.H,O © 7 H,O (9) | WsdWee| solution
(mL) (9) (9) (ml)
9 100 0.19 1.0 1.0 0.166 0.17 3.32
10 100 0.19 1.0 1.0 1.0 1 20
11 100 0.19 1.0 1.0 0.03 0.03 0.6
1 100 0.19 1.0 1.0 - - -
(Reference)

Fourth Group Experiments
Two iron-gall-inks (ink 7 and ink 8) containing fifent amounts of copper to iron

mole ratio and the same amount of saffron wereguegb Ink 4 and ink 5 were used as

references for ink 7 and ink 8, respectively.
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Ink preparation procedure was same as those of ptlesious groups. The

compositions of the inks are presented in Table 2.6

Table 2.6Compositions of inks in Group 4

5%
Inks Distilled | Gallic Acid A?;Q?c FeSQ. | CuSQ,. | Saffron| saffron
Water | C;HgOs5.H,O © 7 H,0O | 5H,0 (9) solution
(mL) (9) (9) (9) (mL)
7 100 0.19 1.0 1.0 0.36 | 0.166 3.7
8 100 0.19 1.0 1.0 0.72 0.166 3.7
4 100 0.19 1.0 1.0 0.36 - -
(Reference
5 100 0.19 1.0 1.0 0.72 - -
(Reference

Fifth Group Experiments

Two different iron-gall-inks were prepared accogitn different historical recipes
(ink 12, ink 13) (Senvaitienet al, 2005).

Preparation of ink 12: 16 mL of distilled water ahdnL of 10% acetic acid were
added to 1.0 g of powdered oak galls 0.53 g of REFE0 and 0.53 g of gum Arabic. After
careful grinding the mixture was stored for 8 weekth occasionally mixing in a closed

bottle and then filtered (Senvaitieaeal, 2005). The pH of the final ink solutions was 2.21

Preparation of ink 13: 66.8 mL of distilled watermasvmixed with 7.688 g of
powdered oak galls and mixture was left for 3 ddysthis solution, 2.528 g FeS@H,0,
0.2 g of NaCl, 2 mL of 10% acetic acid and 0.31dgn were added. The obtained mixture
was stored for 2 weeks with intermediate mixing dittéred. The pH of the final ink

solution was 2.03.
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Sixth Group Experiments

Two different green inks prepared according todnisél recipes were analyzed. (ink
14 and ink 15) (Yaman, 1995)

Preparation of ink 14: 10.0 g oak galls were lbile 150 ml distilled water then
10.0 g CuSQ@5 H,O was added and heated for 10 minutes and 2.0gymof Arabic was
added to this mixture. After cooling the solutioasafiltered. The pH of the filtrate was 2.25.

Preparation of ink 15: 5.0 g of Cug® H,0O was added to 50 mL of 8% acetic acid
solution(instead of vinegar) , 15 mL 5% saffronusidn was added and mixed vigorously
for 10 minutes and lastly 2.0 g of gum Arabic wdsded and the solution was filtered. The
pH of the filtrate was 2.58.

Seventh Group Experiments

One red ink (ink 16) was prepared accgrdm the historical recipe (Nefeszade,

1938) composed of cochineal, alum aoapwort(which is a kind of plant) was analyzed.

Preparation of ink 16: 0.4 g soapwowere ground and lapped with a cloth then
boiled in 50 mL distilled water and 6.0 g cochingadt was ground with clean china pestle
until becoming a powder added to the boiling wated 0.25 g alum was added lastly
(Nefeszade, 1938).The amount of the each ingredhethie original recipe was decreased in
the ratio of 1/8. The pH of the final solution3i®91.

All' ink solutions were kept in dark bottles for alb@ week to get stabilization.

2.1.2 Paper Substrate

In the study, purified cotton linters cellulose stse (Whatman filter papers No.1;

86.0 g n¥, degree of polymerisation (DP): 2630, RSD 0.74%)ewesed for applying inks.

3 Soapwort: a kind of plant which belongs to Carydfattgae plant family
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The above mentioned filter papers have been usadvaslel papers in these kinds of studies

since they have no additives.
Paper samples were immersed into the ink solufimna few seconds and dried in
ambient conditions for 24 hours for normalizatidtreliminary studies showed that ink

spreads out homogenously on the paper without ecynaulation.

Paper samples were named with the inks appliechem,teg. Filter paper treated

with ink 1 was called as Sample 1.

2.1.3 Ink content of the samples

Laboratory samples were weighed before and afterirtk application process to
determine their ink contents. The ink contentdhefdamples were given in the Table 2.7.

Table 2nk contents of the samples

Samples Color Ink Content
(9)
1 Black 0.0379
2 Black 0.0246
3 Black 0.0091
4 Black 0.0431
5 Black 0.0486
6 Black 0.0401
7 Black 0.0373
8 Black 0.0437
9 Black 0.0385
10 Black 0.0422
11 Black 0.0387
12 Black 0.0367
13 Black 0.0542
14 Green 0.0722
15 Green 0.0535
16 Red 0.0327
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2.2 Accelerated Ageing

In order to observe long-term effects of inks capgr, accelerated ageing was
performed. By the use of elevated temperaturesnggsa which might require years or
decades to occur under normal service conditionsbeaachieved with much shorter time

periods.

In this study, the ink-treated paper samples veettlemitted to accelerated ageing
procedure according to TS 4839 ISO 5630-1. Theewegtificially aged by exposing them
to 105+2C in the hot-drying unit for 24 days.

2.3 Visual Examination

The photographs of samples were taken by using S8aia DMC- FX8 digital
machine in order to record the visual changes énstimples after accelerated ageing in 24

days.

2.4 pH Measurements

The initial and stabilized acidity levels of inklstons were measured by using
digital pH meter 890, Nel Elektronik (Figure 2.1)

The initial pH measurements were done after thpgyegion of the ink solutions, the
pH electrode was immersed into the ink solution whén the pH values were stabilized the

measurement was taken. The stabilized pH measutsmere also taken after a week.
The surface pH measurements of ink-treated filtgyeps were measured using flat

surface electrode before and after acceleratechg@gdei order to understand the effect of

ageing on papers.
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While taking the surface pH measurements of indated paper samples, a piece of
Mylar, a kind of folio, was placed underneath tlaenple to be tested, a drop of distilled
water was placed on the sample and the flat eldetithen placed on the droplet and it was
allowed to marinate for about one minute. Whendisplay has stabilized the proper reading

was taken (Verheyen, 1989). (Fig. 2.2)

Figure 2.1 Surface pH Measurements

Figure 2.2 Flat surface electrode

2.5 Color Spectrophotometry

Molecular modifications formed by the degradaticgaations in the cellulose
polymer causes chromatic changes. These chrontsditges can be measured by the CIE
Lab system- the standard color model establishedth®y Commission Internationale

d’Eclairage (Sequeira et al, 2006).
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The CIE L*a*b* space is a standard commonly useth@paint, plastic, and textile
industries. Lightness, L*, is a quantity that measuhe percentage of total solar spectral
reflectance in relation to a pure white surfaceisa# measure of the degree red - green; and
b* characterizes the quantity of yellow — blue (Kig 2.3) (Havlinovaet al,2002) the

corresponding polar coordinates are chroBiga?+bh?)2

and hue angleH: atan(b/a).
The total color difference, E*, was calculated according to equation
2.1(Csefalvayovat al, 2007) given below whereL*= L ,-L;; a*=a-a; b*= b,-b;are the

differences calculated for aged samples (2) ancdged samples (1)

Ex= (( L%+ a@)*+( 09" (2.1)

Figure 2.3Color Model for L*a*b* values (Bicchieringt al,, 2005)

In order to examine the effect of the ink compositbn the paper, the colorimetric
measurements of the ink-treated paper samples al@ened by the use of Ratacolor
Mercury 2000 Color spectrophotometer in D65/10° enoddefore and after ageing
procedures. A background measurement was takerr idetgical conditions, using a non-
treated paper sample. For each colorimetric valuengerage of five measurements was

calculated.

Colorimetric measurements were realized in the MEJ8dtral Laboratory.
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2.6 UV-Visible Spectroscopy

The ink solutions were analyzed using Spekol UV-4fisctrophotometer, Carl Zeiss
Technology in order to examine the effect of ingradients on inks. The ink solutions were

scanned in the visible region between 400-800 nanspiectral bandwidth of 2 nm.

