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Degradation of paper products due 
to volatile organic compounds
Izhar Alam 1 & Chhaya Sharma 2*

Paper and packaging materials a lignocellulose-based natural biodegradable polymer that 
spontaneously releases acetic acid, aldehydes, alcohol, and ester-based volatile organic compounds 
(VOCs) upon ageing and these VOCs start degrading the paper products and decline their mechanical 
strength properties. The reactivity of the paper of unbleached wheat straw pulp towards acetic acid 
and hexanal, which has been proven to have more degrading effects on paper than other VOCs, was 
considered in this work. The papers were exposed to these volatile compounds for 90 days in an 
air-tight vessel under ambient environmental conditions. The results showed that hexanal was more 
destructive than acetic acid with regards to cellulose degradation and depletion in the mechanical 
strength properties. The paper properties like, tensile, tear and burst index, viscosity, pH and carbonyl 
group content was measured. The growth of the carbonyl group, evidence of the ageing effects 
in the paper, detected more in the paper exposed to acetic acid. However, the strength of paper 
properties declined more with hexanal. FE-SEM analysis of the sample showed the development of 
pores and damage of cellulose fibre upon ageing. Similarly, the damaging effects of VOCs on cellulose, 
hemicelluloses and lignin were confirmed by significantly reduced peak detection through FT-IR \
analysis. The high crystallinity index of the paper products due to exposure to VOCs was detected by 
XRD analysis, which confirmed the degradation of the low molecular weight cellulose molecule. Thus, 
the results are strongly recommended that VOCs that generates due to natural or artificial ageing 
could be the leading cause of paper degradation.

The odour from old books, packaging material etc. might be because as its content, hundreds of recognized 
volatile and partially volatile organic compounds (VOCs), that are the result of off-gassing from the product1,2. 
The natures of VOCs are the result of decomposition pathways and the composition of the products, including 
chemical nature of the material and the chemical used to make the products. Previous work proposed that, oleic 
acid, a kind of extractives in the paper auto-oxidised to hydroperoxides which get further oxidised into a blend 
of VOCs such as octanal, nonanal, 2-decenal, 2-undecenal etc.3 and auto-oxidation of linoleic acid into hexanal 
and 2-octenal4. Experimental evidence suggested that different category of organic acids could be generated by 
the natural aging of all cellulose papers even after a few months of its manufacturing at ambient temperature5. 
As paper ages, it releases a combination of organic compounds, including acetic acid, formic acid and formal-
dehyde, which are corrosive in nature6–8 and the effects of acetic acid on degradation of paper has been dem-
onstrated earlier9. Build up of acetic acid in a paper bundles may direct to more accelerated degradation and 
it was recently made known that emissions from one paper grade can have a significant negative impact on the 
humiliation of another paper grade10. Additionally, VOC emissions from mechanical pulp papers have been 
shown more degradation of cellulose papers in compared to bleach pulp paper11. Last from many years, there 
has been growing interest in the problem of interior pollutants in archives and libraries. Research has focused 
on assessment of generations from paper and books8,12–22 as a major source of VOCs and so far, slight identifica-
tion on the possible hurtful effect of the VOCs on a paper product has been done. Significant quantity of acetic 
acid emission from archival cardboard storage boxes was identified by Dupont and Tetreault23 and evaluated 
the deterioration of paper due to this emission, as decrease in degree of polymerization of the cellulose in paper. 
Further, the exposures of paper to formic acid, 2-pentylfuran and NOx followed by high temperature treatment 
were performed earlier and observed with unfavourably influence the polymerization of cellulose, furthermore, 
acetic acid with modest effect on paper were identified with respect to, hexanal and furfural24,25. Despite these 
new findings, there are still gaps regarding the effects of VOCs on cellulosic materials and paper under differ-
ent interior environmental conditions. There are many factors that affecting the degradation of cellulose within 
the paper, which mainly includes chemical process, such as acid hydrolysis, alkaline and oxidative degradation 
etc. The VOCs generation in a paper product are mainly due to the oxidative degradation process, oxidative 
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degradation of cellulose is primarily induced by the presence of oxygen in the air of the environment. Oxida-
tion reactions in a cellulose molecules introduces by side groups and probably get converted into aldehydes and 
ketones, which impart the cellulose molecules easier to hydrolyze. Oxidation reaction also induced formation 
of free radicals, which have capablity to break the chain of cellulose molecules, which may lead to an increase 
in the concentration of acids in the paper, as the reducing group, primary alcohol of the cellulose molecules 
can oxidised into carboxylic acid by photo-oxidation. Paper is biodegradable and comparatively stable mate-
rial, but is subject to natural aging processes that cause cellulose degradation. Degradation of paper contributes 
to the formation of low molecular weight by-products/products viz., formic acid, acetic acid, etc., which can 
impart autocatalysis and leads to breakdown of cellulose chain26. Earlier study confirmed that organic acids with 
low-molecular weight are formed at the end of cellulose degradation, particularly the formic and acetic acids 
and furfural may also be generated due to the acid catalysed cellulose hydrolysis8,27. With regards to retard or 
minimize the degradation of paper, books and archival products, various technologies such as de-acidification 
and fibre strengthening have been developed28,29.

