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Abstract

Iron gall ink degradation igaamiliar problem in manuscripts. The ink was common from the

medieval period until the twentieth century, and most historic iron gall ink recipes contain far more
iron than tanm. These excess iron ions caalyiative degradation in the paper, caiisog

weaken and eventually disintegrate. A common treatment for ink degradation is immersion in an
aqueous bath containing phytate solution to chelate iron. This is not always feasible, as in the case

bound books, where disbinding to allow washinglwadically transform the object.

This project investigates the use of the phytate treatment in agar gels to treat iron gall ink
degradation Hsitu in an attempt to find a simple, practical, inexpensive solution to chelate soluble

iron in bound volumes.

Agar was chosen because it can be made into a rigid gel which does not leave a residue. Treatmel
solutions can be held within the matrix of the gel to control aqueous treatments. Agar gel prepared
with deionized water was tested both with and withownegdbytate solution on new ink applied

to sized and unsized paper, and on historic documents. The treatment uses inexpensive and widel
available foedrade agar. Experiments were considered successful when they displayed no reactior

with bathophenanthrole iron(ll) indicator paper.

Phytate in agar gel was adequate to completely eliminate reaction with iron(ll) indicator paper and
increase pH to 7 in most trials using historic samples. Cockling and tidelines may make the
treatment inappropriate for lozelil application, but it may be useful for full pages where effects

relating to partial wetting would be less evident.



Chapter 1: Introduction

Iron gall ink can be extremely corrosive, yet it has been common for over a thousghe years.
crucial components of iron gall ink are the tannins found in oak galls and the iron in ferrous
sulphate, which react to form the black pigment characteristic ofthiédnkk is prized for its
permanence over the dominant black pigment, carbonbeleaise iron gall ink reacts with the
paper to make a mark that cannot be renfoMeid.same reactivity is also its downfall. Most
historical recipes contain far more iron than tannin, and the unbound excess iron can oxidize the

surrounding papéiOver ime, the paper loses strength and can eventually disintegraté entirely.

Iron-catalyzed oxidation was only recognized as the primary mechanism of ink degradation a few
decades ago. It was previously thought that it was caused by the sulphuric acidnfersaatki

reaction that produces the black-tamin complex, and the debate went on until at least 1998.
Paper is made almost exclusively of cellulose, a polysaccharide with long chairdrohytaiose.
catalyzed oxidation, a metallic ion remititsthe cellulose, causing a break in the chain and

reducing the strength of the pafddumidity accelerates the process, and allows the degradation to

spread to new areas, causing further damage ovaraextent of degradation can be assessed

! Edmonds, T. (1998). An indicator of its time: two millennia of thBgedimut test.7he Analyst, [online] 123(12),
pp.29092914. Available atitp://pubs.rsc.org/en/content/articlelanding/1998/an/a807782g/ [Accessed 8 Nov. 2015]

2 Daniels, V. (2001). The chemistry of iron gall #e.lron Gall Ink meeting: triennial conservation conference.

Newcastle upon Tyne: University of Northumbria, Ap385.

% Dorning, D. (2000). Iron Gall inkyariations on a theme that can be both ironic and g@Wingyor Gall Ink

meeting: triennial conservation conference, Pp. MLL.

4 Neevel, J.G. (1995). Phytate: a Potential Conservation Agent for the TrefdttkeDowosion Caused by Irongall

INkS. Restaurator, 16(3), pp.148160.

® Reigland, B. (2001b). Visible progress of degradation caused by iron GaH inksGall Ink meeting: triennial

conservation conference. Newcastle upon Tyne: University of Marhbria, pp. 6071.

The 2002005 InkCor project produced a great deal of revelatory research, particularly on the phytate treatment. Many
papers cited here written by Kolar, Rei§land, and Strli! were produced based on research from this project.

¢ Bansak. (1998). Aqueous Deacidificatiowith Calcium or with Magnesium@taurator, 19, pp.B40.

"Zou, X., Gurnagul, N., Uesaka, T., and Bouchard, J. (1994). Accelerated aging of papers of pure cellulose: mechanisi
of cellulose degradation and paper ethelonignt.Polymer Degradation and Stability, 43(3), pp.393402.

8 Banik, G. and BrYckle, I. (201Pkper and Water, New York: Routledge.

°® Rouchon, V., Durocher, B., Pellizzi, E., and Stof@alot, J. (2009). The water sensitivity of iron gall inkisuinighk
assessmeBtudies in Conservation, 54(4), pp.236254.



vistally and rated according to a system developed at the Instituut Collectie Nededdhd,

iron content can be assessed using an indicator paper that reacts Yo iron(ll).

The most common treatment for iron gall ink is simply to store it in an ennirenthestable
temperature and humidi§with any fragile areas suppoligdapanese tissdélot all inks are

corrosive, and many documents remain in good condition despite being cerfufieseler, in

some cases the damage warrants an interventive tféatngemtost effective methods of

removing soluble iron from iron gall ink to slow degradation require the object to be submerged in
the treatment solutions, but these cannot be useduioreg with intact bindings where disbinding
may not be justifiableéThis study explores the usegafras &agid gel in an attempt to develop a

treatment for use on objects that cannot be immersed.

The phytate treatment for iron gall ink degradatimpgsed by Johan Negweetonservation

scientist at the Cultural Heritage Agency of the Nethellaid@85, is the most researched

immersion treatment, with a proven record of su¢&saate is a powerful antioxidant found in

plants, capable of trapg iron ions completely to prevent them from participating in oxidation
reactions. However, the phytate treatment must be applied in an aqueous bath, which requires the
book to be disbound.

Gels allow moisture to be introduced to an object in a conivallday holding most of the water
or solvent within the matrix of the gel, allowing localized agueous treatment. Agar gel was

introduced to conservation in 2003 by Richard Wolbers, a conservation scientist at the University o

10 Reigland, B. and de Hofenk de Graaff, J. (2001). Condition rating for paper objects-gathiimkidC/V-

Information, 1, pp.B4. Available at:
http://www.cultureelerfgoed.nl/sites/deféilds/u6/ICN_info_01_condition_rating_en.pdf.

1 Neevel, J. and and Rei§land, B. (2005). Bathophenanthroline indicator paper: development of a new test for iron ions
PapierRestaurierung, 6(1), pp.2886.

12 Reigland, B. and Hofenk de Graaff, J. (2001).

3 Jacobi, E., Rei8land, B., Phan Tan Luu, C., van Velzen, B., and Ligterink, F. (2011). Rendering the Invisible Visible.
Journal of Paper Conservation, 12, pp.2BB3.

1 Rei8land, B. (2001b).

B Guild, S., Tse, S., and Troj&edynski, M. (2012). Technical fdn Phytate Treatment Options for Iron Gall Ink

on Paper with a Focus on Calcium Phyfaderal of the Canadian Association for Conservation, 37, pp.1¥R1.

% Kolar, J., "ala, M., Strli!, M., and "elih, V.S. (2005). Stabilisation of paper containkgglironk with current

aqueous processkstaurator, 26(3), pp.18M189.

7 Neevel, J. (1995).



Delaware, as a method of mileg paintings. Conservators in other disciplines quickly found them

useful as poultic&s.

This project explores the possibility of treating ink degradation in bound volumes using agar gel,
allowing insitu aqueous treatment. The project will require@derstanding of iron gall ink

degradation, the phytate treatment, alternative treatment possibilities, and the use of agar gels in
conservation. The series of experiments in this study attemptaneffiective method of

chelating soluble iran situ The iron(ll) content of the ink before and after treatment will be

tested using bathophenanthroline iron(ll) indicator paper, with the goal of producing no reaction in
the test paper. Experiments will be described which vary the duration of treafphéof, ttre

phytate solution and the alkalies used to adjust it, and the concentrations of both agar and phytate,
in an attempt to find the most effective method of treatment. The current study investigates
whether the benefit of treatment using agarigkt outweigh the risks of color change, ink loss,
cockling, and tidelines. Should the treatment prove successful, it may be a simple, practical, and
economical treatment that could be applied in any conservation lab where the phytate treatment is

currenty used.

Chapter 2: Iron gall ink

2.1 History and production
Iron gall inkOs chemical interaction with paper gave it a permanence that made it popular for
centuries. It is unclear when iron gall ink came into use, but an early recipe was recorded in the fif

century®® It became popular for legal documents such as deeds and wills because it was difficult to

8yvan Dyke, Y. (2004). Practical applications of protease enzymes in paper coBsebvaiiPuper Group Annual,

23, pp.9¥107.

19 A recipe for black haiye recorded by Dioscorides between 50 and 70 CE does not include a source of iron, but the
reaction is probably intended to be the same, as it uses crushed galls to produce a black dye. Dioscofides, P. (n.d.).
Materia Medica Liber |, Cap. 147.

Pliny the Younger refers to a test using galls to determine whether verdigris has been contaminated with iron in his
Naturalis Historiae, NO later than 79 CE. Plinii Secundi, C. (nNaturalis Historiae liber XXXIIII.

Martianus Capella recorded a refopevriting ink in the fifth century. Capella, M. (n.d¥.nuptiis Philologiae ex

Mercurii, Liber Ill.



alter the tex® The alternative carbon black pigment is stable because it does not react with the
substrate, but that also makes it fairly easy tog@rron gall ink is not water soluble, and

inscriptions may be legible even if the ink itself is scraped off due to its reaction with the substrate.
Scribes traditionally prepared their own ink using galls collecteé ltsaige continued into the

twentieth century, when it was superseded by synthetic inks that could be used in fodhtain pens.

The crucial components of iron gall ink are a source of tannin and a source of iron. These react to
form sulphuric acid and colorless iron(ll) tannate, whidizescto form the bld#dack compound

iron(lll) pyrogallaté* The most common tannin for iron gall ink is the oak gall, created when the

gall wasp lays its eggs inside the bark of an oak tree, which creates a round growth to%protect itself
These gallsave a far higher tannin concentration than the rest of the tree. The most common
source of iron in the production of ink is ferrous sulphate JFe®@h was known as green vitriol

or coppera®.Copperas was produced from the runoff of iron pyrite éxpdbe weather, and

was mainly used as a mordant when dieitips”’

Many other ingredients are found in historical recipes, such as gum arabic to allow the ink to flow
more smoothly from a pen, or wine as another source of tannin and to maldatkeriblefore it
oxidizes into the dark, watasoluble iron(lll) pyrogallat&Freshly applied ink is barely grey, but
darkens rapidly when exposed t& 8any historical recipes include an aging period during which
the ink is allowed to oxidize, altigh it may be beneficial to let the ink oxidize on the page to allow

it to integrate with the paper fibers for better permafférueink used in this project is based on

20 Stroud, J. (1990). Inks on Manuscripts and Documpntsa! of Forensic Document Examination, 3.

21 Dorning, D. (2000).

22 Stijnman, A. (2004). Hietical Irongall Ink Recipe@apierRestaurieng, 5(3), pp.1817.

Z Mitchell, C.A. (1904)Inks: their composition and manufacture, London: C. Griffin & Co. Ltd.

24 Brostoff, L. (2000). A Complex Problem: Elucidation of Iron Gall Ink Chemistry Through Collaborative Research.
New Research on Iron Gall Ink, 11 Oct. 2012. Washington, D.C.: Library of Congress.

% Dorning, D. (2001).

% Daniels, V. (2001).

27 Bettey, J.H.1982). Production of alum and copperas in southern Englarid./istory, 13(1), pp.9£08.

28 Brostoff, L. (2012). A Complex Problem: A Complex Problem: Elucidation of Iron Gall Ink Elucidation of Iron Gall
Ink Chemistry Through Chemistry Through Collaltioe Research Collaborative ResddsetResearch on Iron Gall

Ink. Washington, D.C.: Library of Congress.