First, baseline was recorded using distilled waera blank solution then the

spectrum of each solution was recorded againsb#ssline.

In order to obtain clear spectra, the ink solutiaese filtered through Whatman No.
41 filter paper and diluted to get convenient abance value (~0.8) by distilled water

before analysis.

2.7 FTIR Spectroscopy

FTIR spectroscopy has been widely used in chaiaatem of ink components on
paper based materials. It provides information lo@ &ctual paper-ink interactions. The
spectra display certain bands that are typicalpfticular groups of atoms and which are

defined by definite ranges of frequencies and siters in the IR spectra.

In this study, reflection technique, attenuatedltotflectance (ATR) is used since
transmission techniques require the removal of sparéicles from the ink-treated surface
(Ferrer and Sistach, 2005). ATR method is esggadimeful when the sample is either too
thick or can not be destroyed, separated or maatigal

In ATR technique; it is important to provide a peif contact between the ZnSe
crystal and sample. The ZnSe crystal of the objeds pressed against the sample and a

single reflection penetrates the sample slightri@ and Sistach, 2005).
The FTIR spectra of ink-treated paper samples wbtained with Hyperion 2000 IR

microscope attached to a Bruker FTIR spectromatedel IFS66/Swith ATR objective in

the spectral range of 4.000 to 600 ctmith a resolution of 8 cth 200 scans were taken in
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order to obtain an appropriate signal-to-noiseorair was taken as a background in order

to determine the influence of ink and ageing onepap

The measurements were obtained before and afteelesated ageing. FTIR

measurements were realized in the METU Central tatboy.

Figure 2.4 FTIBpectrometer with ATR objective
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CHAPTER 3

RESULTS AND DISCUSSION

Results of the experiments were discussed with the heagivegs below.

3.1 Visual Examination

The color of the samples was changed after actetbgeing at 106 and dry

condition during 24 days. The visual change siheecblor of the samples can be seen in the
Figures 3.1-3.16.

GROUP |
Before Age. After Age. Before Age. fier Age. Before Age. After Age.
Figure 3.1 Sample 1 Figure 3.2Sample 2 Figure 3.3Sample 3

46



GROUP I

Before Age. After Age.

Figure 3.4 Sample 4

GROUP llI

Before Age. After Age.

Figure 3.7 Sample 9

GROUP IV

Before Age. After Age.

Figure 3.10 Sample 7

Before AgeAfter Age.
Figure 3.5Sample 5

Before Agafter Age.
Figure 3.8Sample 10

Before Agafter Age.
Figure 3.11Sample 8
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Before Ag. After Age.
Figure 3.6Sample 6

Before Age. After Age.
Figure 3.9 Sample 11



GROUP V

Before Age. After Age.
Figure 3.12 Sample 12

GROUP VI

Before Age. After Age.

Figure 3.14 Sample 14

GROUP VI

Before Age. After Age.
Figure 3.16 Sample 16

Before Age. fier Age.
Figure 3.13Sample 13

Before Ageifter Age.
Figure 3.15Sample 15
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In groups 1, 2, 5 and 6 considerable color chamgee observed after ageing. This
change may be attributed to the increase in thgexyontaining groups such as carbonyls
and carboxylic acid formed in the cellulose duedtgradation. These groups are the
chromophores that cause changes in the polymer @wlm colorless to yellow and even

brown.

When compared to the group 1,@ &rthe color change in group 3, 4 and 6 was
slighter. In group 3 and 4, there is saffron in thles that applied on filter paper and by
adjusting the pH, saffron prevents the cellulosemfrdegradation. In group 6, the stable

pigment carmen was used so less color change veasvadl in that sample.

In group 7 (sample 16) color change was almostigibig.

3.2 pH Measurements

The initial pH measurements of the inks solutiomseacarried out at 5 min after the
preparation of the inks and stabilized pH valueseweeasured 4 hours after the preparation.
The results of the pH measurements are presentad ifable 3.1.

Table 3.1pH values of initial and stabilized ink solutions

Ink Number pH after 5 min. pH after 4 hours
1 2.65 2.24
2 2.78 2.34
3 2.82 2.38
4 2.85 2.41
5 2.88 2.49
6 2.83 2.35
7 3.19 3.05
8 3.42 3.27
9 3.21 3.09
10 3.51 3.38
11 231 2.06
12 2.51 2.21
13 2.40 2.03
14 2.45 2.25
15 2.72 2.58
16 4.23 3.91
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Decrease in the pH of the solutions after 4 houay e due to the production of
sulfuric acid (a by-product of the complex formatbion iron-gall-inks, or oxidation of the

excess ferrous sulphate by oxygen from air as egorésented in Reaction 1.2.

The surface pH values were measured before andagfééng in order to determine

the change in the acidity of the samples afterragei

The surface pH measurements of the samples befode after ageing were

presented in Table 3.2.

Table 3.2pH values of the samples before and after ageing

Sample Number pH pH> pH
1 4.12 2.96 1.16
2 4.2 3.17 1.0¢
3 4.26 3.15 1.11
4 4.2z 3.2¢ 0.9¢
5 4.28 3.33 0.95
6 4.15 3.20 0.95
7 4.82 4.68 0.14
8 5.10 4.89 0.21
9 4.8t 4.6% 0.22
10 5.14 4.92 0.22
11 3.9¢ 3.5¢ 0.34
12 4.08 2.89 1.19
13 3.93 2.31 1.62
14 3.85 2.23 1.62
15 3.95 2.85 1.10
16 5.6¢ 5.22 0.4¢€

The pH values of the ink-treated paper samples higleer than the pH values of

ink solutions (Table 3.2) since the pH value d&filpaper is around 7.

In group 1, the pH values of the paper samplegedewith three iron-gall-inks
(having iron to gallic acid mole ratios of 0.17 (g&e 3), 1.5 (Sample 2) and 3.6 (Sample
1)) were measured before and after ageing. Tihid was the least in sample 2 while the
most decrease in pH values was observed in sampldch was the most degraded sample
in this group. The pH was almost constant with the value of 1.12 as a@eefar this group.
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In group 2, the pH values of the paper samplededewith three iron-gall-inks
having copper to iron mole ratios of 0.01(Sampled6} (Sample 4) and 0.8 (Sample 5) were
measured. Sample 1 was used as a reference sereeismo any copper in the ink applied
on it. The decrease in the pH values of the sampéssnearly same. The different copper
amounts of the inks can not be said to cause daygtain the pH values of the samples on

ageing. The pH was almost constant with the value of 0.95 as @eefar this group.

In group 3, the pH values of the paper sampledddewith three iron-gall-inks
having saffron to iron weight ratios of 0.03 (Saepll), 0.17 (Sample 9) and
1 (Sample 10) were measured. Sample 1 was agaihassa reference since there was no
any saffron in the ink applied on it. The effectsaffron on the pH change after ageing was
significant especially for the samples 9 and 10clhcontain considerable amounts of
saffron. pH was almost constant with the value of 0.26 as a@eefar this group. Among
the groups studied the smallest value pH was observed in the samples of this group.

In group 4, the pH values of the paper samplesedesith two iron-gall-inks
containing different amounts of copper to iron m@#&o and the same amount of saffron;
Cu/Fe: 0.4 and 0.17 g saffron (Sample 7), Cu/R&:abd 0.17 g saffron (Sample 8) were
measured. Sample 4 (Cu/Fe: 0.4) and sample 5 (CQ/Be were used as references for

sample 7 and sample 8, respectively.

In group 5, the pH values of the samples treatatl wio different iron-gall-inks
prepared according to different historical recif®ample 12, sample 13) were measured.
The pH decrease was more significant in samplenaB sample 12 due to the presence of
gum Arabic in the ink 12. Gum Arabic helps to kebp pH of the ink solution constant.
Moreover the presence of alum may also be effedtiibe smaller pH that was present in
ink 13.

In group 6, paper samples treated with two diffegneen inks prepared regarding
historical recipes were measured (sample 14 anglsat®). The pH change was smaller in

sample 15 due to the presence of saffron in inkliife there was no any saffron in ink 14.

In group 7, the pH value of paper sample treateith wed ink; sample 16 was

measured. ThepH of sample 16 was one of the smallest regardirgamples.
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In all samples, as expected the pH decreased agf&ing. Although the samples
treated with saffron contained inks (sample 9, 11,7 and 8) and the sample 16 (treated
with red ink) showed smaller decrease after ageihgn compared to other samplegpH
varied between 0.14-0.34 with the average value.23 whereas thepH of others varyied
between 0.46-1.62 with the average value of 0.93.