The aim of this work, unlike other’s finding, was to perform the exposure of VOCs such as acetic acid and 
hexanal under ambient condition (natural ageing), which are known for more damaging effects to the paper 
products in order to observe possible damage with regards to the mechanical properties of paper and the micro-
scopic analysis of cellulose fibre to observe the morphological changes, that might occur due to VOCs.

Experimental
Materials.  Unbleached pulp hand-sheets of wheat straw prepared in the laboratory was taken for the analy-
sis. Hexanal of high purity were procured from Sigma-Aldrich and glacial acetic acid were from Fischer Scien-
tific. In another work of VOCs generation from unbleached pulp/corrugated board, acid and aldehyde function-
alized VOCs were identified among which, acetic acid and hexanal to be the most prominent30,31. Thus we were 
performed the degradation experiments with these two types of VOCs.

Methods.  Sample preparation.  Unbleached pulp was prepared by cooking air dried and chopped wheat 
straw by kraft process in a digester (Rotary type) contains 4 stainless steel bomb with 100 gm oven dried weight 
material capacity (Universal Engineering Corporation, India, Model: UEC-2015). A known amount of straw as 
oven dry weight was taken and 18% active alkali (100 gpl solution) as Na2O was added into the bomb and certain 
amount of fresh water was also added to make 4:1 bath ratio (liquid to solid ratio). Subsequently, the bomb was 
kept in the digester, where water as a heating medium. Cooking of the material was performed at a temperature 
of about 165 °C for 30 min excluding the time required to reach targeted temperature, which was 60 min. After 
cooking, the pulps was washed thoroughly with hot and afterwards with normal water to take away the black 
liquor from the pulp until the pH of the filtrate reached to neutral. Before hand-sheets preparation, the pulp 
was refined to achieve 30 ± 2˚SR freeness level, tested in a Schopper-Reigler freeness tester (Lorentzen & Wettre, 
Stockholm, Sweden) in a PFI mill. Subsequently, the hand-sheets were preparation by disintegrating the pulp for 
about 5–10 min in a disintegrator and about 0.3% pulp slurry was ready to prepare with clean tape water. The 
hand sheet of about 250 ± 5 GSM was prepared by taking the known volume of the pulp slurry in a British sheet 
former following Tappi standard method, T 205 sp-0232.

