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ABSTRACT

Degradation of cellulose is an important factor influencing its physical, mechanical, 
optical and chemical properties and the lifetime of paper in libraries and archival holdings. The 
groundwood paper made since middle of the 19th century is endangered. Documents in poor 
conditions need treatment which can ensure them to next generations.

To investigate the ageing stability, model groundwood newsprint paper was used. A study of 
the accelerated ageing of newsprint paper was performed at 98°C and 50 % RH during 0, 1, 2, 3, 
5 ,7, 10, 15, 20 and 30 days. The efficacy of treatment using MgO in perfluoralkanes or a mixture 
dispersion of MgO in perfluoralkanes and methyl methoxy magnesium carbonate in methanol 
(ratio 3:1) was measured and compared. This article is aimed at finding kinetic dependences for 
the decrease of polymerization, the decrease of folding endurance and time stability of pH value 
of paper undergoing accelerated ageing. Both treatments were evaluated through multifactorial 
evaluation system developed by Consortium KnihaSK and Library of Congress. On the basis of 
the multifactorial evaluation system the treatment by the MgO and by a mixture of MgO and 
methyl methoxymagnesium carbonate fulfilled the requirement of the Consortium KnihaSK and 
Library of Congress for the lifetime increase.
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INTRODUCTION

Paper is relatively stable material but undergoes natural or accelerated ageing process that 
causes the degradation of cellulose. The degradation process relates to the presence of acid 
substances, moisture, light/UV radiation (Bukovský and Kuka 2001; Dufour and Havermans 
2001; Rychlý et al. 2006; Robotti et al. 2007), heat/temperature (Zervos and Moropoulou 2005, 
2006), oxidative agents (Kolar 1997; Havlinová et al. 2007) or microorganisms (Sinnott 1990; Ball 
1997; Zerek 2006; Rakotonirainy et al. 2008). Hydrolysis and oxidation occur during the ageing 
process of cellulose and result in a progressive weakening of the physical strength of the paper 
over time (Dupont 2002). Degradation of paper is associated with the formation of low molecular 
product such as formic, acetic, lactic and other acids. A few studies have been committed to the 
analysis of the sub-products from the age degradation of paper, using gas chromatography (GC), 
liquid chromatography (LC) and solid-phase microextraction (SPME) coupled with GC-MS 
(Belardi and Pawliszyn 1989, Clark et al. 2011, Doering et al. 2000, Doering 2007, Dupont  
et al. 2007, Gaspar et al. 2010, Hrivnak et al. 2009a, b, Jablonský et al. 2011a, Lattuati-Derieux 
et al. 2004, 2006, Łojewski et al. 2010, Shahani et al. 1989, Shahani 1995, Shahani and Harrison 
2002, Strlic et al. 2007, 2009, 2011, Zhang et al. 1994). The formation of these acids leads to a 
self-promoting hydrolytic degradation chain reaction, or auto-catalysis (Baranski et al. 2004). To 
prevent or minimize the lignocellulosics destruction, various deacidification processes have been 
developed and patented during last decades (Cedzová et al. 2006). Today, at least five true paper 
deacidification processes, in ten different variations are known. All the processes are based on the 
use of alkaline magnesium compounds (Doffey and Balzardi 2006). Deacidification using MgO-
contaning reagents or methyl methoxymagnesium carbonate (further MMMC) and subsequent 
formation of alkaline reserve have been discussed in literature (Scott 1987; Lienardy and van 
Damme 1990; Brandis 1994; Buchanan et al. 1994; Lienardy 1994; Porck 1996; Wächter et al. 
1997; Reissland 1999; Dufour and Havermans 2001; Zumbuhl and Wuelfert 2001). Bookkeeper 
process is one of the most frequently applied deacidification processes used for mass deacidification 
of various archival documents and books. The main active substance is micronized MgO (<1 mm) 
dispersed in perfluoroheptane fluid (Polovka et al. 2006). The only problem consisted of a white 
powdery deposit on the paper and covers, especially with coated paper (Pauk 1996). MMMC is a 
deacidifying agentpreventively used by practinioners of the Wei´To process (Scott 1987; Lienardy 
and van Damme 1990; Brandis 1994; Lienardy 1994; Porck 1996; Wächter 1997; Reissland 1999; 
Dufour and Havermans 2001). A serious disadvantage of the Wei T'o system is the presence of 
methanol in deacidification solution. Certain binding media applied in writing inks and adhesives 
dissolve in methanol, which causes irreversible damage (bleeding of ink and print) (Porck 1996).