3.3 UV-Vis Spectroscopy

UV-Visible spectroscopy is an effective tool forachcterization and qualitative

analysis of the compounds.

In this study, laboratory prepared ink solutionséhdeen analyzed in order to
determine the specific features of different inkepehding on their chemical composition
using UV-Vis spectroscopy. In the analysis, theodance of the aqueous solutions of inks

has been examined in the region of 400-800 nm.

As it is mentioned before, the experiments doneckassified into seven groups. In
the first group, the effect of iron to gallic agigtio on iron-gall-inks has been investigated,
in the second group the effect of copper to irdimran iron-gall-inks, in the third group the
effect of saffron on iron-gall-ink, in the fourthraup the effect of saffron on copper
containing iron-gall-inks, in the fifth, sixth argbventh groups black, green and red inks

prepared according to the to original recipes vegrayzed.
First Group Experiments
Three iron-gall-inks with iron to gallic acid malatios; 0.17 (ink 3), 1.5 (ink 2) and

3.6 (ink 1) were analyzed in order to evaluate dfiect of Fe/Ga ratio on complex

formation.

Gallic acid does not absorb energy in the visiblgion. After addition of gallic acid
monohydrate to ferrous sulphate, new absorbancd bppeared. Spectra exhibited wide
spectra having maxima between 560 and 600 nm. ditserbance band is the result of
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colored complex formed by gallic acid with iron)(l{See Reaction 1.3). The complex

formation depends on metal ligand ratio and pHhefrhedium.
It was seen that the complex formation is slowtotik about 4 hours to increase

absorbance maximum from 0.38 to 0.62 (Fig.3.178 &uid Fig.3.19). This increment was

seen for the inks 2 and 1.

Figure 3.17Absorption spectrum of ink 3 (Fe/Ga: 0.17) afteniButes (o= 560 nm;
Ama= 0.3824)

Figure 3.18Absorption spectrum of ink 3 (Fe/Ga: 0.17) aftem3i@utes (ma= 560 nm;
Ama= 0.5781)
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Figure 3.19Absorption spectrum of ink 3 (Fe/Ga: 0.17) aftdrolirs (ma= 560 NM; Ana=
0.6234)

Figure 3.20Absorption spectrum of ink 2 (Fe/Ga: 1.5)4= 590 nm; A.a= 0.7874)

In ink 1 the iron to gallic acid ratio was maximiz¢hat was 3.6 and it gave an
absorption band with maximum at 600 nm and maxinabsorbance as can be seen in
Figure 3.21.

Figure 3.21Absorption spectrum of ink 1(Fe/Ga: 3.6),4= 600 nm; A= 1.0983)
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The values of ,xand Ay« are presented in the Talll&.

Table 3.3 haxand Anax Values of the inks in Group 1

Ink pH Fe/Ga | max Amax
(nm)
1 2.24 3.6 600 1.10
2 2.34 15 590 0.78
3 2.38 0.17 560 0.62

With increasing iron to gallic acid ratio from 0.1 1.5 . of the spectrum shifted
to longer wavelength. In other words,.x of 560 nm became 590nm. Besides, value of
maximum absorbance also increased namely from @6278. (Table 3.3) Shifting the
wavelength to higher value and increasing the ddasme may be due to the formation of

two or more different complexes between iron antiogacid.

Still increasing the iron to gallic acid ratio to63resulted in shifting max toward

longer wavelength (600nm) and increasing maximusodiance of 1.10.

Consequently, it can be said that maximum absosbaravelength and absorbance

values increase as the ratio of iron to gallic actleases.

Second Group Experiments

Three iron-gall-inks with copper to iron mole ratiof 0.01(ink 6), 0.4 (ink 4),

0.8 (ink 5) were analyzed. Ink 1 was used as agrbe since there is no any copper in it.

The visible spectra of the ink samples; ink 6, nkand ink 4 are given in Figures
3.22, 3.23 and 3.24, respectively.
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Figure 3.22Absorption spectrum of ink 6 (Cu/Fe: 0.01}4{= 590 nm; Aya= 0.9756)

Figure 3.23Absorption spectrum of ink 4 (Cu/Fe: 0.4).4=575 nm; Ana= 0.7894)

Figure 3.24Absorption spectrum of ink 5 (Cu/Fe: 0.8),£=560 nm; A= 0.5873)

The values of ,xand Ay« are presented in the Tall3ld.
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Table 3.4 xand Ana Values of the inks in Group 2

Ink pH Cu/Fe | max Amax
(nm)
4 241 0.4 575 0.79
5 2.49 0.8 560 0.59
6 2.35 0.01 590 0.97

With increasing copper to iron ratio from 0.010@, .ax shifted toward shorter
wavelength from 590 to 560 nm, and maximum absadaiso decreased from 0.97 to
0.59. Cd' ions can oxidize the gallic acid and prevent thelating property of it by
decomposing its phenolic structure so it prevehes domplex formation. Also, Glions
may oxidize Fe (ll) to Fe (lll) due to following Retion 3.1 (Matochat al, 2005). The
lower the complex formation the lower is the absoe. (Fig. 3.22-3.24) (Table 3.4)

T F&* Cu + Fée* (R.3.1)

Third Group Experiments

Three iron-gall-inks having saffron to iron weiglatios of 0.03 (ink 11), 0.17 (ink
9), 1(ink 10) were analyzed. Ink 1 was again used geference since there is no any saffron
in it.

Figure 3.25Absorbance spectra of ink 11(Sa/Fe: 0.03),€ 590 nm; A= 1.1230)
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Figure 3.26 Absorption spectrum of ink 9 (Sa/Fe: 0.17)4=575 nm; Ana= 1.2864)

Figure 3.27 Absorption spectrum of ink 10 (Sa/Fe: 1} 4= 560nm; Ay.= 1.5073)

The values of ,and Anax are presented in the TalBl&.

Table 3.9 axand Anax values of the inks in Group 3

Ink pH Sa/Fe | max Amax
weight ratio (nm)
9 3.09 0.17 575 1.30
10 3.38 1 560 151
11 2.06 0.03 590 1.12

With increasing saffron to iron weight ratio from08 to 1.0, nax Shifted toward
shorter wavelength from 590 to 560 nm and maximisoebance increased from 1.12 to

1.51. (Fig.3.25-3.27) (Table 3.5)
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The change in . and absorbance maximum can be due to buffer effesaffron

and this may increase the degree of complex foomdtetween iron and gallic acid.

As pH increases the degree of complexation inceeasee at very low pH @),
most of the ligands remain protonated and onlyvalisnding sites may be available for a
metal ion (Magsood, 1991). Also the aldehydes endhemical composition of saffron such
as safranal can reduce theFens to F&*ions and decompose the complex forming new

complexes.

Fourth Group Experiments

Two iron-gall-inks containing different amounts @fpper to iron mole ratio and
same amount of saffron; Cu/Fe: 0.4 and 0.17 gaaffink 7), Cu/Fe: 0.8 and 0.17 g saffron

(ink 8) were analyzed. Ink 4 and ink 5 were usedreisrences for ink 7 and ink 8,

respectively.

Figure 3.28Absorption spectrum of ink 7 (=565 nm; Ana= 0.9854)

Figure 3.29Absorption spectrum of ink 8 (=550 nM; Ana= 0.7764)
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The values of and Anax are presented in the TaBBlé.

Table 3.6 haxand Anax values of the inks in Group 4

Ink pH

I I max Amax
(nm)
7 3.05 565 0.98
8 3.27 550 0.78

Similar to its effect on iron-gall-inks, saffrowhen added to copper containing iron-
gall-inks, increased the pH of the medium and chwseincrease in maximum absorbance
value and decrease the wavelength of the maximworbance (Fig.2.6.11 and 2.6.12) when

compared to the inks without saffron. (Fig.3.28 8ri2D) (Table 3.6) This may be due to the
buffer effect of saffron and pH effect opxandAnax as explained before.

Fifth Group Experiments

Two different iron-gall-inks prepared accordingditferent historical recipes (ink
12, ink 13) were analyzed (See Table 2.7).

Figure 3.30Absorbance spectra of ink12.6,= 585nm; A= 0.9018)
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Figure 3.31Absorption spectrum of ink 13 4= 590 nm; A= 0.8863)

The values of and Anax are presented in the TalBlg.