2 Thompson, J. and Lindblad, C. (199)nuscript inks. Portland: Caber Press.

%0 Dorning, D. (2000).



the simplest form found in tiBeoke of Secrezs, a sixteenttentury book of ink @pigment recipes,

chosen because it has few complications to add V&riables.

2.2 The chemistry of ink degradation

The primary cause of iron gall ink degradation ic@t@atyzed oxidatiGANearly all traditional ink

recipes contain more iron than tannin, and the excess iron ions cause harmful chain reactions in th
surrounding materi& Transition metals like iron and copper can readily accept or donate electrons,
so they are wédhown for causing oxidation reactitdris.oxidation reactions, one molecule breaks

a bond by taking an electron from another. The atom or molecule tlnat ésttron becomes an
unstable radical, because it has a highly reactive unpaired electron. This radical will go on to oxidiz

another stable molecule, propagating the re#ction.

In cellulose, this often means severing (scissioning) the bonds forcheig.tBeeaking even ten

percent of the bonds can cause paper to disintegrate®*®Eiandyyin the process, chain scission

results mainly in loss of strength, but the more breaks there are, the more likely they are to be clos:
together. Scission neaother break creates smaller degradation products, which can be acidic or

discolored’

The conservation scientist Vincent Daniels presents three oxidation initiation reactions in his

summary of iron gall ink chemisfryncontested in the literatpé’

31 Thompson, J. and Lindblad, C. (1996).

$2Kolar, J. and Strli!, M. (2001). Stabilization of ink corrosibalron Gall Ink Meeting Postprints. Newcastle upon
Tyne: Conservation of Fine Art, University of Northumbria, pp1B%6

33 Neevel, J. (1995).

34Maitland, C. (2007). Where Archival and FmeConservation Meet: Applying Iron Gall Ink Antioxidant and
Deacidification Treatments to Corrosive Copper Watercolaugsic 2007, 28, pp.B19. Available at:
https://ford.ischool.utexas.edu/handle/2081/9104.

% Daniels, V. (2001)

% |bid.

$"Banik G., BYckle, 1., and Daniels, V. (2012)per and water. Amsterdam: Butterwortieinemann.

% Daniels, V. (2001).

% Gaskell, K., Ponce, A., and Brostoff, L. (2012). Iron Gall Ink Corrosion of Historical Documents Prahgd by X
Photoelectron Spectroscalyw Research on Iron Gall Ink. Washington, D.C.: Library of Congress.

40"glih, V.S., Kolar, J., and Pihlar, B. (2007). The role of transition metals in oxidative degradation oPagtulose.
Degradation and Stability, 92(8), pp.14761481.



In the first, iron(lll) takes the electron from a hydrogen molecule, breaking an OH bond on a

cellulose molecule to produce a radical:

Feé'+ ROH! Fe*'+ RO + H*

R represents the rest of the cellulose molecule and superscript dots indicate unpasred elect
In the second, iron(ll) interacts with an OOH group, producing a cellulose radical:

Fe*+ ROOH! Fé*+ RO+ OH-

In the third reaction iron(lIl) reacts with oxygen in the presence of acid, forming a hydroperoxyl

radical:
Fe'+ O+ H'! Feé*+ HOY*

These reactions are often compared to the Fenton reaction, in which iron(ll) reacts with hydrogen

peroxide to form a highly reactive hydroxyl radical:
Fe'+ H,0,! Fe*+ OH¥+ OH

The radicals produced by these reactions then interact with the sugnmateltules to propagate

the chain until two radicals react with one another to form a stable molecule.

2.3 Factors affecting degradation

The characteristics of the document and the environment in which it is kept affect how much the
paper will degradexjgosure to moisture or high humidity causes iron ions, acid, and degradation
products to migrate and damage new areas of thé& pbieg.gels is a controlled aqueous

treatment and will allow any soluble material to move, but chelates soluble iroovasdsoemne

degradation products through capillary action.

The amount of ink and the structure of the paper itself both contribute to the extent of damage.

More ink in wider lines produces more pronounced degradation, and large areas of ink are the first

“LEusman, E. anklensch, K. (2001). Ink on the rith measuring migration of iron in Iron Gall iffle Iron Gall
Ink Meeting Postprints. Newcastle upon Tyne: Conservation of Fine Art, University of Northumbriapa115



to degradé Soft paper allows the ink to soak in, causing more extensive damage, but sizing makes
the paper less absorbent, improving the surface for writing by reducing the amount of ink that is
OfeatheredO by capillary atibhis means that less inkeganto the paper, so the paper is less
affected by degradation. Traditional gelatin sizing may actually prevent some oxidation by trapping
iron ions. A study by Gesa Kolbe at Stuttgart Academy found that paper sized with a 1% solution o
gelatin showedds migration of iron(ll) and less visible degradation during accelerated ageing than
paper immersed in pure wdtd€olbe hypothesizes that the iron ions react with the protein and
become trapped, preventing them from oxidizing the cellulose furtherlySpailchment, made

of collagen which denatures into gelatin, is less susceptible to iron gall ink corrosion*than paper.
For this reason, paper inscribed with iron gall ink is often sized with gelatin after treatment to

protect it from future oxidatidf.

The thickness of the paper is also a structural concern. Iron ions tend to concentrate in the center ¢
the crossection of the paper, which is relevant not only to degradation but to tr€atment.

Treatment methods focusing on the surface of the papeothreach the iron ions in the center of

the paper, and analytical methods focusing the surface of the paper may not detect the remaining
iron. It is unclear whether they are affected by treatment with gels, as the test for iron(ll) may only
measure theurface concentration. The iron ions that cause the degradation are soluble in water, sc
they may reach tiseirface during testingut this cannot be guaranteed with thicker paper. Gels

with phytate may be more successful in treating ions in thettrgraper as they introduce a
chelating agent rather than relying on drawing iron out, but it does require the solution to reach the

center of the paper.

42 Reigland, B. (2001b).

43 Kolbe, G. (2004). Geiae in Historical Paper Production and as Inhibiting Agent foatiink Corrosion on

Paper Restaurator, 25(1), pp.2689.

44 bid.

4 Boyatzis, S.C., Velivasaki, G., and Malea, E. (2016). A study of the deterioration of aged parchment marked with
laboratory iron gall inks using FFARR spectroscopy and micro hot talle:zage Science, 4(1), p.13. Available at:
http://heritagesciencejrnal.springeropen.com/articles/10.1186/s4048900834.

48 |bid.

4TRei8land, B. (2001a). Ink corrosion: sffects caused by aqueous treatments for paper dhjdeis. Gall Ink

meeting: triennial conservation conference. Newcastle upon Tyne: Unisigy of Northumbria, pp. 1&213.



2.4 Testing

Both the extent of degradation and the presence of iron(ll) indicating potefdiati@ration can
be measured with simple methaelgeloped at tHastituut Collectie Nederland (ICNA
straightforward numerical sysigas devisddr rating the eent of degradation, and JotiNeevel
and Birgit Rei8land, conservation researchées I&N, developed a test for soluble iron(lIl) using

filter paper containing a colored indicator.

The progress of deterioration is visible initially as a greenish fluorescence under ultraviolet light, the
as a progressively darker brown shadow on thancees®@haloO surrounding the ink on the*tecto.

The inked area begins cracking, and eventually loses integrity altogether and falls out, leaving the
paper OlacedO with losses. The ICN condition rating system is based exclusivelyeon naked

observationfdhese stefds.

Neevel and Rei8land developed the bathophenanthroline test for the iron(ll) ions responsible for
initiating the radical reactions in cellulose degradaBathophenanthroline is an indicator

chemical that turns magamn the presenceiodn(ll). It is safe to use directly on the object because

it is not soluble in water, so the color will not Bfeathile the extent of reaction can give some
indication of how much soluble iron is in the sample, it is a fundanprabiftivaest. Pecise
quantitative tests for iron(ll) content for research purposes exist, but they require highly specializec

equipment, usually usingay technologié€s.

Filter paper impregnated with bathophenanthroline is dampened with deionized water and placed
on the object with tweezers and pressed with the thumb for a few seconds. It must be isolated from

other sources of iron, so gloves must be worn and the tweezers must be stainless steel. The indica

“81bid.

4 Rei8land, B. and Hofenk de Graaff, J.H. (2000).

%0 Neevel, J. and Rei8and, B. (2005).

%1 Ibid.

52 Methods used to quantify remaining iron include Particle IndugdBtmission (PIXE) or Micrordy Absorption
Near Edge Structure-§ANES).

Daniels, V. (2001).

Hahn, O. et al. (2004). Characterization of-gail inks in historical manuscripts angimaompositions usingay
fluorescence spectromelyRay Spectrometry, 33(4), pp.238239.



begins to color immediately, and reaches its final dbliorfive minutes. It does not detect

iron(lll) ions, but phytate also complexes iron(lll) and if the test for iron(ll) is negative then it is
likely that the soluble iron(lll) ions have also been trapped or réhidwvetbllowing experiments
rely heavilpn bathophenanthroline paper, as it is the simplest method of testing for soluble iron
ions. The success criterion in the following experiments is to cause no color change in

bathophenanthroline paper after treatment.

Chapter 3: Treatment options for igall ink degradation

3.1 Phytate treatment

The phytate treatment uses a bath with dissolved phytate salts, antioxidants produced by plants to
preserve the germination ability of their seeds, to block all possible reaction sites of iron ions so the
cannotparticipate in radical reactiéh$his treatment is extremely interventive, but it is now the

most popular immersion treatment for iron gall ink. It featured prominently in articles describing

treatment programs in institutions, as well as articlesipgopermutatiorfs.

Phytate does not break down iron(lll) pyrogallate, because it is already in a stable molecule, so the
ink does not fade upon applicafibh.does not react with cellulose radicals, so only reactions
involving iron or other transitionatals present in the ink are blocked. Cellulose that has already

been radicalized is not prevented from propagating radical chain Péactions.

NeevelOs original treatment used a bath of sodium phytate and later calcium and magnesium phyt
all purchasenh salt form. They produced an initial pH over 10, reduced to approximately 8 with

carbon dioxide or hydrochloric a®id.

53 Neevel, J. (2009). Application Issues of the Bathophenanthroline Test for Iron@iensor 30, pp.BL5.

54 Neevel, J. (1995).

%5 Albro, S., Biggs, Dgkle, C., Haude, M., Karnes, C., and Khan, Y. (2008). Developing Guidelines @Galliok
Treatment at the Library of CongréS&. Book and Paper Group Annual 27, pp.12®165.

%6 |bid.

5" Male#i!, J., Kolar, D., and Fabjan, A.B. (2012). Stabilizatiocopp®r and irorcontaining papers in a mildly
alkaline environmenRolymer Degradation and Stability 97(1), pp.118123.

8 Neevel, J. (1995).
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Phytate solution is currently prepared using phytic acid and calcium or magnesium carbonate. The
solution is initially far too acidit approximately pH®.t is then usually buffered to between pH

5.0 to 5.8, because the solubility of calcium phytate drops sharply abové ¢ hBytate

solution applied at pHED.8 is followed by a deacidification bath to neutralize the amaktiyning

in the object. The deacidification bathy also impa#n alkaline reserve to counteract future acid

deterioration.

3.1.1Alkalisused with phytate solution

Phytate solutions are usually buffered using ammonium hy({xbxid#), which decomposes

into hydroxide ions and ammonia gas. For this project, ammonium hydroxide was not acquired
until late in testing, andanysolutions were buffered with calcium carb¢Gai€0C;) or
hydroxidgCa(OHY),).