The decrease of the degree of polymerization straightforwardly affects all the mechanical 
properties (Dupont 2002; Kačík et al. 2008; Potthast 2008; Jablonský et al. 2011b). Folding 
endurance is the most important strength property to be affected. The great sensitivity of folding 
endurance in detecting the effects of ageing is regrettably counterbalanced by the low repeatability 
of its determination (Bansa and Ishi 1997, 1999; Zervos and Moropoulou 2006; Zervos 2010). 
The present work was carried out to investigate the effect of modification of paper with dispersion 
of MgO in perfluoralkanes or mixture dispersion of MgO in perfluoralkanes and MMMC in 
methanol during accelerated ageing at 98°C. 
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MATERIAL AND METODS

Accelerated ageing 
Samples of paper were conditioned according to TAPPI T402 om -93 at 23 ± 1°C, and at 

relative humidity of air RH = 50 ± 2 %. 
The samples were divided into 3 groups: 

For all samples have reached equilibrium moisture content and moisture content of paper 
was in the range 4.1 – 5 % for the samples A, 3.7 – 4.3 % for the samples B and 3.8 – 4.9 % for 
the samples C.

Samples A: The samples were subsequently aged according to ISO 5630-05, using modified 
temperature 98 ± 2°C (instead of 100°C), and 50 % RH, corresponding to a paper humidity of 4.1 
– 5 %. Twenty sheets of paper (A4 format) were encapsulated inside a polyethylene / aluminium 
/ polypropylene (PET / Al / PE) composite foil (Tenofan Al/116S) by sealing off all four edges 
using Polystar 30D impulse tong sealer (Rische+Herfurth, Hamburg, Germany). This bag was 
put into another PET/Al/PE bag and completely sealed off. Batches of samples were put into 
the thermostat for 0, 1, 2, 3, 5, 7, 10, 15, 20 and 30 days and kept at the temperature 98 ± 2°C 
according to ASTM D 6819 – 02: Standard test method for accelerated ageing of printing and 
writing paper is by dry oven exposure apparatus, in which sealed glass tubes were replaced by a 
composite foil made of PET / Al / PE. Humidity inside the bag during accelerated ageing was 50 
± 2 % and free air volume in the bag was 5 ± 1 ml. After ageing, the papers were conditioned for 
testing according to TAPPI T402 om – 93. 

Samples B: The specimens (books with 320 sheets of paper in size A5 format) were modified 
by Bookkeeper dispersion of MgO at a concentration of 4.3 g.dm-3 with a particle size below 1 μm 
in the dispersing blend of C5-C18 perfluoralkanes and less than 0.1 % perfluorinated Mg-soap 
surfactant in equipment DP 7. 

Samples C: The specimens (books with 320 sheets of paper in size A5 format) were modified 
by a mixture (3:1) Bookkeeper dispersion of MgO (3 L) and MMMC (1 L). The solution of 
MMMC was prepared by diluting from 10 % methanol solution of MMMC. The impregnation 
was carried out in equipment DP 7.

DP7: Universal laboratory modifier device that has changeable reactors with a capacity of 
1, 2 and 7 litres. It is used to process modification, an exothermic polymerization processes, 
polymeranalog reactions in situ, impregnation cold, Rueping and other processes of impregnation 
with controlled distribution of impregnating substances in the cells.