Table 3.7 naxand Anax Values of the inks in Group 5

Ink pH [ max Amax
12 2.21 585 0.90
13 2.03 590 0.89

Absorption maximum and wavelength maximum gave laimesults for these two
inks in other words na for ink 12 and ink 13 corresponded to 585 nm a@@ &m,
respectively. This value is the absorbance valuthefcolored complex between iron and
gallic acid. The ingredients of ink 13 such as Klf)..12H,0 and NaCl and oak galls used
instead of gallic acid which was also used in igkdid not make a considerable difference in

the absorbance wavelength of the complex (ferrfogsilate) as expected.

On the other hand, absorbance maxima were someliffeaent, ink 12 has greater
absorbance (0.90) than ink 13 (0.89), these stigfarences may come from the difference
of pH of the ink solutions. (Table 3.7) The diffece in pH of the inks may be due to the
fact that ink 13 has alum in its content and aluay ract as acidifying agent and the presence

of gum Arabic in ink 12 which is said to adjust tht¢ of the inks.
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Sixth Group Experiments

In this group, two different green inks (ink 14 am# 15) which were prepared
regarding historical recipes were analyzed. (Sd#eT2a 8)

Ink 14 contained copper (II) sulphatatpbydrate and oak gall sap whereas ink 15

contains copper (1) sulphate pentahydrate, saffrwhvinegar.

Figure 3.32Absorption spectrum of ink 14 §,=800 nm; A,.,=0.5796)

Figure 3.33Absorption spectrum of ink 15 {5,=800 nm; Ana= 0.6247; Ays=0.4357)
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Figure 3.34Absorption spectrum of saffron exract,{,=410 nm)

The values of and Anax are presented in the TalBle.

Table 3.8 xand Anax values of the inks in Group 6

In k I I max Amax
(nm)

14 800 0.58

15 800 0.62

Ink 14 gave the absorbance maximum at 800 nm wiveh due to the copper (II)
sulphate penta hydrate. It shows that copper doeform a new complex with gallic acid.
(Figure 3.32)

Ink 15 was composed of saffron, copper (Il) sulphzgnta hydrate and vinegar. The
visible spectrum of the ink gave two peaks in ttsiole region; one is at 405 nm which was
thought to belong to saffron (due to the literatarel spectrum of pure saffron shown in
Figure 3.34) and the second one was at 800 nmbtilahgs to copper (II) sulphate penta
hydrate. (Figure 3.33)

Seventh Group Experiments

One red ink (ink 16) prepared according to theohisal recipe (Nefeszade, 1938)
composed of cochineal, alum and soapwort whichriggdo Caryophyllaceae plant family

was analyzed.

The ink gave an absorption maximum at 500 nm &hdlongs to the carminic acid

found in cochineal due to the literati&hitneyet al, 2007) (Figure 3.34)
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The presence of alum and soapwort in the ink did hrave any effect on the

absorption peaks for visible region. (Figure 3.35)

Figure 3.35Absorption spectrum of red ink{»=500 nm; Ay.= 0.8759)

Figure 3.36Absorptionspectrum of carminic acid (Whitney al, 2007)

The values of and Anax are presented in the TalBl®.

Table 3.9 ,.xand An., values of the red ink

In k I I max Amax
(nm)
16 500 0.88
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3.3 Colorimetric Analysis

Ink-treated paper samples were scanned by theimeltar in the wavelength region

of 400-800 nm before and after accelerated ageing.

Results have been given in the Table 3.10, fortie&ted paper samples before

ageing as Xand after ageing as,X

Colorimetric results have been presented in thobericnetric parameters; Lightness
(L*), value for red-green axis (a*) and value failpw-blue axis (b*) and total color change
( E.

Presently, totally 16 ink samples have been studied each sample, colorimetric
measurements have been done on five differentgointhe sample. The results were given
as the average of these five measurements. Thesltsrbave been summarized in Table
3.10.

Table 3.10Results of the L* a* b* values of the samples befand after ageing

Sample§ L*; A*, b*, L*, a*, b*, E*
1 53 1.94 -12 46.43 2.21 1.64 15.14
2 42.35 1.69 -2.08 38.94 1.76 8.72 11.33
3 42.36 141 -9.22 39.08 1.56 3.36 13.00
4 52.67 1.41 -8.34 4477 1.88 7.31 17.54
5 55.85 1.53 -8.49 47.55 2.03 10.71 20.92
6 52.41 2.05 -12.21  45.1] 2.36 1.8 15.80
7 56.39 1.05 -6.89 53.43 1.08 3.9% 11.24
8 59.14 0.58 -2.13 55.43 0.6 10.32 12.99
9 44.82 2.08 -10.424  43.54 2.19 -3.71L 6.83
10 46.51 0.26 -2.97 45.47 0.28 3.56 6.61
11 42.11 2.02 -11.49  39.21 2.17 -0.911 10.93
12 52.64 1.68 -9.47 47.1 1.83 0.27 11.21
13 40.51 1.09 -5.66 37.94 1.17 8.8% 14.74
14 81.98 -22.7 7.06 38.54 4.81 19.72 52.95
15 81.75 -24.3 10.07] 47.49 1.66 20.45 44.22
16 62.92 2558| -17.74 6171 21.1p -9.58 9.39

L* ;. Lightness value before ageiray,: value for red-green axis before ageing;

b*,: value for yellow-blue axis before ageing;,: Lightness value after ageing

a*,: . value for red-green axis after ageitdy,: value for yellow-blue axis after ageing
E*: Total color change after ageing
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Changes in color coordinates; L*, a*, b* Values

On ageing changes can be observed in the lightofetise paper samples, paper
becomes darker due to degradation. The darkening bbeadue to the formation of ink
degradation products such as purpurogallin (stracBil) and ellagic acid (structure 3.2)
which formed when the sulphuric acid and other aidinks break down the cellulose and
the colorants of the ink (Sequiehal, 2006). The browning in the ink can also be caused

the gallic acid oxidation reaction (R.3.2).

L-axis extends from O (black) to 100 (white). Ag ttample darkens, L* value of it

decreases so the negative value lof (L* ,-L* ;) corresponds to the darkening.

Structure 3.1 Purpurogallin Structure 3.Ellagic acid

¥és phenol  FE* +% quinone +H (R.3.2)

By investigating the changes in the lightnesghefink-treated samples after ageing
changes in a* and b* values were evaluated. Ineréasa component in the chromatic
coordinates can be due to the gallic acid oxidateattion (Reaction 3.2) and the oxidation

of cellulose catalyzed by the metal ions?{FEW™") present in ink.

In the oxidation of cellulose, oxygen is absorbéctertain sites on the cellulose
molecule and causes an increase in oxygen congaigioups such as carbonyls and
carboxylic acids. Carbonyl groups formed in thelutese oxidationreactions are
chromophores that cause changes in the polymer @wlm colorless to yellow and even
brown when they are present as part of a conjdgatstem (Sequeiret al, 2006).

At low pH, rate of F& reduction to F&€ increases and the increase in the
concentration of this powerful cellulose oxidati@atalyst contributes the oxidative
degradation of cellulose (Sequegtaal., 2006).
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There were significant changes especially in btiga] an increase was observed in
the b* values after ageing that corresponds toesme in yellowness. The change in this
coordinate is due to the decomposition of the gtafilue iron-gall complex to yellow-
brown products.

First Group Experiments

In this group, paper samples treated with three-gall-inks with iron to gallic acid
mole ratios; 0.17 (Sample 3), 1.5 (Sample 2) avd(Sample 1) were analyzed before and
after ageing in order to investigate the effecFefGa ratio on darkening of the cellulose.

Colorimetric analysis results of those samplegjaren in Table 3.11.

Table 3.11Changes in L*a*b* values of the samples in Group 1

Sample Fe/Ga L* a* b*
mole ratio
1 3.6 -6.57 0.27 13.64
2 1.5 -3.41 0.07 5.83
3 0.17 -3.28 5.83 12.58

With increasing ratio of Fe to Ga from 0.17 to 3.6* became rather more minus,
from -3.28 to -6.57. This can be attributed to fihet that the darkening is the result of the
excess free Eéions in the ink. Ink 2 had much more iron than & kowever there was no
so much difference between the* values of the two samples. Sample with highest ito
gallic acid ratio had the largest* value about -6.57 due to the highest amount>afess
Fe''ions.

The results of the change in lightness showed Fb#Ba ratio have some effect in

the darkening of the paper, it is considerable wtheramount of the iron increases.