Experiment for degradation.  The experiments were done in airtight desiccators, as a closed vessel with VOCs-
water-salt a three constituent system were employed, following the earlier work33. The experimental setup was 
based on the water vapour equilibrium with mixture of saturated salt and VOCs, which creates equilibrium 
among the gas and liquid phase. 75% relative humidity (RH) was maintained by Sodium chloride at an ambient 
temperature34 and the VOCs solution was added to the saturated salt solution just prior to the sample was kept 
in the closed air tight vessel. To prepare VOCs-water-salt mixture, 50 ml VOCs solution (3 ml VOCs + 47 ml 
of water) were used to mix with 250 g of salt and placed in the desiccators. At the same time control samples, 
as a reference sample (RF) were placed in separate desiccators to expose with water-salt mixture only, which 
was denoted as denoted as RF and the paper exposed with acetic acid and hexanal are denoted as VAA and VH 
respectively. The hand-sheets were placed in the desiccators immediately over the surface of salt solution as 
shown in Fig. 1. After 30, 60 and 90 days exposure time completed, the samples were kept at ambient environ-
mental conditions to remove the VOCs engrossed by the sample prior to the analysis.

Analysis of sample.  pH determination.  The pH of the sample was determined by hot extraction method 
according to Tappi standard T 435 om-0235.

Viscosity and degree of polymerization (DP).  Viscosity of the sample indicates the average degree of polym-
erization of a cellulose molecule. The degree of polymerization is a measure of the average length of a polymer 
in a solution, which was measured by the measurement of reflux time of cellulose solution which was dissolved 
in 0.5 M cupirethylenediamine (CED) solution in a capillary viscometer tube (Cannon–Fenske, model-100), 
according to Tappi standard, T 230 om-08 “Capillary viscometer method”36 and the values was calculated using 
arbitrary Eq. 1 and based on this value the intrinsic viscosity was obtained using a conversion table of T 206 
om-55, using intrinsic viscosity, DP was calculated as below Eq. 237.

(1)V = C × t × d

(2)DP0.85 = 1.1× η
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where, V = Viscosity, mpa.s (cP) at 25 °C of cupirethylenediamine solution, C = Viscosity constant of capillary tube 
found by calibration, t = Average reflux time, s, d = Density of pulp solution, g/cm3 (1.052), η = intrinsic viscosity.

Physical Properties.  The mechanical properties of handsheets viz., tear, burst and tensile breaking length were 
measured by following the Tappi standard method T 220 sp-01 “physical testing of pulp handsheets”38. Moreo-
ver, the hand-sheets were held in reserve for conditioning at temperature 27 ± 2 °C and a relative humidity of 
65 ± 2% for about 24 h as per ISO 187:199039 “Paper, board and pulps — Standard atmosphere for conditioning 
and testing procedure for monitoring the atmosphere and conditioning of samples” before the further analysis 
of physical properties.

Copper number (CN)/Carbonyl content.  Copper number generally represents the reducing compounds in a 
paper40 and it is the number of gram metallic copper, can be defined as the number of grams of metallic cop-
per, as Cu2O, consequent from the reduction of CuSO4 by 100 g of the sample.. These are primarily carbonyl 
functionalities in cellulose molecules arise from the C-1 end-group and carbonyl groups along C-2, C-3, and 
C-6 of the polymer. The C-1 end-group, lead to cellulose chain scission and the others carbons are indicative of 
cellulose oxidation, which converted into aldehydes and acidic compounds. Analysis was performed and fol-
lowed according to the Indian Standard, IS: 6213-part VI41 and the carbonyl content was calculated using below 
Eqs. 3 and 440.

where, V (ml) = Volume of KMnO4 Solution required for titration, N = Normality of KMnO4 Solution, W 
(gram) = Weight of oven dried sample.

Image analysis.  Morphological changes to the sample might occurred due to the degradation effects of VOCs 
was analysed using Field Emission Electron Microscope (TESCAN MIRA3; Brno, Czech Republic) techniques, 
that mechanism with electrons as an alternative source of light. Electrons are generated from tungsten filament 
by heating it to a temperature at about 2800 °C and After that the samples was scanned by these electrons and 
the images of samples were taken at different magnifications.