The specimens (books with 320 sheets of paper in size A5 format) were modified in 
equipment DP7. The specimen on impregnation was fixed into a holder of the rustles, the 
specimen was opened and tip jet was placed in the middle book. Subsequently to evacuation of 
the reactor, predrying at 55°C and the pressure 0.1 MPa was carried out for 4 hours. During the 
evacuation, impregnation solution (4 L) was added, which circulated in the reactor for 20 minutes 
at the pressure 0.1 MPa. Forty paper sheets modified with MgO dispersion and dispersion 
of MgO and MMMC (twenty sheets of paper in size A5 format was placed of abreast ) were 
encapsulated inside sheets of PET/Al/PE film by sealing off all four edges completely. This bag 
was encapsulated inside sheets of PET/Al/PE film by the sealing out all four edges completely 
and this procedure was repeated. The bag of samples was put into the thermostat from 0 to 
30 days at 98 ± 2°C and 50 ± 2 % RH. After ageing, the papers were conditioned for testing 
according to TAPPI T402 om - 93.
Folding endurance 

Folding endurance (load 0.3 kg) was determined according to TAPPI T511 om – 88.
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Degree of polymerization
Degree of polymerization was determined by gel permeation chromatography of tricarbanilates 

(Kačík and Kačíkova 2007a). 

Surface pH
Surface pH was measured according TAPPI T 529 om-88 (pH of paper surface using a f lat 

combined glass electrode). The precision in pH determinations surface pH is <± 0.2 units. 

Evaluation of the treatment effectiveness
The comparison of treated / modified (Xt,m) and non-treated / unmodified (Xt,n) samples 

after the same period and conditions of ageing is expressed as

	  							                      (1)

where: 	 St,X, - stands for the permanence coefficient by a given treatment, 
	 X - the examined property (the breaking length (lt) and the folding endurance (ω)), 
	 t - the ageing period. 

If St,X > 1, the permanence is increased; if St,X = 1, it is not changed; St,X < 1, the permanence 
is decreased (Vrska et. al. 2004).

Linear dependence was obtained after calculating the logarithm of double folds. Time values 
for log ω = 0 were calculated from linear equation. Values were used for relative comparison of 
the efficacy of deacidification process to non-treated control sample. The lifetime of the paper 
terminates when logarithm of the folding endurance becomes zero (tlog ω = 0).

The coefficient of relative increase of the lifetime for folding endurance (St,ω) is to be 
expressed as:

			                        		                              (2) 

 RESULTS AND DISCUSSION

The pH value is a frequently checked parameter in paper conservation research. Change of 
surface pH during the accelerated ageing of papers at 98°C was noticed. Fig. 1 illustrates surface 
pH/time plots for accelerating ageing at 98°C in unmodified and modified paper. The influence 
of the accelerated ageing leads to a decrease in pH with prolonged ageing for all specimens. At 
unmodified samples surface pH value decreases from 5.9 to 4.9 (after 30 days). The purpose of 
modification was to increase pH and in case of modification of samples B, it can be seen that 
the pH ranges from 9.3 to 6.8. As for the specimens C, surface pH, during accelerated ageing, 
ranges from 11.3 to 10.6. Accelerated ageing does not cause considerable decrease of pH when 
applying a mixture of MgO and MMMC (decreasing pH by 0.7 after 30 days of ageing). In case 
of modification with dispersion of MgO, a decrease of pH reached about 2.5 after 30 days. At the 
unmodified samples A, pH decreased by 1 after 30 days.

The continual doubt of whether to use Mg(II)-based deacidification solutions was subject 
of many studies (Lienardy and van Damme 1990; Kolar and Novak 1996; Bansa 1998; Strlic et 
al. 2005). 

Bieliková (2005) found that the distribution of magnesium in paper modified using a 
dispersion of MgO in perfluorheptane was inhomogeneous. 



155

Vol. 58 (2): 2013

    
Fig. 1: Influence of accelerated ageing at 98°C 
on surface pH. (■) Sample A: control specimens, 
(Δ) sample B: deacidificated sample by dispersion 
of MgO, (○) sample C: sample deacidificated by 
mixture of MgO + MMMC (3:1).

Fig. 2: Degree of polymerization change during 
accelerated ageing at 98°C.
● –control sample
▼ –sample deacidificated by dispersion of MgO
○ –sample deacidificated by mixture of  
MgO + MMMC.