The increment in a* and b* values as the Fe/Ga mole ratio increased was an
expected result since the excess of' kans act as catalyst in the oxidation reaction of
cellulose and this reaction results in chromatiandes in the cellulose. But, sample 3

although having less iron content had greatgrand b* values than sample 2.
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The increase in the chromatic values of samplenlbeaexplained by the oxidation
reaction of cellulose catalyzed by the excess Feé ions. The increase in the chromatic
values of sample 3 that had lowest Fe/Ga ratio triighattributed to the reducing agent

property of gallic acid as many polyphenols.

The reduction potential of gallic acid/quinonidca¢0.799V) is so close to that of
Fe*/F€"(0.771V) that it may undergo redox processes with' Bnd forms F€ and
qguinonic acid (Reaction 3.2). So it might be sugggkshat high gallic acid content causes
high oxidation of cellulose (Rouchon-Quillet al, 2004). Also the color changes may be
due to the color difference betweerf'Fand F&".

As it can be seen from the plot, sample 2 had e¢hstl b* value that was treated
with the ink which had the mole ratio of Fe/Ga di.ITherefore, it can be said that this mole

ratio is the ideal ratio for a non-corrosive iroallgnk.
Second Group Experiments

In this group, the paper samples treated with thegall-inks with copper to iron
mole ratios of 0.01 (Sample 6), 0.4 (Sample 4) @B8d(Sample 5) were analyzed. Sample 1
was used as a reference since there is no any rcopgiee ink applied. The purpose was to
investigate the effect of copper on paper degradatColorimetric analysis results of those
samples are given in Table 3.12.

Table 3.1Zhanges in L* a* b* values of the samples in Gr@up

Sample Cu/Fe L* a* b*
mole ratio
4 0.4 -7.9 0.47 15.7
5 0.8 -8.3 0.50 19.2
6 0.01 -7.3 0.31 14.0
1 - -6.6 0.27 13.6

With increasing copper to iron mole ratio from Qd® 0.8, L* absolute values

increased but not considerably from -6.6 to -8.3.
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Sample 1 had the least change in lightness sineee tivas no copper in ink 1.
Although there was much more copper in ink 4 arld 3nwhen compared to ink 6, the

change in lightness of samples treated with themwsH no considerable differences.

This means all three have amount of copper thalréady greater than necessary to
give high amount of darkness. This required amaoight be corresponding to the amount
present in ink 6 which is 0.009 g considering igathess results, copper can be said to have

a little effect in the darkening of the paper atigeing.

Copper ions have known to be corrosive for the papecatalyzing the oxidation of
cellulose and it is hard to understand the degifeexalation from the change in the
lightness, oxidation can cause changes in the abawmalues. With increasing amount of
Cu/Fe mole ratio from O to 0.8, the* values increased from 0.27 to 0.5 which wasanot
considerable difference. Similar consideration aetso be said for theb* values, only a

relatively high increment can be seen in sample 5.

Third Group Experiments

In this group, the paper samples treated with thireegall-inks with saffron
to iron weight ratios of 0.03 (Sample 11), 0.17n(pke 9) and 1 (Sample 10) were analyzed.

Colorimetric analysis results of those samplegjaren in Table 3.13.

Sample 1 was again used as a reference sincewesr@o any saffron in the ink
applied. The purpose was to investigate the intiipiteffect of saffron on iron-gall-ink
corrosion. Since saffron can resist a wide rangepMf variations. The existence of
dicarboxylic acid and its esters (crocin, caretdnesters and crocetin) and nitrogen
compounds in the chemical composition of saffromuldobe responsible for its high
resistance to pH change. Unsaturated di-carboxadid involves 16 carbon atoms in the
main chain. All carbon atoms and oxygen of carbsmdve sphybridization; the whole

system is conjugated and has a highly stable emespnance (Barkeshli and Ataie, 2002).
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Table 3.1%hanges in L* a* b* values of the samples in Gr8up

Sample Fe/Sa L* a* b*
Weight
ratio
9 0.17 -1.27 0.11 6.71
10 1 -1.04 0.02 6.53
11 0.03 -2.86 0.15 11.95
1 - -6.57 0.27 13.64

With increasing weight ratio of saffron to iron o0 to 1, the change in the
lightness decreased. Sample 1 darkened more tbasthiers; samples 11, 9 and 10 seemed

to be more durable.

When sample 9 and sample 10 were compared it wais et the change in
lightness was almost same. This may be attribuidtie fact that the effect of saffron was
highest as in the sample having the ratio of Oidgteasing the ratio of Sa/Fe to 1 did not

make considerable change in the lightness.

Increasing amount of saffron caused decrease mothat and b* values. This

effect was more pronounced in thie* values of the samples.

When the sample 1 and 11 are compared a decreasebsarved both in thea*
and b* values but not considerable although the difieeein the samples 9 and 10 was
more significant. This means that the amount dir@afin ink 11 was not enough to prevent

it from being so corrosive.

The b* values of samples 9 and 10 were already the savhi&h contain the
optimum about 0.166 g saffron which was the amadhvised in historical recipes.(Table
2.4) Above and below this value, its effect was-pnbwmious.

This effect of saffron can be attributed to thefbwéffect of it. The ink samples with
saffron have higher pH value than ones withoutreaffin strong acid conditions, gallic acid
will not form stable complexes with iron. Sincevary low pH, most of the ligands remain

protonated and the available binding sites decriashe metal ion (Magsood, 1991). Also
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at low pH values, the reduction ofF¢o F€" by the gallic acid (Reaction 3.2) increases. As

the amount of Fé ions increases, the oxidation of the cellulosedases.

Moreover, in less acidic medium the acidic hydridysf cellulose also decreases.

Besides its buffer effect, saffron filters the ligthus it can prevent color change of samples

due to the light.

Considering the results of this group, it can hid #aat saffron inhibits the iron-gall-

ink corrosion.

Fourth Group Experiments

The paper samples treated with two iron-gall-inkataining different amounts of
copper to iron mole ratio and the same amount fifosg Cu/Fe: 0.4 and 0.17 g saffron
(Sample 7), Cu/Fe: 0.8 and 0.17 g saffron (SampleeBe analyzed. Sample 4 and sample 5
(Table 2. 3) were used as references for sampéa®l B, respectively. Colorimetric analysis

results of those samples are given in Table 3.14.

Table 3.14Changes in L* a* b* values of the samples in Grdup

Sample Cu/Fe Amount L* a* b*
Mole of saffron
ratio (9)
7 0.4 0.17 -2.96 0.03 10.84
8 0.8 0.17 -3.71 0.02 12.45
4 0.4 - -7.90 0.47 15.65
5 0.8 - -8.30 0.50 19.20

When samples 4 and 7 were compared, it was seerththahange in lightness is
greater in sample 4 although they have same anudwapper. This can be attributed to the
buffer effect of saffron. The same results weragdvédr the samples 5 and 8. The results

showed that samples treated with saffron contaimikg (sample 7, 8) darken less than

others (samples 4, 5).
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When the a* and b* values of samples 4 and 7 that have the sameumatrod
copper were compared it can be seen that sampégraded more due to the presence of

saffron in sample 7. Similar consideration can sedufor the samples 5 and 8.

Samples 7 and 8 seemed to be more stable dueitdhifeer pH. As mentioned
before at low pH, both the hydrolysis and oxidatdrcellulose increase. However, the value
of pH is important, especially for the copper iofsnce interaction of copper ions with
cellulose occurs in both acidic and alkaline caondg. Copper is capable of catalyzing the
oxidation of cellulose in a wide pH range and caagtensive depolymerization of the
cellulose chain (Banik, 1989). At low pH mediumpper ions catalyze the oxidation on the
anhydroglucose ring while iron ions catalyze theaghge of the cellulosel, 4-glycosidic
bond (Budnaet al, 2004) whereas in alkaline environment, the oxigatlecomposition of
cellulose catalyzed by copper ions leads to foromatif reducing groups which together with
copper ions present, react according to Fehlingtiea (Banik, 1989). The pH value of

about 5.5-6 is the optimum value for both coppet iaon ions (Strlicet al, 2003).

Therefore saffron solution can be a good inhibftor the degradation caused by

copper ions since it can resist pH change for @\pid range.
Fifth Group Experiments

Samples treated with two different iron-gall-ink&afmple 12, sample 13) prepared
according to different historical recipes were gpnatl. (See Chapter 2.1.1) Colorimetric

analysis results of those samples are given ineTals.