Buffering with calcium salts cesatri and tetrecalcium phytate, which precipitate out of

solution® This insolubility at higher pH levels was considered to have a neutral or even positive
effect, if the phytate was still capable of chelating iron. A gel placed in a container of phytat
solution would absorb a higher concentration of precipitated phytate at the bottom, where it would

be in contact with the paper, and phytate stirred into the gel would be suspended in place.

The most common alkaline reserve chemical is calcium cadbhoaigh it is not soluble in
waters? Calcium carbonate is generally deposited as a precipitate of more soluble bases like calciur

bicarbonate or calcium hydroxide.

Calcium bicarbonateasmild alkalproduced by bubbling carbon dioxide through a colati
calcium carbonate or adding calcium carbonate to carbonatétiGedtann bicarbonate is not

stable and must be kept in an environment with a high concentration of carbon dioxide above the

¥ Guild, S., Tse, S., and Troj@edynsky, M. (2012).

¢ Neevel, J.G. (2001). (Im)possibilities of the phywaenentThe Iron Gall Ink meeting: triennial conservation
conference. Newcastle upon Tyne: University of Northumbria, ppbil2&

61 Neevel, J., Rei8land, B., Scheper, K., and Fleischer, S. (2007). Preparation of Calciurhytatel/ Ink
Website. Available at: http://inkcorrosion.org/images/file/pdf 9_preparation of calcium phytate_ok.pdf.

2 Strlit, M. and Kolar, J. (2005)igeing and stabilisation of paper, Ljubljana: National and University Library.

83 Rei8land, B., Schepers, K. & Fletcher@7). Preparation of calcium bicarbonate using mineral Wat&v»
Gall Ink Website. Available at: http://inkcorrosion.org/igi_indexa3a9.html [Accessed August 9, 2015].



11

surface to prevent the solution from dissociating ictaniigonent ingredients, so it was not used

in these experimerits.

Calcium hydroxide is more soluble in water, so less is needed to increase the pH. Because there is
alkali in the solution at the same pH, there is less to be deposited as ansaikedinehe
deposition of alkaline reserve was not measured in the following experiments, but some attempt we

made to impart one in most treatments.

The irontannin complex that gives ink its color decomposes above pH 8.5, so deacidification
solutions werenly buffered to neutral in this experinteiitis is possible because deionized water
immediately dissolves a small quantity of atmospheric carbon dioxide, making it slightly acidic,

allowing it to be raised back to pH 7 using an alkali.

3.2 Alternativéreatments

Treatment of ink degradation in bound books has generally concentrated on not exacerbating the
problem. Preventive conservation plays a large part, as keeping the environment at a steady
humidity, approximately 50% RH and 18%C, slows degraitaticetically® This is certainly the
simplest and least invasive method, and all that is necessary or justifiable in many cases, but

sometimes interventive methods are needed.

Any treatment that changes the nature of the object is fundamentally lierdwersgiosion can

cause ink to bleed or flake, the pH can influence its color, and drying can change the surface qualit
of the paper and the ifkThe extent of previous damage can also influence the treatment, as
heavily degraded areas may not respdirtd agueous treatmefitUndegraded cellulose is

hygroscopic and readily absorbs water, but as it degrades it becomes increasingly hydrophobic,

resulting in a differential that can compromise the integrity of the paper if it is exposed to water.

% Banik, G. and BrYckle, I. (2011).

% Reigland, B. (1999). Ink Corrosion Aqueaus ldon-Aqueous Treatment of Paper ObjBktState of the Art.
Restaurator, 20, pp.16B180.

® Rouchon, V. et al. (2009).

7 Reigland, B. (1999).

8 Reigland, B. (2001b).

9 Reigland, B. (2001b).
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The degaded area does not expand with the rest of the paper, causing it to crack along the
perimeterlt is not recommended to immerse paper that has developed dark brown discoloration on
the vers® The conservator must decide if interventive treatment iprégaprar if the best

treatment for the object is purely preventive.

The most common minimaligterventive approach is to simply support fragile areas with Japanese
tissue. When executing repairs without removing soluble iron, limiting the spreageofsdama

crucial. A 2011 study headed by Eliza Jacobi at the ICN tested four adhesives for paper repairs on
iron gall ink, including the traditional wheat starch paste. The study found that Klucel* G and
gelatin caused the least migration of iron(ll)’idrteese are now commonly used to adhere

Japanese tissue when repairing documents with iron gall ink.

Before the phytate treatment was introduced, a variety of other aqueous treatments were common,
mainly focusing on deacidification bétidter it was diswered that irogatalyzed oxidation was
the primary cause of degradation rather thac@eailyzed hydrolysis, the focus was on rinsing iron

ions out of the papér.

Treatments using pure water, as well as fixatives, chelators, or other antioxistesl yweite

varying success. Rei§landOs summary of treatments as of 1999 includes a variety of treatments,
including washing in deionized or demineralized water, deacidification with calcium bicarbonate an
hydroxide, chelation with ethylenediaminetedt@aacid (EDTA), consolidation with ammonium
caseinate, and nonaqueous deacidification using the alkaline aerosol spray Wei TOo" (carbonated

magnesium methoxidé).

Julie Biggs, senior paper conservator at the Library of Congress, wrote a casecsintip\araial

treatmentO of immersing-odrroded paper in simmering water increased legibility and flexibility in

°Reigland, B. (2001a).

1 Jacobi, E., et al. (2011).

2Rei8land, B. and de Groot, S. (1999). Ink corrosion: comparison of currently used aqueous treatments for paper
objectsPreprint from the 9th International Congress of IADA. Copenhagen: Royal Danish Academy of Fine Arts, §p.121
129.

®Reisland, B. (1999).

" bid.
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one case stutibhut Rei8land reported conflicting evidence in her 1999 summary, and later

conducted an experiment that found the ink d&tetthe paper developed t&ars.

A 1999 study headed by Irene BrYckle, head conservator at Stuttgart Academy, investigated the u:
of cyclododecane, a waxy substance that sublimates slowly at room temperature frequently used a
fixative, but found that did not adequately prevent iron ions and acid in iron gall ink inscriptions
from lateral migration during aqueous treatrfidiiite article hypothesized that the cyclododecane

film may have developed microcracks during handling which allowed waterate plemetgh to

the surface. Regardless, treatment with fixatives is only intended to mitigate damage caused by
aqueous treatment, rather than removing soluble iron to slow the process of dédgtadiation.

soluble iron ions that cause degradation maseteat well, which would not allow them to be

removed during treatment.

A 1991 study at the Dutch Royal Library by conservation scientist Henk Porck and Rotterdam
Municipal Archives head of conservation Walter Castelijns compared the tear and fad ehduran
samples containing iron and copper after treatment using EDTA, magnesium bicarbonate,
methoyxmagnesium methyl carbonate (MMMC), hydroxypropyl cellulose (Klucel” G), and
ammonium caseinate. Ammonium caseinate had a pronounced positive effecteompared
deionized water, with other treatments having mild to no advantage over water, but the samples

treated with EDTA showed poorer tear strefigrbi8land notes that EDTA accelerates oxidation

S Biggs, J.L. (1998). A controversial treatment of a sketchbookgzfiiiak studies by George Romugy.

conference papers London, 1997: proceedings of the Fourth International Conference of the Institute of Paper Conservation, 6-9
April 1997, pp.179181.

"® Reigland, B. (2001a).

"Burgess, H. (1991). The use of chelating agents in conservation treBieRnis. Conservator 15(1), pp.3644.
8BrYckle, I., Thornton, J., Nichols, K., and Strickler, G. (1999). Cyclododecane: Techninadomte wses in paper
and objects conservati@wurnal of the American Institute for Conservation, 38(2), pp.168175.

®Kolar, J., "ala, M., Strlil., and M., "elih, V. (2005). Stabilization of Paper ContainirGatbmk with Current
Aqueous Processkstaurator 26, pp.18P189.

Kolar et al. found that while the chelator DTPA successfully trapped a great deal of iron, samples displayed a higher
degradation rate and discolored rapidly.

8 porck, H.J.C.W. & Castelijns, W. (1991). A study of the effeictmaind copper on the degradation of paper and
evaluation of different conservation treatmemtéd DA Congress. Uppsala. Available at:
http://books.google.sk/books?id=wvkotwAACAAJ.
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over time, causing discoloration and brittleness, and amntaseimate also causes brovihing.

EDTA also disturbed the black iron(lll) tannate compound, causing the inkto fade.

Non-aqueous deacidification treatments with alkaline aerosol sprays such as Wei TOo2 and
Bookkeeper” (magnesium oxide) have also begnakisteigh they can cause white deposits on the
surface and difficulty of moderating the pH could cause swelling of the fibers and color change in

the ink and papét.

Birgit Vinther Hansen, a conservator at the Royal Library of Denmark, found teawingewith
Whatman filter paper impregnated with calcium carbonate and sodium bromide, another
antioxidant, stabilized the tensile strength of paper with and without iron&&lintiier

HansenOs experiment used an interleaving period of 40 dagsayvhitibe feasible for entire
books. Introducing large amounts of material to treat the entire book at once would stress the
binding if it were stored, and it would not be practical to treat only a few pages at a time for that
duration. The study was cucted in high humidityagndonly included samples fully immersed in
ink, so the effect on ink migration is unknown. Another experiment by Crystal Maitland during her
studies at QueenOs University investigated the effects on inks containing copgr and iron
interleaving with paper impregnated with calcium carbonate and varying concentrations of the
antioxidant tetrabutylammonium bromide (TBABY)hile the rate of degradation decreased
during artificial ageing, their experiment was also conductedhnrhigdity to encourage

interaction. Natural atmospheric humidityE8@% RH in archival conditions) may not be

adequate to cause interaction between the ink and the ant®xidant.

A new method afhelatingsoluble iron in bound books seems to be necesdahysatudy is

intended to explore another avenue of treatment.

81 Reigland, B. (1999).

8 Porck, H.J.C.W. and Castelijns, W. (1991).

8 Reigland, B. (1999).

8 Vinther Hansen, B. (2005). Improving ageing properties of paper wigialirork by interleaving with papers
impregnated with alkaline buffer and antioxid@szurazor 26(3), pp.196202.

8 Maitland, C. (2009). Where Archivadafine Art Conservation Meet: Applying Iron Gall Ink Antioxidant and
Deacidification Treatments to Corrosive Copper Watercloksind Paper Group Annual, 28.

Maitland found that TBAB in ethanol produced very poor results, in some cases worsstheatedecontrol.

8 Strli!, M. & Kolar, J. (2005).
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Chapter 4: Agar gel
Agar gel was first introduced to conservation by Richard Wolbers at a conference in 2003 as a
method of cleaning paintings, but it was found to be useful in othef epeasmvatiof.Gels

allow solvents or other aqueous solutions to be applied at a controlled rate.

Agar is produced by some species of seaweed &htt algaenposed of agarose, a polysaccharide
which crosslinks to form interlocking helices in ankestructure, and agaropectin, another
polysaccharide. Agaropectin does not form networks, and its phosphate side chains which bulk out
the molecule and make the pore size of the gel slightly%$iaili@igels rely on the length of their
polymers tanmgig or hydrogen bonding between molecules to increase viscosity, but agar forms a

stable network structute.

dispersion cooling

dry powder dispersion in hot water

Figure 1: Formation of helices and network structure from agar powder, which will lift without

leaving a residde.

8 Cremonesi, P. (2012). Rigid Gels and Enzyme Cle&nitMgonian Contributions to Museum Conservation, 3,

pp.179183.