It was shown that MgO was present on the surface and in the pore space of paper, which are large 
than dispersed particles of MgO in perfluorheptane (particle sizes below 1 μm). Energy dispersive 
spectroscopy has proved that the magnesium ions and their compounds with the multicomponent 
agents and mixtures containing chemical solution with low molecular compounds (MgO and 
MMMC) diffuse into the paper structure more homogenously than MgO particles. The content 
of MgO in 1 g paper for the samples B (modified by dispersion of MgO) was 1.44 ± 0.98 mg 
MgO/g paper and for mixture of MgO and MMMC it was 21.11 ± 1.34 mg MgO/g paper.

It was observed that for some of the deacidification process, deacidification compounds 
were dispersed more homogenously on the paper surface and within the structure of paper than 
for others. It is generally assumed that MgO particles are transported onto the fibers of the 
support via capillary transport. MgO is converted to Mg(OH)2 which acts as the alkaline reserve. 
Various possible mechanisms leading to the formation of Mg(OH)2 have been proposed. In the 
presence of water, hydroxyl groups are formed on the surface of magnesium oxide. One of the 
possible mechanisms of Bookkeeper action and the formation of alkaline reserve was proposed by 
Zumbuhl and Wuelfert (2001):

Mg2+ + 2OH− → Mg(OH)2   Mg2+ + 2OH−

Mg2+ + 2OH− + 2CO2 → Mg2+ + 2HCO3−

2Mg2+ + 2HCO3− + 2OH− + 4H2O → 2Mg(HCO3)(OH). 2H2O
Zumbuhl and Wuelfert (2001) showed that the dispersion agents were not only carriers 

for the active material but had a significant influence on deacidification and formation of an 
alkaline reserve. The reactions of the Bookkeeper reagent may depend strongly on the f luorinated 
dispergants. Zumbuhl and Wuelfert (2001) concluded that the f luorinated residues acted as 
retardants, slowing down the formation of Mg(OH)2 and the diffusion of Mg2+ and OH- ions 
into cellulose-bound water layers. On the other hand, in case of MMMC, this compound 
penetrated into the inner paper. MMMC reacts with the water in the paper and forms methanol 
(CH3OH) and alkaline magnesium carbonate, a mixture of magnesium carbonate (MgCO3), 
magnesium hydroxide (Mg(OH)2) and water (Porck 1996):
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CH3OMgOCOOCH3 + H2O → MgCO3 + 2 CH3OH
CH3OMgOCOOCH3 + 2 H2O → Mg(OH)2 + 2 CH3OH + CO2
MgCO3 + Mg(OH)2 + 4 H2O → MgCO3.Mg(OH)2.4H2O
The ageing process and corresponding extent of degradation are connected to changes in 

mechanical properties. Within the ageing process, degree of polymerization (further DP) is 
decreased which, in turn, (Kačík et al. 2007b, 2009) leads to a decrease in mechanical resistance 
of fibres, making them susceptible to shortening due to mechanical treatment (Sawoszczuk et al. 
2004).

Fig. 2 represents a decrease in DP during accelerated ageing at 98°C. It is manifested that 
a substantial decrease (by 29.3 %) in DP occurred even during 24 hours lasting ageing when 
compared to the original control sample. A decrease by 71.6 % (DP = 239) was observed after 
720 hours (30 days). When applying dispersion MgO as deacidification agent, a decrease in DP 
decelerated reaching DP = 415 following 720 hours of ageing which represents, for the time of t = 
0, 50.2 % deceleration when compared to the deacidified sample. Treating samples with a mixture 
of MgO and MMMC, better results were obtained. After 30 days, DP was reduced by 29.2 %, 
(DP = 550), which represents a decrease by 34.6 % vs. the non-treated original sample.  