Table 3.1%hanges in L* a* b* values of the samples in Gréup

Sample L* a* b*
12 -5.5 0.15 9.74
13 -2.6 0.08 14.51

Sample 12 showed greater change in lightness tivaple 13. The reason for this

might be the presence of gum Arabic in ink 12.
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The darkening of cellulose may be attributed ® diecomposition of gum Arabic.
In a study in 2003 (Bletoat al), it is observed that gum Arabic is degraded atersibly if
it is not alone during the ageing; it is degradgddpastically in the presence of ferrous
sulphate. Some degradation products could be galacacid and its lactone and the lactone

of arabinonic acid (Bletoat al, 2003).

Sample 13 showed greater change in b* value thanpleal2. The reason for this
might be the presence of gum Arabic in ink 12. althh having said to be accelerating the
darkening of cellulose, gum Arabic keeps the pkhefink solution more stable. Moreover,
ink 13 contained alum of about 0.3 g and it mayaacan acidifying agent and decreased the
pH of the medium. Therefore having lower pH, sanielegraded more tha sample 12.

Sixth Group Experiments
In this group, paper samples were treated with dvfferent green inks (sample 14
and sample 15) prepared according to the historegipes were analyzed. (See Chapter

2.1.1) Colorimetric analysis results of those sasplre given in Table 3.16.

Table 3.18hanges in L* a* b* values of the samples in Gréup

Sample L* a* b*
14 -43.44 27.51 25.96
15 -34.26 12.66 10.38

The change in lightness in green inks was so dratihen two samples were
compared, the sample 15 darkened less than sadpWHen the a* and b* values of the
samples were compared, it was observed that thplsalh degraded less than sample 14

but not so considerably.

This difference might be attributed to the bufféieet of saffron providing a less
acidic medium and this reduced the degradatiorticgescof copper ions. But it was obvious
those samples treated with both green inks werenttst degraded samples that may be due

to the corrosiveness of the copper.
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Besides the cellulose oxidation catalyzed by coppes, drastic changes in the
chromatic values of the samples may also be dubea@cidic hydrolysis of cellulose that
caused by the CuS@ the ink.

Seventh Group Experiments
Red Ink

Paper sample treated with red ink to prepare sarhpleand it was analyzed.

Colorimetric analysis results of the sample aregin Table 3.17.

Table 3.11Changes in L* a* b* values of the red ink
Sample L* a* b*

16 -1.21 4.46 6..17

Changes in E* Values

The comparison of the total color differenc&*, values of the all samples can be
seen in the Figure 3.37. The change in the E* vahevs the changes in lightness (L*), a*

and b* value and calculated using the followingagtn:

Br= (L) % (@)% ()2
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Sample Number

Figure 3.37E* values of the all of the samples
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As can be seen in the Figure 3.37, sample 16 whih treated with the red ink
composed of cochineal and alum was the one of tis stable inks together with sample 9
and sample 10. It can be due to the fact that caecraicid the main ingredient of the sample

16 is a stable pigment.

Other stable samples were the ones treated witfosafontaining inks (Sample 9,
10, 11, 7 and 8). Sample 2 was also more stable gample 1 and sample 3 as explained

before. In sample 2 ratio of Fe/Ga was 1.5.

The most degraded samples were seen as the saMpdesl 15 which were treated
with copper-based green inks. In visual examinatigreat changes in color were also
observed in these samples. Thus, visual resulte wpeproved by the CIE L*a*b* results

given by E* values.

3.5 Fourier Transform Infrared Spectroscopic Analysis(FTIR)

Ink-treated Whatman No: 1 filter paper samples waralyzed using FTIR
Spectroscopy as explained in Chapter 2.7. FTIRtep&eere evaluated to get information

about the molecular changes of the paper sampatett with different inks.

FTIR spectroscopy is mainly sensitive to the ceBeal oxidation but there are some
limitations and difficulties in the interpretatiaf the spectra, since the cellulose remains as
the major component of the sample, small discreépantan be observed between the pure
cellulose spectra and the inked paper before adéiemazeillest al, 2000). In this study,
all ink-impregnated papers before ageing gave amMTIR spectra, very close to pure
cellulose spectra. FTIR spectra have some diffeslto interpret the experimental data
obtained, because this method may not be sengtigegh to capture the changes in the
state of cellulose degradation (Csefalvayosnal, 2007).
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The most informative spectral region of the cebelospectra has known to be
between 1500 cthand 1900 crh especially for examiningegradation of the cellulose
(Sivakovaet al, 2008). After artificial ageing, small variatiomsabsorption appeared in this
region (1550-1850 ci). As this region is characteristic of carbonyl @pe stretching
vibration, the increase in absorption may be aitedl to cellulose oxidation products
(Rouchon-Quilleet al, 2004).

The C atoms which are the most prone to oxidatmmupy the 2, 3, 6 positions (see
Figure 1.2) in glycopyranose anomer inside theutmsde chain; and the 1, 4 positions in
terminal anomers whose number increases upon Iygis@nd can exist as opened or closed
rings. In oxidation, they give a variety of produaihich can be seen iRig. 3.38 as
functional groups which may appear on the glycopgsa ring at various positions
(Lojewskaet al, 2005).

Figure 3.3&o0ssible products of cellulose partial oxidatioegented as functional
groups associated with frequiencies of their vibret (Lojewskeet al, 2005)

The most intense absorption maxima were observedekee 1730 cim and
1620 cmt which may be attributed to carboxyl/aldehyde gsoapd conjugated carbonyl
groups, respectively. The highest contributionthoband around 1730 émvas assumed to
become from carboxyl or aldehyde groups and tobted around 1620 ¢hcome from

conjugated carbonyl groups, respectively (Lojewsikal., 2005).

The band in spectral region of 333043n" corresponds to OH stretching
vibrations. Change in the intensity of this bandyrba related with the acidity in degraded
samples. Cellulose oxidation reaction of O-H (hygiipto C-O occurs when the sample is
acidic due to the corrosive ink (Sistasthal, 1998).
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In addition, the hydration capacityceflulose and H-bond changes if this molecule
is oxidized (Sistaclet al, 1998). The decrease in the intensity of this bamdd reflect the
changes of -OH environment (Csefalvay@taal, 2007) and may vary due to the moisture
content of the sample.

The band at 2363 chindicates the adsorbed carbondioxide from atmasphe all
spectra of samples, absorption band for @@sorption increased upon ageing. This could be

due to increasing activity of paper surfaces t@duSO, from the environment.

Another absorption bands examined is $hidy is the bands in the 1300 - 1500'cm
which may be attributed to numerous mixed vibragioather than to characteristic group

frequencies.

Thus, the bands in this range are unég of OCH deformation vibrations, ¢H
bending vibrations, CCH and COH bending vibratigRsoniewiczet al, 2001). Also the
absorptions in this region (1350-1450 Ymmay signify the presence of gallic acid
(Senvaiteneet al, 2006). The bands at 1108 tmvhich indicate the existence of sulphate

was also considered in the study.
First Group Experiments

In this group, paper samples treated with three-gall-inks with iron to gallic acid
mole ratios; 0.17 (Sample 3), 1.5 (Sample 2) avd(Sample 1) were analyzed before and

after ageing in order to investigate the effedtefGa ratio on cellulose degradation.

The FTIR spectra of the samples for the regionfi-8000 crit before and after
ageing are presented in Figures below (Figure 339 and 3.41).
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Figure 3.39FTIR spectra of Sample 1 (Fe/Ga: 3.6) before atet afjeing

Figure 3.40FTIR spectra of Sample 2 (Fe/Ga: 1.5) before atet afjeing
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Figure 3.41FTIR spectra of Sample 3 (Fe/Ga: 0.17) before éted ageing

The FTIR spectra of the samples in Group 1 in #ggon 1500 cm-1900 cni are
presented in Figure 3.42.

Figure 3.42FTIR spectra of the samples in Group 1 for theargif 1500 ci-1900 cm!
after ageing

FTIR spectra of the filter papers (Whatman No.g&pted with three inks prepared
with iron (Il) sulphate and gallic acid in diffeteproportions did not show significant
difference. However, in the spectrum of sample Ztinave the iron to gallic acid ratio of

1.5, very small differences were observed betweed and non-aged samples. (Fig. 3.40)
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The bands at 1108 ¢hand 1155 cm may indicate the presence of SGon (Ferrer
and Sistach, 2005) which comes from ferrous sutpbaist in all three samples and did not

change with ageing.