8 Arminsen, R. and Galatas, F. (1987%)duction, Properties and Uses of Agar, Rome: Food and Agricultural

Organization of the United Nations. Available at: http://www.fao.org/docrep/X5822E/x5822e03.htm.

8 Cremonesi, P. (2012).

% Scott, C.L. (2012). The Use Of Agar as a Solvent Gel In Objects ConséWigtioSpecialty Group Postprint, 19.

1 Image from Warda, J. et al. (2007). Analysis of Agarose, Carbopol, and Laponite Gel Poultices in Paper Conservatio
Journal of the American Institute for Conservation, 46(3), pp.26B279. Available at:

http://www.jstor.org/stable/40024999.
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The network formed by agasiable over a wide pH range and can contain water, solvents, and any
additive capable of passing through its ffofbe.size of the pores varies with concentration,
controlling the rate of osmoSig\garose is well known for its use with macromolearteslprly

in DNA gel electrophoresis, wherein sections of DNA move through the gel at varying speeds base
on size and charge in an electrical*fifldytate molecules are far smaller molecules, carbon rings

with six phosphate groups, and should psi§steeough the pores of the agafgel.

Purified laboratory grade agarose is expensive, bgitafdedgar is inexpensive and widely

available in grocery stores. The agarose (type I, low EEO) used in a preliminary experiment in this
project costs £4281f100g, whereas the fegrhde agar commonly used in Asian cuisine purchased
for the remainder of the experiments under the brand Special Ingredients cost £6.95 for 100g.
Treating the area of an A4 sheet with a 7% w/v gel would require 429 of agdr detdired

water, which equates to £2.90 using agar, or £179.76 using agarose.

Research suggests that there would be no disparity betwgesdadar and laboratory grade

agarose in practice. The conservation scientist Paolo CremonesiOs espedmetitafy food

grade agar to be just as effective as a poultice on painted plast&Grefacassi also references

a study headed by Elisa Campani in which Overy porous model supportsO were analyzed using ge
chromotography, indicating only traceounts of galactose after treatment. Cindy Lee ScottOs study
supports this finding, as FTIR analysis of terra cotta tiles before and after treatment with agar
showed no appreciable residltdas reasonable to expect that fgratie agar will be

indistinguishable from purified agarose in all but price in conservation appljestiiyinsy its use

in this series of experiments.

2Wolbers, R. (2013). The Use of Gels in Aqueous Conservation ofiRapik ¢ Paper Co-operative Training

Register Group, 19 June 2013. London: Wellcome Trust. Available at: https://www.youtube.com/watch?vzRic/_nS
[Accessed: 20 Sept. 2015].

®van Dyke, Y. (2004).

% Stulik, D. Dorge, V., Khanjian, H., Khandekar, N., de Tagle, A., Miller, D., Wolbers, R., and Carlson, J. (2000).
Surface Cleaning: Quantitative Study of Gel Residue on Cleaned Paint Surfaces.

% Neevel, J.G. (1995).

% Cremonesi, P. (2012).

% Scott, C.L. (2012).
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A book conservator who wishes to use the phytate treatment on an object may decide to use the
treatment in a bath or to apphettreatment using a gel. Using a bath would require the conservator
to disbind the volume, which is an invasive andilaieosive process, but allows even treatment

and multiple pages can be treated at once. Treatment using agar gel canditigioredimg

extensive intervention with the existing structure of the book, but each page or spread would need
be treated individually. However, the potential to treat objects without interfering with their
structure extends the potential benefit of hiy&ape treatment to a wider range of objects. Any
conservator who has the materials to apply it in a bath can apply it in a gel. The only intermediary
step used in this study was preparing the gel and a more concentrated phytate solution to stir into

the gar solution before it set.

Gels are traditionally used to remove small degradation products in conservation. There may be
color change to the substrate where the gel removes degradation products or dyes, possible fading
the ink, and if the whole pagenbt treated there may be tidelines and cockling where the water has
caused the paper to expand and d®tootn(IIl), calcium, and magnesium phytate salts are opaque
white, and are likely to remain on the surface after treatment as there is tonensivg thery.

However, it is possible the residue may actually improve the aging characteristics of the paper and
prevent yellowin§§ More phytate may remain in the samples using gels than using a bath, and may

change their ageing properties to a geedent. The longerm effects are not covered in this study.

Chapter 5: Methodology

The pupose of this series of teststovéind an effective method of chelating soluble iron(ll) whilst
limiting damage to the object. Unintended consequences eatheetit found during testing
included cockling, tidelines, ink transfer, and color change to both the ink and paper. The
experimentsariecthe duration of treatment, the pH of treatment solutions, the method of
introducing phytate, the concentration @fragnd the alkali used in the phytate solution in an

attempt to reduce the side effects.

% Strli!, M. and Kolar, J. (2005).
% Kolar, J. and Strli!, M. (2001)
100 Kolar et al. (2005)
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Figure 2: A historic sample before and after treatment, showing fading and color change of ink and

uneven paper color due to cockling during the test opadel(5.3.4)

5.1 Test materials and preparation

5.1.1 Paper and ink

For experiments on new material, Whatman No. 1 filter paper was used to prepare the unsized
samples. Filter paper is pure cellulose, an OunadulteratedO form that is a good mapensor rag p
Sized samples were prepared using Fabriano Ingres 90gsmmadehaid paper. Current
manufacturing processes use acrylic resins and optical brighteners in sizing, so the sized paper us
these experiments is meant to demonstrate the diffeedween ink resting on the surface and ink

penetrating the paper, rather than precisely replicating historic material.
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Experiments on historic material were carried out on two early nineteémh manuscript

letters, purchased from a local books€Herletter used for the initial test, and the tests varying
agar concentration and the pH of the phytate solution was a moderately sized paper in good
condition. (See section 5,30age 32 The letter used for the test of a full page and varying
duraton when using ammonium hydroxide was on a minigizdigt soft cotton or linen rag paper,
which was discolored and had some areas of advanced degradation. (See §&c8dnpaga.2
32)

The new material prepared for the following tests was noedegratiwas therefore rated 1 on the

ICN scale. The letter used for the initial test and tests varying concentration and pH was rated 1.
The letter used for the full page and varying duration was rated 3 on the ICN scale for the cracking
in a few heavilyked areas, but was otherwise condition rating 2 for discoloration visible on the

Verso.

The ink used to prepare the samples on new paper was made using crushed English oak galls
collected locally, and iron(ll) sulphate heptahydrate from Sigma Aldrich according to a recipe from
the Booke of Secrets, written in 1596:

Take a quart of strong wjnpit it into a new pot, and set it on a soft fire till it be hote, but
let it not seeth, then put into it foure ounces of gauls, two ounces and a halfe of gum
Arabike, and two ounces of victriall, al beaten into smal pouder, and sifted through a sive,
stirre it with a wooden stf¢
These quantities were converted to metric units and five percent of the given recipe was made. Thu
ink used 57mL red wine heated on a hot plate to 60%C for one hour, 5.7g powdered galls, and 2.8
ferrous sulphate. The ink wasligplpto sized paper with a 3mm bredde dip pen in 10mm lines.
This resulted in five lines in each row on the sized paper, and four on the unsized paper due to the
smaller size of the filter paper. The samples prepared using this ink initifinhleéatment
but experiments conducted more than two months after the samples were created showed no

movement of the ink, suggesting that the ink oxidized fully enough to be permanent.

101 Extract via Thompson, J. and Lindblad, C. (1996).
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The first test varying the duration of treatment used a differeatamedip pipette to apply the ink,

but was later retested with the standard samples and recipe. (See sectjuagé. BfL.1
5.1.2 Agar and phytate

5% wl/v solutions of agar gel were produced by mixing 5g agar powder and 100mL deionized watel
which was diled and poured into containers to set. Richard Wolbers recommended a 5% solution

as high concentration for a more rigid%el.

Severe cockling was observed in sized and historic samples, and to a lesser degree in unsized paf
during the course of the eximents. An experiment testing 6% and 7% gels was devised, in an
attempt to reduce cockling by reducing the amount of water in the gel. The percentages refer to the
initial concentration, and do not necessarily reflect the final result, becausesvedtetubiity

preparation. More water can be added, but the resulting concentration cannot be predicted.
Solutions above 7% were difficult to achieve because the agar did not dissolve completely before t

mixture thickened.

Solutions of calcium phytate eieroduced according to the instructions on the Iron Gall Ink
Website using 10% of the given recipe to yield 100mL of solution. 0.288g 40% phytic acid and
.044g calcium carbonate were added to 100mL of deionized water to produce a 0.116% w/v
solution for he soaking method, or in quantities scaled to produce a 0.116% w/v solution with the
agar solution when casting the phytate into th& §elutions were buffered using calcium

carbonate, calcium hydroxide, and later ammonium hydroxide, as discussed above.

Throughout this series of tests, various alkaline buffers were used due to the availability of material
Calcium bicarbonate was not practical for these experiments, as it must be kept covered to minimi:

the amount of carbon dioxide lost. Exposed,tocahium bicarbonate would rapidly decompose

102\Wolbers, R. (2015Feedback on MA topic: phytate treatment in a gel. [email]. (See Appendix B)

103Neevel, J., Rei8land, B., Scheper, K, and Fleischer, S. R200iion of Calcium Phytate. Amsterdam: Instituut
Collectie Nederland. Available at:
http://inkcorrosion.org/images/file/pdf%209_preparation%200f%20calcium%20phytate_ok.pdf [Accessed 8 Aug.
2015].
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into its reactants, calcium carbonate and carbon dioxide. A small section of gel would have a large

surface area, exposing more of the solution it contains to the environment, accelerating the proces:

The initial test and deacidification solutions used calcium carbonate, although it is not water soluble
As with the phytate, gels were deposited in solutions of calcium bicarbonate or concentrated
solutions were made and stirred into the gel before it sdteljkedipitation of phytate at higher

pH levels, the insolubility of calcium carbonate was not considered an obstacle, as it would be held
in the matrix of the gel. Several tests used calcium hydroxide to buffer the phytate solution, which i:

more solubla water.

The calcium alkalies were only available in powdered form, rather than saturated stock solutions.
The powders take time to dissolve, and the quantity necessary is unpredictable, so it was difficult tc

control the pH of the solutions.

Ammonium hyroxide, the preferred alkali for the phytate treatment, was acquired for later tests.
Ammonium hydroxide is only available as a solution and is not associated with a solid salt, so its

effect on pH was immediate.

Two methods of introducing phytate wesed. Richard Wolbers recommended soaking the gels in
phytate solution, so in earlier tests sections of agar were immersed and allowed to absorb solution:
for 30 minutes® It was expected that osmosis would allow a quantity of phytate to enter the gel

whensoaked, but it was difficult to quantify the resulting concentration in the gel.

104Wolbers, R. (2000).
105 Wolbers, R. (2015).
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Figure 3: Agar soaking in phytate solution with calcium carbonate at pH 7, showing precipitated

calcium carbonate and phytate, during first trial varying duration (5.2.1)

Later tests mixed a concentrated solution containing no more than 2mL of water with the agar
solution to produce a 0.116% solution, equal to the concentration used in a bath. The concentratec

phytate was buffered to neutral, resulting in an opaquey gligktolution.

Figure 4: 2mm of concentrated phytate solution buffered with ammonium hydroxide, to produce a
0.116% phytate solution when mixed with 30mL of agar solution, during test varying duration

using ammonium hydroxide (5.2.5)
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Figure 5: Addingoncentrated phytate from the previous image to 30mL 7% wi/v agar gel before it is

cast, with plastic spatula in beaker, during test varying duration using ammonium hydroxide (5.2.5)

Figure 6: Gels cut and placed on samples during test varying pH (5.2.2)
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Gels were applied to the samples for 30 minutes, and replaced with new gels which were allowed t
rest on the samples for a further 30 mintaeding60 minutes, except when otherwise indicated.