X‑Ray Diffraction.  X-ray diffraction analysis was performed for analysing the atomic and molecular struc-
ture of the material by quantifying the intensity of incident and scattered/reflected X-rays at particular angle of 
orientation of the rays right the way through the material. The diffraction patterns was generated using a X-ray 
diffractometer (Rigaku Ultima), instrument, the operating conditions was, 40 kV/40 mA, the range of angle of 
diffraction was set at θ = 5–80˚, at a scan rate of 4̊/minute. Crystalline index (CI) was obtained by calculating the 
difference between the lowest intensity (Iam) of the amorphous band and the peak of maximum intensity (Ic), 
divided by the peaks of maximum intensity (Ic) as presented in the Eq. 5.

Infrared spectroscopy.  The information regarding specific functional group of the materials can be identified 
by this technique. Any irregularities or changes in the absorption band frequency may indicate the changes of 
chemical structure of the material. Fourier transform infrared spectroscopy (FTIR) of the sample was performed 
by attenuated total reflectance (ATR) method at ambient temperature. The spectra at 450 – 4000 cm-1 range as a 
result of 16 scans at a resolution of 4 cm-1 was corrected to recognize the functional groups.

(3)CN = (6.36 x V x N) /W

(4)Content of Carbonyl group
(

µmol/g
)

= (CN− 0.07) / 0.6

(5)CI = [(Ic − Iam)/ Ic] x 100

Figure1.   Paper exposed to VOCs in a desiccators.
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Result and discussion
Through exposing the paper to the volatile compounds at room temperature and relative humidity, the effects of 
individual volatile compounds were examined. The current research was done with slightly different approach 
as the past studies was performed for individual VOCs exposed at and before the hygrothermal treatment of 
paper33,42,43. This research observed that, exposure with acetic acid and hexanal without hygro-thermal treat-
ment of the material, a considerable damage was observed after 90 days as presented in Tables 1,2 and 3, which 
was resulted in a decreased burst index by 19.2% in the sample RF, although more reduction by about 45.6% 
and 64.9% was detected with VAA and VH respectively. The force needed to break the strip of a paper, which 
are affected by several parameters like, individual fibre strength, length and the bonding among the fibres in 
the network, is tensile strength and the results depicted in tables are as index values. The tensile index was 
investigated to get reduced by 3.9% for RF, even though this reduction was observed to 12.8 and 25.8% for VAA 
and VH, correspondingly the increased tear index reduction by 53.8% was observed with VH, even though the 
reduction was 19.8 and 39.6% respectively, for RF and VAA. The exposure with VOCs significantly modified 
the other properties of paper with considerable decreased in DP, which indicates the cellulose degradation by, 
6.8%, 10.7% and 16.0% in favour of RF, VAA and VH respectively. Previous work proposed that defeat of fiber 
strength is primarily due to the cellulose depolymerization caused by acid catalyzed hydrolysis44. Exposure with 
VOCs could cause oxidation of the cellulose, which accounts for the growth of carbonyl group in the molecules. 
After 90 days of getting old, the samples exposed with hexanal confirmed a few mild yellowing, even as there 
was no visible difference in the control sample were noticed, moreover the changes in the visual appearance, 
slight yellowing of Whatman No.1 qualitative filter even after 30 days of exposure with acetic acid was identified9. 
Even before ageing, carbonyl content of 1.9 µmol/g in the paper was investigated, this is most likely due to the 
oxidation took place during pulp generations with active alkali. Moreover the carbonyl content was increased 
to 2.2, 2.4 and 2.2 µmol/g in the sample, RF, VAA and VH respectively. A correlation between carbonyl content 

Table 1.   mechanical properties of unbleached pulp sheets of controlled sample.