The band at 1427 chmay be due to H-C-H and O-C-H in plane bendingatibns
while the band at 1315 ¢hmay be attributed to C-O-H and H-C-C bending viora. Also,
the absorptions in this region (1350-1450"%may signify the existence of gallic acid used
in the inks applied to paper samples. New peak dtions did not be observed in this region
but only the changes in the intensities of the peakre observed. It is observed that the
intensity of these bands shows an increment in 8&afhpnd Sample 3 after ageing whereas

small variations were observed in the spectrumaohi@e 2. (Figure 3.39-3.41)

The band at 1205 ¢hmay originate from gum Arabic (Senvaitieaeal, 2005)
and this band was valid for all three samples ig ghoup.

The band at 2901 chmmay be attributed to -CH stretching vibration afid not

change much after ageing.

However, there was no so much difference betweeragied and non-aged samples
of this group. New peak formations were not obsgrafier ageing in the spectra of the
samples. However, the significant differences im thtensities of the absorbance were
observed especially between 1550"cemd 1800 cr that is the characteristic region for
carbonyl and carboxyl groups. Moreover, a decreaseobserved in the bands at 3330-3350
et which corresponds to —OH absorption (Sistachl, 1998) due to ageing.

The more intensive band formation in the spectrdithe Sample 1 after ageing in
the region between 1550 and 18007'coan be explained by the oxidation reaction of
cellulose in the presence of excess iron (1) salptsince free Eéions acts as a catalyst in

by catalyzing the formation of hydroxyl radicalSeg R.1.4 - R.1.6)

However, the Sample 3 having the lowest Fe/Ga gities a more intense band at

1727 cn and 1712 ciwhen compared to sample 2 after ageing.
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This can be attributed to that the excess of galtid acts as a reducing agent for
ferric pyrogallate complex and then reduces tté iBas which are soluble and can easily be
removed from the complex and becomes free. ReduaifoFe" to Fé" allows Fenton
reaction to be repeated in a cycylic fashion. T&etion that occurs at low pH can be seen in
Reaction 3.2. But this effect of gallic acid isiddbefore ageing or maybe at the beginning of
the ageing. Since after ageing, gallic acid degraohel this limits the reducing property of it
(Rouchon-Quilleet al, 2004).

Sample 2 after ageing seemed to be less oxidizeeshveompared to other two
samples, sample 1 and sample 3. Therefore, it eaaid that both the excess of Fand the

excess of gallic acid caused more oxidation olitesle.

The change of band occurs at 3330"cwhich corresponds to —OH absorption is
related with the pH of the samples and may be thistare content of the samples.
Second Group Experiments

In this group, the paper samples treated withetimen-gall-inks with copper to iron
mole ratios of 0.01(ink 6), 0.4 (ink 4) and 0.8k(i5) were analyzed. Sample 1 was used as
reference since there was no any copper in theTih&. purpose of this experiment was to

investigate the effect of copper on cellulose dégjian.

The FTIR spectra of the samples for the regionfi-8000 crit before and after
ageing are presented in Figures 3.43, 3.44 and 3.45
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Figure 3.43FTIR spectra of Sample 4 (Cu/Fe: 0.4) before atet afeing

Figure 3.44FTIR spectra of Sample 5 (Cu/Fe: 0.8) before atet afyeing
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Figure 3.45FTIR spectra of Sample 6 (Cu/Fe: 0.01) before dieat ageing

The FTIR spectra of the samples in Group 2 forréggon of 1500 c1900 cnt

are presented in Figure 3.46.

Figure 3.46FTIR spectra of the samples in Group 2 for thearegif 1500 and 1900 ¢
after ageing

The spectra of this group showed similar absorptimnthe ones of Group 1. The
sulphate bands were observed 1107* @nd 1155 ci which may originate from ferrous

sulphate in all samples.

83



The bands at 1427 ¢hrand 1315 ci were observed in all samples in this group.
The intensity of these bands showed the most irenéin Sample 5. The band at 1205'tcm
which may originated from gum Arabic was observedll three samples as in Group 1
samples and did not change on ageing.

The band around 2900 ¢nwas attributed to -CH stretching vibration and diut

change much after ageing.

More significant band formations were observei 77 and 1713 ctin sample 5
(Figure 3.44) when compared to the spectra of thersamples.

A decrease was observed in the bands at 3330-38%@hich corresponds to —OH
stretching vibrations on ageing due to the decrgatiee pH of the samples or may be to the
loss of moisture on ageing.

Third Group Experiments

In this group, the paper samples treated with thrmregall-inks with saffron to iron
weight ratios of 0.03 (sample 11), 0.17 (samplea®) 1.0 (sample 10) were analyzed.
Sample 1 was again used as a reference sincewsrao any saffron in the ink applied on
it. The purpose of this experiment was to inveséighe effect of saffron on iron-gall-ink

corrosion.

The FTIR spectra of the samples for the regionfi-8000 crit before and after
ageing are presented in Figures 3.47, 3.48 and 3.49
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Figure 3.47FTIR spectra of Sample 9 before and after ageing

Figure 3.48FTIR spectra of Sample 10 before and after ageing

85



Figure 3.49FTIR spectra of Sample 11 before and after ageing

The FTIR spectra of the samples in Group 3 betwEs®0 cn-1900 cm' are
presented in Figure 3.50.

Figure 3.50FTIR spectra of the samples in Group 3 for theaegif 1500-1900 cihafter
ageing

The sulphate bands at 1107 tiand 1155 cim were observed (Ferrer and Sistach,
2005). The bands at 1427 ¢rand 1315 cr were observed in all samples of this group. The
intensities of these bands showed the most increme®ample 11 and the least change was

in sample 9.
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The band at 1205 ¢hwhich may originate from gum Arabic was observetha
spectra of all the samples. The band at 2901 trat indicates the -CH stretching vibration

was observed in all three samples and showed ndisant change on ageing.

The most significant differences were observed betw1550 crh and 1800 ci
which is the characteristic region of carbonyl aadboxyl groups stretching vibration in the
samples in other groups. As can be seen from thetrsp especially sample 9 and sample 10
showed no significant changes in this region dueh®® presence of saffron in the inks
applied to them while in the spectrum of samplertte intense bands were observed in this
region.

The same situation was valid for the absorptionthéregion between 3330-3350
cm* which corresponds to —OH absorption but due to pbilizing effect of saffron
especially in samples 9 and 10 there was no sdfisegmt change in the absorption intensity

after ageing.

Different band formations were not observed ingpectra of the samples in Group

3 which may indicate the presence of saffron.

With increasing amount of saffron, the intensityttod bands decreased in the region
of 1500 cni and 1900 ci after ageing. Considering the change in the \vidmatin this
region, it can be suggested that saffron acts ashalpitor in the oxidation of cellulose due

to its buffering effect.
Fourth Group Experiments

The paper samples treated with two iron-gall-inkgataining different amounts of
copper to iron mole ratio and constant weight rafi®a/Fe of 0.17; Cu/Fe: 0.4 (Sample 7),
Cu/Fe: 0.8 (Sample 8) were analyzed. Sample 4 ample 5 were used as references for ink

7 and ink 8, respectively.

The FTIR spectra of the samples in the region @-4000 crit before and after
ageing are presented in Figures 3.51 and 3.52.
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Figure 3.51FTIR spectrum of Sample 7 before and after ageing

Figure 3.52FTIR spectrum of Sample 8 before and after ageing

The FTIR spectra of the samples of Group 4 forrdggon of 1500 c+1900 cnt
are presented in Figure 3.53.
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Figure 3.5FTIR spectra of the samples of Group 4 between 15900 crii" after
ageing

The sulphate bands were observed at 1107 and 1155 ci in the spectra of the
samples 7 and 8. The bands at 1427 amd 1315 ci were observed in all samples of this

group. The intensities of these bands showed nmarement in Sample 8 than Sample 7.

The band at 1205 chmay signify that gum Arabic is present in all sa@spiThe
-CH stretching vibration band at 2901 twas observed in the spectra of all samples and
did not change much after ageing.

The region that the most significant differencesunced was between 1550 ¢rand
1800 cni'. Sample 8 showed more significant changes tharpBaimafter ageing in this
region. (Fig.3.51, 3.52)

The same situation was valid for the absorptionghanregion of 3330-3350 ¢
which corresponds to —OH absorption. There wasigrifieant change in the absorption in
this region due to the presence of saffron in sar@End sample 8.