This sequence produced the best results in the first trial varying the duration of treatment. (See
section 6.1.1,IJpage 39 Blotter was placed underneath the sample, with a felt on top of the gels,
and a boarwith a light weight to reduce cockling and keep the gels in contact with the samples. All
samples were tested for iron(ll) and pH after treatment. For the test on a full page (section 5.3.4

page 3Bit was found that treating samples on glass wasinuassul.

Figure 7: Image of treatment setup for full page experimentgage 83

The outcome of theexperiments were judged by testing the samples using bathophenanthroline
iron(ll) indicator paper, which was prepared as described in Ne®eaigamtiOs 2005 paer.

32mg of bathophenanthroline powder were dissolved in 200mL ethanol to create a 0.16% solution.

106 Neevel, J. and Rei8and, B. (2005).
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This was applied with an eyedropper to filter paper, using an Airbench fume extraction table to
evaporate the solvent. The bathophenalimrtest paper was cut into small pieces, saturated with
deionized water, blotted, and held firmly to the surface of the samples to test for iron(ll) for ten

seconds. Measurements of iron(ll) content and pH were taken on inked areas.

Iron (Il) ion test strip colour

chart

October 25, 2004
Fujifilm Pictrography 4500 printer (ON-1)
These colours are estimates of iron
concentration and not meant to be used

1

10
25

50+

Figure 8: Color drt developed at CCI to evaluate bathophenanthroline paper
' ' | " I |
: y
Figure 9: Sample during iron(ll) testing, interpreted as 25, 0, 50+, 25 ppm, during second trial

varying duration (5.2.1)

Approximate measurements of this test have been noted using thetadwetdized by the

Canadian Conservation InstittiteThe paper does not react further when the concentration of iron

W7Tse, S., Goltz, D., Guild, S., Troj@edynski, M., and Riandson, M. (2009). Effect of Aqueous Treatments on
NineteenthCentury lronGallink Document$ Assessment Using Hyperspectral Imaghadiook and Paper Group
Annual, 28(75), pp.7882. Available at: http://cool.conservatigrorg/coolaic/sg/bpg/annuaBibp2816.pdf.
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exceeds 50 ppm. Iron(ll) readings were interpreted based on the highest measurement on each
iron(Il) test strip, which was used to deteenthhe range and average iron content. This method of
testing is qualitative rather than quantitative, and should be interpreted as positive or negative,

despite the attempt to quantify the results in this study.

Similarly, the pH test strips used in tiiliving experiments have a resolution of one pH unit,

which should produce a preliminary view of trends.

5.2 Experiments using samples prepared on new material
These trials were used to develop a treatment on new ink that reliably produced no color change
bathophenanthroline indicator paper during iron(ll) testing. This was considered a reasonable

success criterion to reach before testing historic samples.

The variables tested in the experiments are as follows:
5.2.1 Treatment duration

5.2.2 Phytate sgion pH

5.2.3 Method of introducing phytate

5.2.4 Agar concentration

5.2.5 Treatment duration using ammonium hydroxide
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5.2.1 Varying duration

This test was intended to determine the length of time necessary to achieve the success criterion ¢
producingno color change on bathophenanthroline indicator paper. The first duration tested was 30
minutes, the duration of the phytate bath in NeevelOs original expféiimemrocess was then

varied as follows:

Untreated control

5% agar soaked in calciyimytateand calcium hydroxige pH 7, 30 minutes

5% agar soaked in calcium phytatd calcium hydroxige pH 7, 60 minutes

5% agar soaked in calcium phytatd calcium hydroxide pH 7,30 minutex 2

m(o|O|®@| >

5% agar soaked in calcium phytatd catium hydroxidat pH 5.6, 30 minutes
5% agar soaked in calcium carbonate at pH 7, 30 minutes

F 5% agar without phytat@0 minutes x £Trial 2 only)

See section 6.1.1 for results and discupsiga 36

The samples prepared for this test used iron gall ink prepared according to the first and more
complex recipe givenTihe Booke of Secrets (See Appendix C¥ The historic recipe used for this

trial was the first in the transcribed text, titled Oto miakéolmwrite upon paperO, and was
considered more in line with historical practice than the previous recipe, which was the last

alternative recipe in the book, described as Oeasie to makeO.

The units were converted to metric and seven percent of thegpewas made. Because the gall
mixture was so thick, 30mL of deionized water had to be added before liquid could be extracted,

producing 22mL of gall extract.

The resulting ink was not very dark when applied to the page using a 3reddes @, even
after it was allowed to oxidize for three hours. The recipe used for the ink used in this trial also

included a resting period to allow oxidation before the ink was used, which should have made it

108 Neevel, J.G. (1995).
19 Thompson, J. and Lindblad, C. (1996).
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darker upon application. The colorless iron(ll) tannateniall ink oxidizes into black iron(lIl)

tannate when the ink is exposed to air, expected to turn entirely black within a feW’minutes.
Adding water to the gall mixture diluted the extracted tannin solution, which likely did not contain
enough tannin teeact with the iron to turn black. While other test samples were made using a pen,

the ink in this trial did not result in a black line, so a pipette was used to apply the ink.

Two solutions of calcium phytate were prepared and buffered to pH 5.6H@dusing calcium
hydroxide. A deacidification solution was prepared using deionized water with calcium carbonate tc
increase the pH to 7. The phytate solution at pH 5.6 and the deacidification solution mimic the
traditional phytate bath at a low pH tolateeiron followed by a deacidification bath to raise the

pH of the object.

Because the ink used in this test was not acceptable, the experiment was repeated with the ink use
in all other trials. The samples used for the second trial had been preparexhths prior to the
experiment, when the ink had oxidized enough not to bleed when in contact with the gel. The
second trial used ammonium hydroxide rather than calcium carbonate to buffer the phytate solutior
with an additional control row of agarhwiit phytate. Due to the difficulty in controlling the pH

when casting it into phytate, the precise pH of the solutions is unknown, but the concentrated
phytate solutions were measured at approximately pH 5 and pH 7. The second trial also used glas:

underthe samples rather than blotter in an attempt to control cockling.

5.2.2 Varying pH

This experiment was intended to determine how the amount of phytate precipitated from the
solution, determined by the pH, affected the treatment. The test comparedrbst tsuxcessful
treatments from the first test varying duration, which used a gel applied for 30 minutes, then
replaced with new gels which were allowed to rest on the samples for a further 30tdimgites, to

60 minutes of treatment. (See section &,Jpage 39

The only pH levels tested were pH 5.6, in imitation of treatment using the phytate treatment in a

bath followed by a deacidification step, and pH 7, which requires only one step.

10 Daniels, V. (2001).
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A 5% w/v solution of agar was cast into four petri dishesaimlitid into treatment solutions.
Phytate solutions were buffered to pH 7 and pH 5.6 using calcium hydroxide. The deacidification
solution was buffered with calcium carbonate because less alkalinity was needechtopirtrease t
to neutral, as it was nlizing less acidjtgnd calcium carbonate leaves a comparatively stronger

alkaline buffer.

Control

5% agar without phytat80 minutes x 2

5% agar soaked in calcium phytate and calcium hydabyHe7, 30 minutes x 2

|0 | ®| >

5% agar soakedaalcium phytatand calcium hydroxide pH 5.6, 30 minutes
5% agar soaked in calcium carbonate at pH 7, 30 minutes

See section 6.1.2 for results and discupsiga 4.7

5.2.3 Gels cast with phytate

This test compared the effect of introducing the ghytdibre the gel set in the manner of
CremonesiOs experiment compared to the immersion method suggested By Weitbdssno
available method of measuring the concentration of phytate absorbed by the gel in the soaking

method, but mixing it with the Igeefore it sets produces a known quantity in solution.

5% solutions of agar were prepared, and concentrated solutions of phytate were added to produce
0.116% solutions with the water present in the gel. Three gels were produced, one without phytate
onewith unbuffered calcium phytate, and one with a quantity of calcium hydroxide added to bring
the pH closer to neutral. While phytate at pH 5.6 was more successful in reducing the amount of
soluble iron(ll), the pH of the solution was difficult to consiiguthis method. Therefore

producing a solution at pH 5.6 was not achieved, although it was the most successful in previous

tests.

11 Cremonesi, P. (2012).
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Control

5% agar without phytate, 30 minutes x 2

5% agar cast with calcium phytate, 30 minutes x 2

O|l0O|®| >

5% agar castith calcium phytate and calcium hydroxide (approximately pH 7), 30
minutes x 2

See section 6.1.3 for results and discupsige 50

5.2.4 Varying agar concentration
This test compared the effect of different concentrations of agar on cocklingiagablbeth

sized and unsized paper.

The primary concern with cockling during treatment is that the gel does not treat the object evenly.
It is only in contact with the parts of the paper that are forced upwards, and cannot treat the lower
portions. Thican be remedied by applying weight to some extent to press the gels in contact with
the paper, but applying a heavier weight would press more water out of the gels, causing wider
ranging tidelines and dimensional instability. Paper that has undergaretezatetent would

generally be dried under weight between blotters or felts, as this encourages it to dry flat. Despite

this, there may be irreversible expansion or distortion during treatment.

Gels were produced at 5%, 6%, and 7% w/v concentratioas. @@ucentrations above 7% were
difficult to achieve, as the gel became too thick to stir effectively and some agar remained
undissolved. 5% wi/v solutions are considered to be the practical upper limit for conservation

application$!?

Gels were applied 80 minutes, and replaced with fresh gels applied to the samples for a further 30

minutes.

12| bid.
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Control

5% agar, 30 minutes x 2

A
B
C 6% agar, 30 minutes x 2
D

7% agar, 30 minutes x 2

See section 6.1.4 for results and discupsiga 52

5.2.5 Varyingluration when using ammonium hydroxide
It was noted that gels containing phytate with the pH increased using ammonium hydroxide rather
than a calcium salt worked more quickly. This experiment increased the duration of treatment in

five minute incrementstin@r than thirty.

A 7% agar gel was mixed with a solution of concentrated phytate increased to pH 7 using
ammonium hydroxide and cast into petri dishes, the concentration that was most successful in the
test varying ementration. (See section 6.1.4, p&geSections of gel were applied to the samples

for 5, 10, and 15 minutes. This test was carried out on both new and historic samples.

Control

7% agar with calcium phytate and ammonium hydroxide, pH 7, 5 minutes

A
B
C 7% agar with calcium phytate amdmonium hydroxide, pH 7, 10 minutes
D

7% agar with calcium phytate and ammonium hydroxide, pH 7, 10 minutes

See section 6.1.5 for results and discupsige 55

5.3 Experiments using historic material
After establishing that the treatmenteftestive on samples prepared for the expesitests

were repeated on historic samples subject to unpredictable natural aging.

Variables were tested as follows:

5.2.1 Initial application to historic material
5.2.2 Agar concentration, with and withplaytate
5.2.3 Phytate solution pH
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5.2.4 Treatment area (full page)

5.2.5 Treatment duration using ammonium hydroxide

5.3.1 Initial test

This test measured the effect of the treatment on historic material.

Two 5% gels were cast, one without phytate antbatening unbuffered concentrated calcium
phytate solution. The gels were applied to the sample for 30 minutes, and replaced with new gels fi

a further 30 minutes.