Parameters

RF

1st day After 30 days After 60 days After 90 days

Grammage (g/m2) 249 ± 2.3 249.0 ± 2.5 247.8 ± 2.4 246.3 ± 2.8

% Reduction in GSM – 0.0 0.5 1.1

Thickness (µm) 264 ± 18.7 263 ± 11.5 265 ± 30.8 264 ± 39.5

Bulk (cc/g) 1.06 ± 0.04 1.06 ± 0.08 1.07 ± 0.06 1.07 ± 0.05

Burst Index (kpa.m2/g) 5.7 ± 0.5 5.5 ± 0.4 5.1 ± 0.3 4.6 ± 0.2

Tensile Index(N.m/g) 71.3 ± 2.4 71.2 ± 3.7 70.8 ± 2.4 68.5 ± 1.83

Breaking Length (km) 7.3 ± 0.24 7.3 ± 0.38 7.2 ± 0.47 7.0 ± 0.19

Elongation (%) 4.5 ± 0.13 3.8 ± 0.20 2.9 ± 0.44 3.4 ± 0.09

Tear Index (mN.m2/g 9.1 ± 0.26 8.7 ± 1.42 7.4 ± 0.27 7.3 ± 1.44

Viscosity (cP) 11.9 ± 0.30 11.2 ± 0.25 11.0 ± 0.20 10.8 ± 0.15

Degree of Polymerization (No.) 1418 ± 42 1360 ± 55 1341 ± 58 1322 ± 40

Carbonyl content (µmol/g) 1.9 ± 0.08 1.9 ± 0.06 2.0 ± 0.30 2.2 ± 0.35

pH 7.8 ± 0.4 9.2 ± 0.1 9.6 ± 0.2 9.7 ± 0.1

Table 2.   Mechanical properties of unbleached pulp sheets exposed to Acetic acid.

Parameters

VAA

1st day After 30 days After 60 days After 90 days

Grammage (g/m2) 249 ± 2.3 256 ± 2.4 255 ± 2.1 254 ± 1.9

Enhanced GSM (%) –  + 2.9  + 2.3  + 1.8

Thickness (µm) 264 ± 18.7 265 ± 28.4 268 ± 34.9 257 ± 21.6

Bulk (cc/g) 1.06 ± 0.04 1.03 ± 0.02 1.05 ± 0.5 1.01 ± 0.03

Burst Index (kpa.m2/g) 5.7 ± 0.5 5.0 ± 0.8 3.5 ± 0.4 3.1 ± 0.6

Tensile Index(N.m/g) 71.3 ± 2.4 63.2 ± 2.63 62.2 ± 6.05 61.8 ± 3.17

Breaking Length (km) 7.3 ± 0.24 6.4 ± 0.27 6.4 ± 0.60 6.3 ± 0.32

Elongation (%) 4.5 ± 0.13 4.1 ± 0.35 3.2 ± 0.59 3.8 ± 0.20

Tear Index (mN.m2/g 9.1 ± 0.26 8.1 ± 1.15 7.8 ± 1.06 5.5 ± 0.36

Viscosity (cP) 11.9 ± 0.3 10.6 ± 0.34 10.5 ± 0.20 10.2 ± 0.30

Degree of Polymerization (No.) 1418 ± 42 1303 ± 68 1284 ± 66 1266 ± 72

Carbonyl content (µmol/g) 1.9 ± 0.08 2.1 ± 0.11 2.5 ± 0.50 2.4 ± 0.20

pH 7.8 ± 0.4 6.9 ± 0.4 5.3 ± 0.7 5.3 ± 0.7
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and the degradation of cellulosic pulps was obtained linear during the accelerated aging. The terminal reducing 
units of cellulose oxidised by molecular oxygen in an alkaline medium reach to the formation of aldonic acid, 
during the reaction, superoxide ions are is produced, whichis believed to be unable to extract a hydrogen atom 
from glucose, however, disproportionation can occur and the hydroperoxides are formed can lead to the forma-
tion of hydroxyl radicals45 the braking of the chain of cellulose molecules.