Fifth Group Experiments
In this group of experiments, the samples treatét two different iron-gall-inks

(sample 12, sample 13) prepared according to diftehistorical recipes (Senvaitieagal,

2005) were analyzed.
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The FTIR spectra of the samples 12 and 13 for ¢gén of 600-4000 cthbefore
and after ageing are presented in Figures 3.58 &

Figure 3.54TIR spectra of Sample 12 before and after ageing

Figure 3.55-TIR spectra of Sample 13 before and after ageing
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The FTIR spectra of the samples in Group 5 forréggon of 1500 c1900 cnt

are presented Figure 3.56.

Figure 3.56-TIR spectra of the samples in Group 5 for theaegif 1550-1900 crh

The sulphate bands at 1108 tand 1155 cmwere observed in both samples. The
bands at 1427 cthand 1315 cm were observed in both Sample 12 and Sample 13. The
intensities of these bands were more in Sample 12.

The band at 1205 chhmay originate from gum Arabic this band was naesbed
in the spectrum of Sample 13 since there was nogany Arabic in ink 13. The bands at
2901 cnt that may be attributed to -CH stretching vibratighich were also observed in

both samples before and after ageing.

As in other groups, the most significant differeneeere observed in the region of
1550 cm and 1800 cm which is the characteristic region of carbonyl @adboxyl groups
stretching vibration occur. As it can be seen fribma spectra, sample 13 showed more
significant changes at the bands at 1713 and 17Z7%han sample 12 after ageing.

The same situation was valid for the absorptiorthéregion between of 3330-3350
cm* which corresponds to —OH absorption since the pldanfiple 13 was smaller than the
pH of the sample 12. The reason for this might be t the presence of gum Arabic in ink
12 besides; ink 13 contained alum instead of guabisr Gum Arabic keeps the pH of the
ink solution rather constant. But, alum in ink 13aymact as an acidifying agent and
decreased the pH of the medium. Therefore havimgerdqH, sample 13 degraded more

drastically than sample 12.
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Sixth Group Experiments

In this group, paper samples treated with two diifé green inks prepared regarding
historical recipes (Nefeszade, 1938) were analyirédl4 and ink 15).

The FTIR spectra of the samples in the region 6£4000 crit before and after

ageing are presented in Figures 3.57 and 3.58.

Figure 3.5FTIR spectra of Sample 14 before and after ageing

Figure 3.58FTIR spectra of Sample 15 before and after ageing
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The FTIR spectra of the samples in Group 6 in #ggon of 1500 cmM-1900 cnt are
presented in Figure 3.59.

Figure 3.5FTIR spectra of the samples in group 6 in the m@ib1500-1900 cih
after ageing

The sulphate bands at 1107 tand 1155 cim were observed which may originate
from copper sulphate. The bands at 1427 amd 1315 ci were observed in both samples.
The intensities of these bands were more signifisathe spectrum of sample 14. This may

come from the absence of gallic acid in Sample 15.

The band at 1205 chmay originated from gum Arabic was also obsenrethe
spectra of both samples. The band at 290% rray be attributed to -CH stretching vibration
and did not change much after ageing especialBaimple 15.

However, the most significant differences were obee in the region of 1550 ¢
and 1800 ci. When the spectra of the sample were examineguisirégion it was seen that

Sample 15 seems to be more stable than sample 14.
When the absorptions in the region of 3330-3350" amere examined which

corresponds to —OH absorption, significant chavger®e observed in the spectra of sample

14 and 15 due to the changes in the pH of the ssmpl
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It is understood that the sample 15 degraded hess $ample 14. This difference
might be attributed to the buffering effect of saff providing a less acidic medium for
sample 15 and this reduced the degradation reaabfocopper ions.

Red Ink Experiments

In this group, one paper sample (Sample 16) treatddred ink prepared regarding

a historical recipe (Nefeszade, 1938) was analyzed.

The FTIR spectra of the samples for the regionfi-000 crit before and after

ageing are presented in Figure 3.60.

Figure 3.60FTIR spectrum of Sample 16 before and after ageing

The FTIR spectrum of the red ink sample for theimegpf 1500-1900 cih are
presented in Figure 3.61.
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Figure 3.61FTIR spectrum of sample 16 in the region betwed0%nd 1900 cihafter
ageing

The sulphate bands were observed at 1108 and 1155 ci? which may come
from alum; KAI(SQ),.12H,0. The bands appeared at 1314 and 1427 ewere also

observed in the spectra of sample 16.

There was no absorption band observed at 1205that may originate from gum
Arabic since there was no gum Arabic in sample Tiée band at 2901 ¢mmay be

attributed to -CH stretching vibration and did nbange much after ageing.

The most significant differences were observed betw1550 crh and 1800 ci
where the characteristic region of carbonyl anth@eyl groups stretching vibration. But not

much change occured in this region.
In the absorptions for the region of 3330-3350"awhich corresponds to —OH
absorption the intensity showed a decrease afteingglue to pH lowering and/or loss of

moisture.

The cochineal pigment is a stable pigment and moresive. Therefore, no much
change was observed in the spectrum of the sarBglethe carbonyl vibration region.
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CHAPTER 4

CONCLUSION

In this study, the influence of different histodidak components on the carrier
material, paper, degradation was examined. Tofi@lynk samples composed of iron-gall-
ink and other colored inks (green and red) wergamed with different compositions and

applied on model paper samples and then subjezteccelerated ageing.

In order to evaluate the influence of the inks etliutose in time, the samples were
analyzed using pH measurements, UV-Vis spectrosaapyr spectrophotometry and FTIR-

ATR analysis before and after ageing.

The collective results of experimentation of thé damples have yielded the

following conclusions:

Copper ions being stronger oxidizing agent tham irfons, slow down the
formation of ferrous gallate complex when addethim preparation of the iron-
gall-ink solution and do not form any colored coexas with gallic acid. (UV-

Vis spectroscopy)

With different iron to gallic acid ratios differemsbmplexes are formed between

the gallic acid and iron ions. (UV-Vis spectroscppy
The presence of saffron in iron-gall-ink solutiomsy increase the degree of
complex formation between iron and gallic acid atipng the pH of the medium.

(UV-Vis spectroscopy, pH measurement)

The pH decreasing of paper-ink samples is relewante pH value of ink

solution. (pH measurement)
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The ideal complex formation ratio of ferrous sulighand gallic acid for a less
corrosive writing ink is 1.49 not 3.6 as suggestedsome of the previous
studies. The excess of ¥dons and the excess of gallic acid increase the

oxidation of cellulose. (Color spectrophotometry)R-ATR spectroscopy)

Saffron which was advised in historical recipes $table inks is observed to
inhibit the iron-gall-ink corrosion. (Color specpimotometry, FTIR-ATR

spectroscopy, pH measurments)

Green inks containing copper ions degraded sigmiflg due to corrosive action
of them. (Color spectrophotometry, FTIR-ATR spestapy)

Vis spectrophotometry may provide information oe #ffect of different ink
ingredients on the formation of the colored comegxinteractions in the ink
whereas Color spectrophotometry and FTIR-ATR teqpies may provide
information on the influence of inks on the degtamaof cellulose. The results

of colorimetry are approved by the results of théR= ATR analysis.

The colorimetric analyses provided better corretatiata comparing with FTIR

ATR technique for examining the degradation ofudebe.

The study also showed that even the little chamgéise chemical composition
of the inks on the writing media (paper, parchmett,) results in great changes
in the degree of degradation of the carrier madtgtif/-Vis spectroscopy, Color

spectrophotometry, FTIR-ATR spectroscopy)
The study may help to understand that in order gplyathe appropriate

conservation treatment for the paper degradatids itital to understand the

influences of different inks on cellulose.
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APPENDIX A

MICROGRAPHS OF HISTORICAL PIGMENTS

Figure A.1 Micrograph of lampblack at x 500 még.

Figure A. 2 Micrograph of vermillion at x 500 mag
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Figure A.3 Micrograph of cochineal carmine at x 500 niag.

Figure A.4 Micrograph of orpiment at x 500 mag.

Figure A.5 Micrograph of lead white at x 500 mAg.
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Figure A.6 Micrograph of indigo at x 500 mé&g.

Figure A.7 Micrograph of verdigris at x 500 mag.
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