See section 6.2.1 for results and discupsiga 59

5.3.2 Varying agar concentration
After testing different concentrations on new material, this test was intended to determine whether

concentration influenced the appearance of tidelines and color change on historic material.

Agar was produced at 5%, 6%, and 7% concentrations, with @maeing no phytate and one

set containing phytate buffered to pH 7 using ammonium hydroxide introduced before the gel set.

The gels were applied to historic ink for 30 minutes and replaced with new gels applied for a furthe

30 minutes, and then tested.

Untreated control

5% agay 30 minutes x 2

5% agawith calcium phytate with ammonium hydroxide, pB0/minutes x 2

6% agay 30 minutes x 2

6% agawith calcium phytate with ammonium hydroxide, pB0/minutes x 2

7% agay 30 minutes x 2

@|Tm(m|o|O|®]| >

7% agawith calcium phytate with ammonium hydroxide, pB0/minutes x 2

See section 6.2.2 for results and discupsiga 62
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5.3.3 Varying pH
This test combined phytate with the 7% w/v gels, the most effective concentration of agar found in

the pevious experiment.

7% wl/v gels were cast without phytate, with phytate increased to pH 7 using ammonium hydroxide
and with phytate increased to pH 5.6. Another gel was prepared with a solution of calcium

carbonate as a deacidification treatment fora¢adraated with the gel at pH 5.6.

The gels with phytate and the plain gel were applied for 30 minutes, then replaced with fresh gels,
except in the case of the gel at pH 5.6, which was replaced by the gel containing deacidification

solution. These wet for a further 30 minutes before testing.

Untreated control

7% agar without phytat80 minutes x 2

7% agar with phytasnd ammonium hydroxige pH 7, 30 minutes x 2

O|l0O|®| >

7% agar with phytaend ammonium hydroxide pH 5.6 30 minutes
7% agawith calcium carbonate soluti®® minutes

See section 6.2.3 for results and discupsige 65

5.3.4 Treating full page

This test was intended to confirm the hypothesis that treating a full page would eliminate problems
with tidelines and cockling.deise no books containing iron gall ink could be sourced, this test

used a single sheet. In practice, the book would be opened to the page to be treated, a sheet of gle
or Perspex would be inserted between that leaf and the rest of the textblodelafedtfhmard,

and weight would be placed on top of the page. The rest of the book would be leant against a book

support, and the free pages would be held with a bandage if necessary.
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Figure 10: Treating a full page with a large gel with blotter ssetwple

A 7% wiv solution of agar containing a 0.116% solution of calcium phytate buffered to neutral with
ammonium hydroxide was cast in a tray yielding two sheets of agar slightly larger than the 11 x 18
cm sample page. A 7% solution of agar provwedthee most effective in reducing cockling (6.1.4
page 5P The concentration of calcium phytate is equal to that used in a bath. Treating the sample
used 350 mL of gel in total for both sheets, which required 24.5 g agar powder for a 7% wi/v

solution. Edt agar sheet was applied to the sample page for 30 minutes before testing.

Buffering to pH 7 would allow the gel to be cast as one sheet and cut in half, saving time, although
the ammonium hydroxide would not leave an alkaline reserve. Buffering tinéopbisita.6 and
following it with a gel containing a deacidification solution may be preferable if an alkaline reserve i

desired.

The test was originally carried out with blotter underneath the sample, which still produced

significant cockling. The tegas repeated with a sheet of glass under the sample, similar to the
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Plexiglas” used to support the paper in lannuccelli and SotgiuOs study on cleaning art on paper us

Gellan, another rigid polysaccharidé'gel.

See section 6.2.4 for resultsdiadussiarpage 6.7

5.3.5 Varying duration when using ammonium hydroxide

The experiment varying duration in increments of five minutes was carried out simultaneously on
both historic material and new material prepared for the tests. 7% w/v gels weste@pdepa
concentrated phytate solution increased to pH 7 with ammonium hydroxide was introduced.

Segments were applied to the test sample for five, ten, and fifteen minutes before testing.

See section 6.2.5 for results and discupsiga 72

Chapter 6: Raults and discussion
The primary success criterion of achieving no color change in bathophenanthroline indicator paper
during iron(ll) testing was reached in most trials on sized and historic paper after the test for

duration, and results for unsized papproved.

Gels without phytate were more effective on new material, removing iron within half an hour on
sized paper, and with a noticeable effect on unsized paper. On historic samples, the opposite trenc
was observed. However, ammonium hydroxide wa®muak tests on historic material, and when

the test varying duration on new material was repeated, the phytate solution worked far better than
using calcium salts to buffer the phytate solutions. (See sectigrp@del4d Agar without

phytate waalso successful, although it took longer to reach the success criterion than phytate
buffered with ammonium hydroxide. It is likely that the same capillary action used during cleaning

with gel to draw out dirt and discoloration also removes iron ions.

ThepH was raised in all cases, and sized paper was most likely to reach pH 7.

31annuccelli, S. and Sotgiu, S. (2010). Wet treatments of works of art on paper with rigid géhlaBgels:
Paper Group annual, 29, pp.2BB9.
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6.1 Experiments using new material

6.1.1 Varying duration
6.1.1.1 Trial 1

Figure 11: Iron(ll) results of first trial varying duration on unsized paper, showing discoloration 4

months after test, having been stored in dark, stable conditions



Figure 12

. Iron(1l) results of first trial varying duration on sized paper

37
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Trial 1 Iron(ll) | Iron(ll) | pH
rangeg averagy
(ppm)|  (ppm)
Unsized paper
A: Control 50+ 50| 5.0
B: 5% agasoaked inalcium phytate Ca(OH) pH 7, 30 min 10B60+ 21| 4.0
C: 5% agar soaked ialcium phytate Ca(OH)} pH 7, 60 min 10B60+ 15| 4.5
D: 5% agar soaked ialcium phytate Ca(OH) pH 7, 30 min x 2 OBB0+ 20| 4.5
E: 5% agar soaked ialcium phytate Ca(OH), pH 5.6, 30 min OBB0+ 2| 4.5
5% agar soaked ialciumcarbonateH 7, 30 min
Sized paper
A: Control 50+ 50| 55
B: 5% agar soaked ialcium phytate Ca(OH) pH 7, 30 min 10B60+ 441 6.0
C: 5% agar soaked ialcium phytate Ca(OH)} pH 7, 60 min 2560+ 50| 6.5
D: 5% agar soaked ialcium phytate Ca(OH) pH 7, 30 min x 2 0B10 3| 6.0
E: 5% agar soaked ialcium phytate Ca(OH) pH 5.6, 30 min OBB0+ 13| 6.5

5% agar soaked ialciumcarbonateH 7, 30 min
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Varying duration: Unsized, trial 1

50 ~
40 ~
30 -
ETron(Il) avg
20 - B [ron(II) max
10 -
0 -
A B C D E

Figure 13: Graph afon(ll) content of first trial varying duration on unsized paper

Iron(II) content (ppm)

Varying duration: Sized, trial 1

50 -
40 -
30 -
Hron(ll) avg
20 7 H [ron(Il) max
. B
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Figure 14: Graph of iron(ll) content of first trial varying duration on sized paper

Iron(ll) content ((ppm)

Rows D and E in which gels were replaced had the most effect, with D removing nearly all soluble

iron onsized paper, and E being most successful on unsizeSgadqegy.the gels for 30 minutes
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in the phytate salion may not have been enough to introduce sufficient phytate for complete

removal.

The ink used in this trial was not satisfactory, althowgis ih more traditional recipe including the
common aging period to allow oxidatid.he quantity of liquid used in steeping the galls was too
little to extract, and adding water to the galls to extract more liquid may not have yielded enough
tannin to reet with the ferrous sulphate. This may have contributed to the higher iron(ll)
measurement after treatment. The inks used for the tests were intended to be unbalanced, but this
would have been unacceptable for practical use as a black ink becausgkenedeiThe ink had

to be applied with a pipette to produce a black area.

The alternate ink caused dramatic tidelines. The tidelines did not contain iron(ll), although they
discolored over time, appearing to OrustO. This discoloration only occumd sheszis that had
been exposed to water during treatment or testing. The test was repeated using the standard ink

recipe with phytate cast in the gel.

114 Dorning, D. (2000).
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6.1.1.2 Trial 2

Figure 15: Iron(ll) results of second trial varying duration on unsized papstandarg ink

recipe. The test strips have been moved from their original locations to aid accurate measurement.
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Figure 16: Iron(ll) results of second trial varying duration on sized paper using standard ink recipe



Figure 18: Ink on sized paper transferred to the gels.
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[ron(Il) | Tron(Il) pH
rangel averagy
(ppm)|  (ppm)
Unsized paper
A: Control 50+ 50| 5.0
B: 5% agar cast with calcium phytate +® pH 7, 30 min 0 0| 6.0
C: 5% agar cast with calcium phytate +@H pH 7, 60 min 0 0| 6.0
D: 5% agar cast with calcium phytate +@H pH 7, 30 min x2 0 0| 7.0
E: 5% agar cast with calcium phytate +@®H pH 5.6, 30 min 0 0| 7.0
5% agar cast with Ca(OH)H 7, 30 min
F: 5% agar, 30 min x 2 0 0| 7.0
Sized paper
A: Control 50+ 50| 6.0
B: 5% agar cast with calcium phytate +® pH 7, 30 min 0 0| 7.0
C: 5% agar cast with calcium phytate +@H pH 7, 60 min 0 0| 6.0
D: 5% agar cast with calcium phytate +@H pH 7, 30 min x2 0 0| 7.0
E: 5% agar cast with calcium phytate +@®H pH 5.6, 30 min 0 0| 7.0
5% agar cast with Ca(OH)H 7, 30 min
F: 5% agar, 30 min x 2 0 0| 7.0
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Varying duration: Unsized, trial 2
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Figure 19: Graph of iron(ll) content from second trial varying duration on yeseed

Varying duration: Sized, trial 2
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Figure 20: Graph of iron(Il) content from second trial varying duration on sized paper

The repeated experiment produced radically better results, removing all soluble iron(ll) after 30
minutes, except in the case of row E. The same method Osadddt is used on the same ink in
the following test, but does not achieve the same result. The use of ammonium hydroxide rather

than calcium hydroxide is likely responsible for the dramatic difference. The precipitdted tri
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tetracalcium phytate proded when buffering with calcium salts appears to be ineffective in

chelating iron.

Cockling did not appear to improve when the sample was placed on glass rather than blotter when

treating small areas.

Figure 21: The gel containing phytate at pH 5 (foweas not as thick than the others, and was not

pressed to the paper, making the treatment less effective.
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6.1.2 Varying pH
Y LT S 19
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Figure 22: Iron(ll) results of test varying phytate pH on unsized paper
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Figure 23: Iron(ll) results of test varying phytatempkized paper
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Iron(ll) [ Iron(ll) pH
range averag
(ppm){  (Ppm)
Unsized paper
A: Control 50+ 50 5
B:5% agar, 30 min x 2 0B60+ 7 5.5
C: 5% agar soaked ialcium phytate Ca(OHy pH 7, 30 min x 2| OEBO+ 40 5
D: 5% agar soaked ialcium phytate Ca(OH), pH 5.6, 30 min 0B60+ 12| 586.5
5% agar soaked in Ca(QkH 7, 30 min
Sized paper
A: Control 50+ 50 5
B: 5% agar, 30 min x 2 0B10 2 7
C: 5% agar soaked ialdum phytate Ca(OHy pH 7, 30 minx 2 | OEBO+ 10| 586
D: 5% agar soaked dalcium phytate Ca(OH) pH 5.6, 30 min 0 0| ebr
5% agar soaked in Ca(QkH 7, 30 min

Varying phytate pH: Unsized

Iron(ll) content (ppm)

A B C D

Hlron(ll) avg

H |ron(Il) max

Figure 24: Graph of iron(ll) content of test varying phytate pH on unsized paper
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Varying phytate pH: Sized
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Figure 25: Graph of iron(ll) content of test varying phytate pH on sized pap
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Agar without phytate left less soluble iron in the samples than phytate at pH 5.6 followed by a
deacidification solution, and gels with phytate at pH 7 were least effective. In all cases, ink needed
the gel to be replaced to show no visible reacbathtmphenanthroline in at least one test area.