Decrease in DP is associated with scission of cellulose chains. This phenomenon is clearly 
documented in several papers (Ekenstam 1936; Lai and Sarkanen 1967; Cosgrove et al. 1985; 
Nevell 1985; Guita et al. 1990; Krässig 1993; Emsley and Stevens 1994a, b; Emsley and Heywood 
1995; Zou et al. 1996a, b; Emsley et al. 1997, 2000; Kolar 1997; Lai 2001; Baranski 2002; Rychlý 
et al. 2002; Berggren et al. 2003; Strlic et al. 2003; Baranski et al. 2005; Calvini 2005; Irklei et al. 
2005). Ding and Wang (2008) introduced continuous scalar variable δ, and named it ‘‘percentage 
retention of DP”:

 								                        (3)
                    

where: 	 DP0 - denotes the initial degree of polymerization,
	 DPt - the real degree of  polymerization, decreased as a result of deterioration due to 	

	 degradation of cellulose.

At the beginning of ageing-related degradation (t = 0), δ = 1, during degradation its value 
decreases, and δ = 0 which means total damage of the sample. 

Degradation variable of cellulose can then be defined in terms of the percentage DP loss as: 

 							                       (4)

where:	 ωDP - the accumulated DP loss of cellulose. 

The extent of degradation can be, thus, expressed also using the above relation. At the 
beginning ωDP = 0, i.e. an average DP is preserved. ωDP = 1 represents a (theoretical) total damage 
of the sample depending on specific experimental conditions. 

It is generally accepted that when DP has decreased to an average DP of about 200, the 
paper will lose all its mechanical strength; if DP0 = 1 000, then δ = 0.2, and the accumulated 
degradation critical value ωDPcr = 0.8.

Using the Ding’s and Wang’s equation (2008) allows to express the course of degradation, 
the parameter ω*DP (see eq. 5) being the capacity of DP. Value of ω*DP can be determined 
introducing a limiting condition ω*DP (t = tf) = 1, where tf is the time of degradation. At the initial 
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conditions ωDP (t = 0) = 0.

				                           	     (5)

Fig. 3 shows time dependences of ωDP during accelerating ageing at 98°C for a non-treated 
control sample, and paper samples deacidified using an MgO dispersion or a 3:1 mixture of 
MgO and MMMC. As for unmodified control sample, a significant loss of DP was observed 
and the parameter ω*DP reached the value of 0.7 after 720 hours ageing. Contrary, for deacidified 
samples the values of ω*DP (t = 720 h) = 0.5 and ω*DP (t = 720 h) = 0.3 were reached when using 
MgO, and MgO + MMMC, respectively. The highest rate of degradation (kDP = 0.0105 h-1) was 
determined for the unmodified control sample. In case of the treated samples the rate constants of 
DP degradation are lower (kDP = 0.0073 h-1 and kDP = 0.0053 h-1) for samples treated using MgO 
and MgO+MMMC, respectively. The regression coefficient was in all cases R2 > 0.94. This 
deceleration of degradation is caused by application of deacidification agents. The mechanism of 
their action is, however, different. Given the size of MgO microparticles, they attached on the 
surface of paper fibers, while liquid MMMC penetrates into the paper body.

   
Fig. 3: Time dependence of degradation change 
during accelerated ageing at 98°C.
● – control sample
○ –sample deacidificated by dispersion of 
MgO ▼ –sample deacidificated by mixture of  
MgO + MMMC.

Fig. 4: Influence of accelerated ageing at 
temperature 98°C on the loss of folding strength 
(MIT double folds). (■) Sample A: control 
specimens, (Δ) Sample B: sample deacidificated 
by dispersion of MgO, (○) Sample C: sample 
deacidificated by mixture of MgO + MMMC 
(3 : 1).

Despite of its inaccuracy, the use of the folding endurance is widespread in the paper 
permanence testing, because it is very sensitive to paper ageing (Hanus 1996). It changes more 
rapidly during the ageing process than other mechanical or chemical properties (Browning 1977). 
The loss of folding strength (MIT double folds, load 0.3 kg) under accelerated ageing at 98°C for 
unmodified papers (sample A) and modified papers dispersion of MgO (sample B) and mixture 
of MgO and MMMC (sample C) (3 : 1) is shown in Fig. 4.