The breaking length of the samples was inconsistent with the other measurements, decreasing by 4.1% for the 
control sample, although upon exposure with VOCs, the decreased percentage was 13.8 and 26.0 for VAA and VH 
correspondingly. This reduced breaking length of the sample can explained by the fact that, the oxidants under 
acidic conditions oxidized, hydroxyl group at C-1, C-2 and C-3 of cellulose fibre to carbonyl and carboxyl group 
and, causes oxidative depolymerisation, resulting in loss of cellulose fibre strength38, thus besides oxidation, sig-
nificant acid hydrolysis of the cellulose fibre took place due to exposure of paper products with the VOCs. Along 
with the depletion in the mechanical properties of paper, the basis weight of the paper was noticed to be decrease 
in the case of RF, even though the increased value of basis weight was observed when exposed with VOCS, this 
might be due to a little quantity of VOCs was seems to be absorbed by the paper during exposure. The weight of 
the sample was seemed to be increased by 2.9%, but further exposure lead to decreased in the basis weight with 
acetic acid, although the effect was observed to be enhanced, during throughout the exposure with hexanal as 
shown in tables. After 90 days of interpretation with VOCs, slight difference in the visual appearance, yellowish in 
colour to VAH samples were observed more than VAA sample, although no differences was noticed in RF sample.

Thus more drops in the mechanical along with the other properties were observed with hexanal with respect 
to acetic acid and a clearer picture with regards to the damage in the paper could be seen from Figs.2 and 3. Dur-
ing the exposure, the pH of the samples seemed to be enhanced from the initial pH-7.8 to 9.7 for RF, although it 
was decreased from to 5.3 and 4.9 in the sample VAA and VH respectively. Thus more drop in pH was observed 
with hexanal and the pKa for hexanal is more than acetic acid, this could explain the elevated concentration of 
hydronium ions in the paper and lead to higher hydrolytic activity towards paper. Thus the study observed the 
depolymerization is predominantly due to acid hydrolysis, that caused by random cleavage of the cellulose fibre 
chain. Papers with a pH value above 4.5, tends to acid catalysed hydrolysis of cellulose in lesser extent, compare 
to at lower pH44. Acid hydrolysis causes chain cleavage of cellulose macromolecules to form fragments of car-
bohydrate molecules. These fragments get oxidized to carboxylic acids, which produce a cycle of oxidation and 
hydrolysis process, as a result which increased the acidity of the paper and cause an autocatalytic degradation 
process of the sample46,47.

FE-SEM images were used to analyze the surface morphology of cellulose  fibers upon aging of pulp 
sheets in a VOC environment. Figure 4 shows that cellulose fibers stored in a controlled environment (without 
VOCs) started to degrade after 60 days and developed a porous structure on the surface of the cellulose fibers after 
90 days. As can be seen from Fig. 5, the pores were developed on the fiber surface even after 30 days of exposure 
and the degradation of cellulose fibers were observed after 60 days in VAA. Likewise in the sample VAA, the 
sample VH showed fibre damage even after 30 days of exposure as presented in Fig. 6.

XRD analysis was used to find out the changes in the crystallinity (CI) of cellulose fibre due to the VOCs. 
Figure 7a shows that, the presence of crystalline cellulose was indicated by a sharp and intense image at about 
22.0° and the amorphous hemicellulose exhibited as a low reflection angle near to 15.0° approximately for all 
the samples. The RF sample initially represent a cristallinity index of 51.8%, after 90 days of ageing the CI was 
reduced to 51.2%, even though the CI of VAA and VH was observed to be increase to 66.6% and 60.3% respec-
tively. The higher CI indicated higher cellulose content could be due to the degradation of some low molecular 
weight hemicellulose, lignin and other components, which was resulted into lower mechanical properties of the 
paper, as evident that hemicelluloses up to some extant enhanced the mechanical properties by cross-linking 
the long cellulose molecules.

Table 3.   Mechanical properties of unbleached pulp sheets exposed to Hexanal.