This trial supports the hypothesis that that the phytate precipitated in gels when using calcium salts
is no longer capable of chelating iron, making it less effective. In the second trial varying duration,
gels with phytate with the pH increased using ammonium hydroxide performed well. (See section

6.1.1.2 page 4)

It is possible that after treatment with phytate at pH 5.6, the gel containing the deacidification
solution drew the iron out in a similar w@yhe gels without phytate, causing better results than

the row using only phytate at pH 7
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6.1.3 Gels cast with phytate

_qﬁ‘-A

**v B
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Figure 26: Iron(ll) results of test of gels cast with phytate on sized paper, with test strips moved aw

from original position® aid accurate measurement.

[ron(ll) | Iron(ll) | pH
range| averag

(ppm)(  (ppm)

A: Control 50+ 50| 5.5
B:5% agar30 min x 2 OEBO+ 20 7
C: 5% agar cast witlalcium phytate, 30 min x 2 0B60+ 20 7

D: 5% agar cast witlalcium phytate Ca(OH) pH 7, 30min x 2 0 0 7
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Cast with phytate: Sized

Elron(ll) avg

H ron(Il) max

Iron(ll) content (ppm)

A B C D

Figure 27: Graph of iron(ll) content of gels cast with phytate on sized paper, unsized not tested

The test strips did not react partially, demonstrating that either all soluble iron was removed or
chelated, or none was. The pattetrledgding suggests that the paper cockled and the gels were not
in contact with the entire surface, leading to incomplete treatment. The areas where the gel was in
contact showed no reaction, while the areas that were not reacted completely. THig is especia
visible in the leftmost test strip in row C. It seems likely that casting phytate into the gel produces a
higher concentration of phytate, with less precipitated phytate at the bottom, allowing more
thorough treatment. However, the efficacy of gélsutphytate on sized paper in this and the

previous trial suggests that the phytate is not required to remove iron from sized paper.



6.1.4 Varyingagarconcentration

Figure 28: Iron(ll) results of test varying agar concentration on unsized paper

Figure29: Iron(ll) results of test varying agar concentration on sized paper
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Figure 30: Cockling on sized paper

Iron(Il) rangg(ppm)| Iron(ll) averagéppm)| pH
Unsized paper
A: Control 50+ 50+ 5
B: 5% agar, 30 min x 2 10860+ 421 6.5
C: 6% agar, 30 minX OEBO+ 37| 6.5
D: 7% agar, 30 min x 2 0Bb0+ 22| 6.5
Sized paper
A: Control 50+ 50+| 5.5
B: 5% agar, 30 min x 2 0 0 7
C: 6% agar, 30 min x 2 0 0 7
D: 7% agar, 30 min x 2 0 0 7
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Varying agar concentration:
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Figure 31: Graph of iron(ll) content of test varyingayaentration on unsized paper

Varying agar concentration:
Sized

Hron(ll) avg

N
o

H ron(Il) max

Iron(ll) content (ppm)

iy
o

o

A B C D

Figure 32: Graph of iron(ll) content of test varying agar concentration on sized paper

The 7% gel showed the least reaction with the iron(ll) indicator paper, and the least cockling. It did,

however, cause some ink trarfisder the sized paper, leaving visibly lighter areas.

The complete removal of iron from sized paper reinforces the hypothesis that phytate is not

required, although it would reduce the duration of successful treatments on unsized paper.
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These tests werergad out two months after the samples were prepared, and showed no bleeding.
This suggests that the samples used in earlier tests had not had enough time to oxidize and react\

the paper to become permanent.

6.1.5 Varying duration when using ammoniyairbxide

A Suiih o enng wime sum—

B &= dilw mac: moes oues

Figure 33: Iron(ll) results of test varying duration when using ammonium hydroxide on unsized

paper
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Figure 34: Iron(ll) results of test varying duration when using ammonium hydroxide on sized paper



Iron(Il) | Iron(ll) | pH
range, averagy
(ppm)|  (ppm)
Unsized
A: Control 50 50 5
B: 5% agar cast witlalcium phytate NH,OH pH 7, 5 min 0B60+H 24 5
C: 5% agar cast witlalcium phytate + N¥DH pH 7, 10 min OER5 15| 6
D: 5% agar cast witlalcium phytate + N¥DH pH 7, 15 min 0B10 2| 6
Sized
A: Control 50 50| 6
B: 5% agar cast witlalcium phytate + N¥OH pH 7, 5 min 0 0 7
C: 5% agar cast witlalcium phytate + N¥DH pH 7, 10 min 0 0 7
D: 5% agar cast witlalcium phytate + N¥DH pH 7, 15 min 0 0 7
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Varying duration with ammonia,

Unsized
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Figure 35: Graph of iron(lontent of test varying duration when using ammonium hydroxide on

unsized paper

Varying duration with ammonia:
Sized
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Figure 36: Graph of iron(ll) content of test varying duration when using ammonium hydroxide on
sized paper

Sized paper showed no reaction with iron(ll) test paper and weasphised to neutral after only

five minutes, and unsized paper displayed very little reaction after fifteen minutes, although the pH
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was slower to increase. However, it is possible that only soluble iroartacéhefshe paper is

affected osized pper, as the treatment solution does not have time to penetrate.

Unsized paper was soaked through around treated areas after only five minutes. This may have be
an advantage, as the paper adhered to the flat glass below it, while the sized palb@w digenot
moisture to penetrate the entire thickness of the paper, causing it to cockle instead. Cockling on
sized paper was less noticeable with shorter application time, but after fifteen minutes the

dimensional change appeared to be permanent andatdwédesolved by drying under weight.

6.2 Experiments using historical material

6.2.1 Initial test
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Figure 37: Iron(ll) results of first test using historic material
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Figure 38: Verso of sample immediately after treatment with underlyingdeloiberstrating

cockling and bleedthrough.

=

Figure 39: Sample after drying without weight, indicating cockling. Tidelines and color change were

also present, but are not evident in photographs.
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Iron(Il) max(ppm)| pH
A: Control 25 6
B: 5% agar30 min x 2 0 7
C: Calcium phytate NH,OH pH 7, 30 min x 2 0Of 55

The gel with phytate removed soluble iron within 30 minutes, and the gel without phytate achieved
the same result after 60 minutes. There was evidence of more pronounced discoloration on the vet
after treatment in some historic samples, indicatingdhegion of brown degradation products

along with iron ionslreating the sample on blotter may have contributed to this issue, as it drew
the moisture through the papBreated areas on historic samples were also substantially brightened,
which is not ungected as gels are traditionally used to remove degradation products in
conservation. These lightened areas and the tidelines caused by migration of degradation products
make localized treatment inappropriate for documents with significant discoloeatiiowgy. the

entire page did not result in cockling or tidelines, but it is a much more invasive treatment.
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6.2.2 Varyingagarconcentration

Figure 40: Iron(ll) results of test varying agar concentration on historic material after-two thirty

minute teatments
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Figure 41: Iron(ll) results of test varying agar concentration after foumitinirtiy treatments

Figure 42: Tidelines and color change to the paper from 6% and 7% solutions. All areas showed

similar results.
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Iron(Il) Iron(ll) | pH

range  average

(ppm)|  (ppm)
A: Control 50+ 50 6
B: 5% agar30 min x 4 OERS5 16 7
C: 5% agacast witlcalcium phytate + NMDH pH 7, 30 min x 4 0B10 2 7
D: 6% agar30 min x 4 0B1o 4 7
E: 6% agacaswith calcium phytate + N¥DH pH 7, 30 min x 4 0B60+ 12 7
F: 7%agay 30 min x 4 OEBO+ 37 7
G: 7% agacastwith calcium phytate + N@H pH 7, 30 min x 4 0B10 4 7

NH +OH is the chemical formula for ammonium hydroxide.

Varying agar concentration: Historic
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40
Iron(ll) avg
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Figure 43: Graph of iron(ll) content of test varying agar concentration on historic matérial after

30-minute treatments

Results from this trial are significantly different from the others. There was clearly an effect after the
two 30minute treatments used in the other trials, but even after fioum@e treatments all rows

showed at least oaea of reaction with the iron(ll) indicator paper, and there is no discernable
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pattern in the data. Sections of #raes letter were used for the followingotesistoric material,

and it is not clear why this experiment did not produce similar results.

6.2.3 Varyinghytate pi
R T

Figure 45: Tidelines caused by treatment
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Iron(ll) | Iron(ll) | pH
rangel averag

(ppm) | (ppm)

A: Control 10EB0+ 27.5 5
B: 7% agar30 min x 2 OEr5 17.5 7
C: 7% agacastwith calcium phytate + Ni@H pH 5, 30 min 0 0 7

7% agacast withCaOH). pH 7, 30 min

D: 7% agacastwith calcium phytate + N@H pH 7, 30 min x 2 0 0O 6.5

Varying phytate pH: Historic

Iron(ll) avg
| I H [ron(Il) max
A B C

D

N w H w1
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Figure 46: Graph of iron(ll) content of test varying phytate gtistoric material

Both the solutions at pH 5.6 and pH 7 produced no color change in the indicator paper. However,
the agar without phytateactedvith the bathophenanthroline, indicating that the phytate does help

chelate iron(ll).
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6.2.4 Treating fulbage
This test was originally attempted with blotter underneath the sample, but the paper became

extremely cockled. The experiment was repeated on glass.

Figure 47: Appearance of a full page sample treated on blotter during treatment
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Figure 48Detail of full page sample treated on blotter before and after treatment, showing uneven

paper color due to cockling



Figure 49: Appearance of full page sample treated on glass before treatment

Figure 50: Appearance of full page sample treated aftglassatment, showing color change in

ink and loss of heavily degraded area, discussed later.




7C

Figure 51: Iron(ll) result of test of full page sample treated on glass before treatment

Figure 52: Iron(ll) result of test on full page treated on fidaitseamtment
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Iron(ll) | Iron(ll) | pH
rangel averag

(ppm) | (ppm)

Before treatment 2560+ 31 5

7% agar cast witlalcium phytate NH,OH pH 7, 30 min x 2 0 0 6

Treating full page: Historic

50
E 40
Q.
2
€ 30
3
< Iron(ll) avg
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= 20 B iron(ll) max
5

Before treatment  After treatment

Figure 53: Graph of iron(ll) content of full page treated on glass before tnediaftent

This trial was successful in chelating soluble iron, The inkldeuhedreatment and the color took

on a warmer hue, although legibility overall improved due to the removal of degradation products
from the paper. The gel may be removing some of the black iron(lll) tannate complex from the
surface. There was significant rakgfer to the gel, and some of the sand used to blot the ink was
dislodged from the paper, which could be considered loss of historically important evidence. The
treatment was certainly more successful on glass, although the second trial varymg reination
material, which was carried out simultaneously, does not indicate that it would improve localized

treatments. (See section 6.1.4age 4)
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Treatment of items with extensive ink degradation is not recommended. The sample sourced for th
experimenhad an area of severe damage where the inked area was already cracking. The inked ar
adhered to the gel and came away during the second phase of treatment, although it was still intac
when the gel was replaced after half an hour, when the respon@é testing in the

surrounding area was 10 ppm.