The regression coefficient, R2, approached to 1 for unmodified paper samples. At the  
accelerated ageing longer than 10 days, folding endurance (MD) decreased very strongly (decrease 
from 1672 to 8 MIT double folds). After 7 days of accelerated ageing, the loss of strength was 
about 89 % (187 MIT double folds after 7th day of accelerated ageing) against to unaged samples. 
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After 10 days of accelerated ageing we measured 8 MIT double folds and the prolonged ageing 
decreased the number of MIT double folds to 1. The samples ageing longer  than 15 days showed  
small differences  in comparison  to  those aged 10 days. For measuring the physical properties of 
weak papers, fold endurance is a decisive disadvantage (Shahani 1995).

Dispersion of MgO and mixture of MgO and MMMC increase of mechanical properties in 
modified paper against unmodified samples A. After modification by the dispersion of MgO the 
loss of folding endurance was 1885 in the time of accelerated ageing 0 days at 98°C. The use of 
modified MgO has a positive effect on the increase of the folding endurance against unmodified 
samples where a MIT double fold was 1672. In the case of modification by mixture of MgO and 
MMMC, the positive influence of application is verified (the loss of folding endurance 1884). 
The Fig. 3 shows that the loss of the folding endurance in the time of accelerated ageing at 98°C 
depends on the influence of particular modifications. In case of modifying mixture of MgO and 
MMMC (the regression coefficient, R2 = 0.87), the lost of the decrease the folding endurance 
during accelerated ageing than at modified samples by dispersion of MgO (the correlation 
coefficient, R2 = 0.83). After 30 days of accelerated ageing the increase of the loss of folding 
endurance at modification by dispersion of MgO (286 times against unmodified paper) after 30 
days accelerated ageing occurred. Sample C (modified by mixture of MgO and MMMC) was for 
30 days 2.14 times larger than at modification using dispersion of MgO.

Time value for log ω = 0 were calculated from linear equation. The coefficient of relative 
increase of the lifetime was calculated from formula (2). The requirement is as follows: the 
coefficient of lifetime prolongation St,ω must reach the value of 3 as a minimum. Treatment of 
wood-containing paper by MgO has met this requirement St,ω = 5.65, which means that stability 
of modified paper increased by 565 %. In case of applying modified mixture of MgO and 
MMMC, St,ω = 10.07. On the basis of mutifactorial evaluation system, the deacidification by the 
MgO and mixture of MgO and MMMC did fulfilled the Consortium Kniha SK and Library of 
Congress (Buchnan et al. 1994) requirements for the lifetime increase.

CONCLUSIONS

The positive effect of MgO reagents and mixture of MgO reagents and MMMC in the 
conservation of cellulosic materials seems to be established and is confirmed by our accelerated 
ageing. The results show that cellulose degradation evolution equation 5 is able to explain 
the cellulose protection of dispersion of MgO and mixture of the MgO and MMMC. As for 
unmodified control sample, a significant loss of DP was observed and the parameter ω*DP 
reached the value of 0.7 after 720 hours ageing. Contrary, for deacidified samples the values of 
ω*DP (t = 720 h) = 0.5 and ω*DP (t = 720 h) = 0.3 were reached when using MgO, and MgO + 
MMMC, respectively. The highest rate of degradation (kDP = 0.0105 h-1) was determined for the 
unmodified control sample. In case of the treated samples the rate constants of DP degradation are 
lower (kDP = 0.0073 h-1 and kDP = 0.0053 h-1) for samples treated by MgO and MgO+MMMC, 
respectively. This deceleration of degradation is caused by application of deacidification agents. 
Dispersion of MgO and mixture of MgO and MMMC increases mechanical properties in 
modified paper against unmodified samples. Treatment of wood-containing paper by MgO has 
met this requirement reaching St,ω = 5.65, which means that stability of modified paper increased 
by 565 %. In case of samples modified by mixture of MgO and MMMC, St,ω = 10.07. On the 
basis of mutifactorial evaluation system the deacidification by the MgO and mixture of MgO and 
MMMK did fulfilled the Consortium Kniha SK and Library of Congress (Buchnan et al. 1994) 
requirements for the lifetime increase.
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