Parameters

VH

1st day After 30 days After 60 days After 90 days

Grammage (g/m2) 249 ± 2.3 257 ± 1.8 269 ± 2.1 294 ± 2.4

Enhanced GSM (%) –  + 3.0  + 8.1  + 18

Thickness (µm) 264 ± 18.7 267 ± 15.3 292 ± 8.4 310 ± 27.4

Bulk (cc/g) 1.06 ± 0.04 1.04 ± 0.03 1.08 ± 0.07 1.06 ± 0.05

Burst Index (kpa.m2/g) 5.7 ± 0.5 4.1 ± 0.3 3.4 ± 0.4 2.0 ± 0.7

Tensile Index(N.m/g) 71.3 ± 2.4 67.5 ± 1.05 55.4 ± 1.02 52.9 ± 4.24

Breaking Length (km) 7.3 ± 0.24 6.9 ± 0.11 5.7 ± 0.51 5.4 ± 0.43

Elongation (%) 4.5 ± 0.13 2.8 ± 0.21 2.9 ± 0.05 2.4 ± 0.05

Tear Index (mN.m2/g 9.1 ± 0.26 7.9 ± 0.06 7.0 ± 1.23 4.2 ± 0.05

Viscosity (cP) 11.9 ± 0.3 9.8 ± 0.15 9.7 ± 0.05 9.4 ± 0.1

Degree of polymerization (No.) 1418 ± 42 1228 ± 57 1209 ± 54 1191 ± 48

Carbonyl content (µmol/g) 1.9 ± 0.08 2.4 ± 0.22 2.4 ± 0.31 2.2 ± 0.31

pH 7.8 ± 0.4 6.4 ± 0.1 5.2 ± 0.2 4.9 ± 0.1
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FT-IR analysis was performed to understand the change or invariance of functional groups of cellulose fibers 
upon aging in VOCs environment. Figure 7b shows the FTIR spectra from 4000 to 500 cm-1 for the sample, ini-
tially a large peak band at 3320 cm-1 indicative of hydroxyl (OH) groups present in α-cellulose48 was observed for 
RF, but the peak area was found to be decreased after 90 days. Unlike RF, the peak intensity at 3320 cm-1 decreased 
at the end of exposure with both the VOCs, confirming that hydroxyl groups were converted to other func-
tional groups that may serve as intermediates. The peaks recorded at 2917 and 2859 cm-1 confirms the presence 
of C–H stretch bands of cellulose components, which also appear to be diminished upon exposure. The band 
peak around 1734 cm-1 is due to the stretching of the C = O groups of hemicelluloses49. The peak at 1463 cm-1 
corresponds to the C = H group of lignin content50. The corresponding peaks at 1314, 1245 and 1157 cm -1 are the 
C–O–C bands of polysaccharides, C = H groups of lignin and C–O stretches of hydroxyl groups, respectively. The 
peak band recorded at ~ 1023 cm-1 is a C–OH stretch of lignin content51. A small band peak around ~ 719 cm-1 
indicates a C–O–C stretch of monosaccharide content52. These peaks were significantly reduced in VAA and 
VH, confirming the degradation effects VOCs on all the pulp components including cellulose, hemicelluloses 
and lignin.

Conclusion
Through this study, we were able to understand the effects of VOCs on paper degradation. The analysis was per-
formed only for the individual two chemicals; using specific solvents and under specific conditions. The harmful 
impact of VOCs on paper humiliation depends on the types of VOCs involved. Volatile acids are generally the 
strongest, but aldehydes can accelerate decomposition to a similar degree. This study found that hexanal was 
more disruptive than acetic acid in reducing the mechanical properties of paper and the degree of polymeriza-
tion of cellulose fibers. In addition to mechanical properties, effects on cellulose morphological properties such 
as porous structure and the degradation of the cellulose fibres are also noticed.

From the study, some important facts were pointed out that. the VOCs generated from paper based material 
could degrade it and preservation of the material can be achieve by minimizing the generation, which could be 
possible by developing a techniques for product manufacturing like, pre-treatment of raw material, different 
pulping process, different bleaching sequence can be evaluated, this may be the next level of research with regards 
to minimizing the generation of VOCs from the products. To better understand the qualitative assessment of the 
long-term effects of VOCs at room temperature, experiments should be conducted considering temperature and 
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relative humidity. Future recommendations can be also derived that, removing VOCs can have a large positive 
effect on paper stability, potentially doubling life expectancy. .

Data availability
The database generated during this work may be obtainable from the corresponding author’s upon request.
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