6.2.5 Varying duration when using ammonium hydroxide

Figure 54: Iron(ll) results of test varying duration when using ammonium hydroxide on historic

material, showing tidelines on right
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Iron(Il) | Tron(ll) [ pH
rarge| averagy
(ppm) | (ppm)
A: Control OEBO+ 22l 5
B: 7% agar cast withlcium phytate + N¥ODH pH 7, 5 minutes 0 0O 5
C: 7% agar cast witlalcium phytate + N¥DH pH 7, 10 minutes 0 0O 5
D: 7% agar cast witlalcium phytate + N¥OH pH 7, 15minutes 0 0O 5
Varying duration using ammonia:
Historic
50
E 40
2
€ 30
€ Iron(ll) avg
S 20
= H [ron(Il) max
S 10
0
A B C D

Figure 55: Graph of iron(ll) content of test varying duration when using ammonium hydroxide on

historic material

There was no visible reaction with iron(ll) indicator paper after five minutes. The control row did
not display maximum color change, so a longer treatment may be required for a sample containing
more iron. The sample was saturated with water aftevemyrfutes, and the sample was from a

particularly discolored area of the document, so the treatment immediately produced dramatic

tidelines.
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Chapter 7: Conclusion

Iron gall ink played an important role in manuscripts for centuries. In many casés stebiak

and does not require treatment beyond preventive care. The greater part of conserving books writts
in iron gall ink is keeping them in appropriate storage conditions, but in cases where documents
have been stored in high or fluctuating humadfit/the ink is damaging the paper, the degradation

sometimes calls for treatment.

Removing soluble iron is difficult in bound volumes as most treatments that remove iron require
immersion in a bath, meaning the book must be disbound. The decisionhe tigj@ct is
difficult and limiting intervention is crucial to preserving the character of the object. There is a clear

need for irsitu treatments.

Agar gel may resolve the problem. Theaglbld the phytate solution within its stable, rigid
networkstructure, to be dispersed gradually rather than immersing the object. Agar is inexpensive
and available in many grocery stores, making treatment using agar gels more accessible to practic
conservators. The treatment appeared to be most successihowith aoncentration, which

caused the least cockling and had the greatest effect on the iron(ll) content without the addition of

phytate.

The use of the phytate treatment in agar gel appears to be effective overall. A treatment of 60
minutes in total, macing the gel after 30 minutes seemed to be the most effective when using
calcium salts to increase the pH of the phytate solution. Halwewgrthe final experimenthen
ammonium hydroxide was used to increase the pH of the phytate satofisemonstrated no
color change in the iron(ll) indicator paper during testing on sizedmépéestoric materiafter

only 5 minutes of treatment, and nearly no reaction after 15 minutes onpaps&zed

Two pH levels were tested for the phytate salifgriate solution is ordinarily applied at a lower
pH and is followed by a deacidification bath, so one method used in this series of experiments
applied phytate at pH 5.6 in a gel, followed by a gel containing a calcium hydroxide or calcium
carbonate dedification solution. Whethe pH of the phytate solution was buffered tioe?,

treatment cabe applied in only one step. While both methods achieved no reaction with the
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indicator paper and the pH was raised to neutral, phytate buffered to pH MmNy
hydroxide would not leave an alkaline reserve, and a second treatment with an appropriate metallic

alkali would be necessary to impart one.

The goal of producing no reaction with bathophenanthroline iron(Il) indicator paper was met in all
treatmets where the pH of the phytate was increased with anaxogd in the test varying agar
concentrationThe success criterion was often reached aftermomau8dapplication, but ithat
casearon(ll) was still detectible affeur 30minute treatmentdJsing calcium salts to increase pH

was less successful, likely because the precipitanedtétracalcium phytate was no longer

capable of chelating iron.

While treatment with gels is a promising option, the side effects currently make ityuseful on

specific situations. The ink faded on historic material, although overall legibility improved as
discolored degradation products were removed. The hue of both ink and paper was substantially
changed in historic materideavily degraded, crackingaa can adhere to the gel when they

become saturated with water, although using immersion treatments on paper in advanced stages c
degradation is not advisable for similar red3dabnes can form on discolored paper during

localized treatment as delgteon products are carried by the moistureé dyed paper may lose its

color. The treatment can cause cockling but shorter treatment times limit the effect. Using glass
underneath the sample reduced cockling when treating full pages, but localized treatment still caus
dimensional instability. Treating a full page may also calesaf tio change dimension, which

would be obvious in a book with trimmed edges.

The original intent was to devise a new method of treating iron gall ink in areas where the paper
must be repaired, circumventing concerns about the migration of irorhionglity bychelating
thesoluble iron without compromising the historical integrity of the entire object. However, while
the treatment doeselatesoluble iron, it may not be suitable for treating small areas due to the
possibility of tidelines and dinsgonal change, making it inappropriate for the original intended

application. While treatment on glass improved uneven dimensional change when treating the enti
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object, on small areas it did not have much effect. The 7% gel improved problems mgtbwtockli

if the paper is discolored it will result in an obvious lighter area where the object was treated.

Previous research into alternative treatments for removing soluble iron(Il) in bound volumes has
only had moderate success. Most studies on nonaguema of iron(ll) required interleaving for
a sustained period and the trials were conducted in high humidity, which would not be acceptable

for items in collections rather than sacrificial material or samples prepared for tests.

At present, controllemjueous treatment with gels seems to be most appropriate for treating full
pages or locale treatment of paper without obvious discoloration to avoid tidelines. Future
research may expand its usefulness further. This project did not cover othersigiti ge

Gellan, or fluid gels other than a brief test using SCMC, and did not investigate the effect of other
ingredients in the ink. If the application of the phytate treatment using agar gel is developed, it may

prove to be a simple, inexpensivéntesa for practical use on objects that cannot be immersed.
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Appendices

Appendix A: Materials and suppliers

BDH Limited
Calcium carbonate GPR, product code 27579
Calcium hydroxide GPR, product code 25799

SigmaAldrich

Agarose (Type I, low EEO), CAS 93656

Ammonium hydroxide 5.0 M, CAS 1336-6

Bathophenanthroline 97%, CAS 16827

Iron(ll) sulphate heptahydrate, CAS 768D

Phytic acid solution, technical ~40% #OIHCAS 8386-3 (discontinued)
Whatman™ qualitative filter paper, Grade 1, product code WHA1001325
0-14 pH test strips, resolution 1.0 pH unit

Fabriano Ingres 90gsm, from John Purcell, product code FAJ602
Agar Agar Powder 500 grams from Special Ingredients, product code 5060341110504

Appendix B: Email from Richard Wolbers
Received fromoczepp@gmail.camn 27 August 2015:

Hi Avery

Sorry to take so long to get back to you...just the first week of classes for me at my
University!

Phytate itsélvouldn't be soluble in completely ramqueous gels I'm afraid..but perhaps it
could be delivered in a water/alcohol gel if that were appropriate. In that sense, something
like a Klucel G (or some other equally neutral cellulosic ether) gel wouldBag ine.of

the 'down sides' to a viscous gel delivery is that it would 'hold back’ the Phytate solution
from really penetrating, and getting to the deepest interstitial areas in the paper structure
(which I think is what you really want to do for efficaOr where you thinking of

something like an Agarose gel? You might be able to cast an Agarose gel in water, then
transfer the prormed aqueous gel to a Phytate/water/alcohol solution to load the gel with
Phytate,and then apply it to the local papdace (a high concentration of Agarose ..say 5%
would allow you to transfer some Phytate into a paper, while not completely wetting it out.
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Agarose is of course neutral...and highlylicrkesd...so there would be no residues
problems from either thelgr ‘acidic residues’ to contribute to further deterioration.

Best!
Richard

Appendix C: Recipe used in first test varying duration
A recipe from thBooke of Secrets, written in 1596, as quoted in Thompson and LindbladOs

Manuscript Inks:

Take halfe a pi of water, a pint wanting a quarter of wine, and as much vineger, which
being mixed together make a quart and a quarter of a pint more, then take six ounces of
gauls beaten into small pouder, and sifted through a sive, put this pouder into a pot by it
sdfe, and poure halfe the water, wine and vineger into it, take likewise foure ounces of
victriall, and beat it into pouder, and put it also in a pot by itselfe, whereinto put a quarter of
the wine, water, and vineger that remaineth, and to the other, gu&rfeure ounces of

gum Arabike beaten to a pouder, that done, cover the three pots close, and let them stand
three or foure daies together, stirring them every day three or foure times, on the first day se
the pot with the gauls on the fire, and whbagins to seeth, stir it about till it be throughly
warme, then straine it through a cloath into another pot, and mixe it with the other two

pots. stirring them well together, and being covered, then let it stand three daies, till thou
meanest to use dn the fourth day, when it is setled, poure it out, and it wil be good inke.

If there remaine any dregs behind poure some raine water (that hath stand long in a tub or
vessell) into it, for the older the water is, the better it is, and keepe tlyauumiilke more

inke, so it is better then clean water.

Appendix D: Initial concept test

The initial test was intended to determine whether the phytate treatment was viable enough in a ge

to warrant further testing.

This test used ink prepared without guabic and substituted apple cider vinegar for wine due to
shortage of materials, but the ink included the essential ingredients, tannin and iron, which
characterize iron gall ink. The samples prepared with the ink should therefore produce a reasonabl

esimation of response to the treatment.
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Two solutions of calcium phytate were prepared. One solution of 25mL calcium phytate remained
at pH 5.6 and the other was buffered with calcium carbonate to pH 7. A 20 x 15mm section of
agarose was placed in eachi@oligr half an hour to allow the gel to absorb the phytate. The
sections were blotted on filter paper and applied to the sample sheet for 30 minutes, the length of

the bath in NeevelOs original study, before testing.

Results

vy

— e —

Figure 56Iron(ll) resultdrom initial concept test on sized paper

Iron(Il) range lron(ll) | pH
(ppm)| average (ppn|

A: Control 50+ 50+ 3.5

B: 5% agar soaked ialcium phytate + CaC@H 5.6 OBB0+ 25| 5.0

C: 5% agar soaked ialcium phytate + CaG@H 7 10B60+ 10| 5.5
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Initial concept test: Sized

Elron(ll) avg

H ron(Il) max

Iron(ll) content (ppm)

A B C

Figure57: Graph of iron(Il) content in concept test

The initial test was much less successful than later tests. The samples were not treated for an
adequate period, as found in the test varying duration (section gagyd 35 and the existing

phytate solubn used for the experiment may have lost its effectiveness since it was made. The
phytate solution used for all other tests was prepared at the time the gels were cast, and was more

successful.

The treatment caused the ink to take on a slightly warmertinclealso occurred in the historic
samples, but was not visible in any other test on material created for this study. There were also

visible white deposits on the surface after treatment, which were not seen in any other trial.

Appendix E: Usinghytate in a fluid gel

In order to determine whether the use of the phytate treatment in a fluid gel would produce a simila
effect, an experiment was conducted using a 5% w/v solution of SCMC (sodium
carboxymethylcellulose). Solutions with and withotaehyith a 15gsm Japanese tissue barrier

layer were ineffective in removing iron. The treatment caused significant bleeding and a visible laye

of water on the surface. Richard Wolbers suggested this may happen because Oa viscous gel deli
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[...] would'hold back’ the Phytate solution from really penetrating, and getting to the deepest

interstitial areas in the paper structiifeO.

5Wolbers, R. (2015).



