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Abstract 

On a global scale, methanol is one of the most important feedstocks and used widely as solvent 

and co-solvent. However, due to the polar nature and associated ability to conduct current, the 

small molecule can take part in galvanic corrosion of metal storage tanks and degrade the barrier 

properties of protective coatings.  

In the present work, we investigated the degradation of two novolac epoxy coatings and a 

polyurethane (PU) coating exposed to methanol with the aim of quantifying the various 

degradation paths. Absorption and desorption rates were measured and the thermomechanical 

properties followed by dynamic mechanical analysis. For evaluation of the coating barrier 

properties (i.e., breakthrough time and steady state permeation rates of methanol), permeation cells 

were applied. 

During methanol absorption, simultaneous leaching of certain coating ingredients and bonding of 

methanol to the binder matrix via hydrogen bonds were evidenced. In terms of classification, the 

bonding of methanol took place by two types of mechanisms. In Type I, the methanol molecule 

forms a single hydrogen bond to the coating network, thereby acting as a plasticizer, which 

decreases the coating storage modulus and glass transition temperature. For Type II bonding of 

methanol, on the other hand, two hydrogen bonds to the coating network form per molecule, 

resulting in so-called physical crosslinking. The Type I mechanism boosted segmental mobility 

and contributed to the leaching of the plasticizer benzyl alcohol from the novolac epoxy coatings 

and residual solvents (i.e., naphtha and xylene) from the PU coating. Following the methanol 

desorption, and attributed to an increased effective crosslinking density from Type II bound 



2 
 

methanol, the novolac epoxy and PU coatings exhibited significant increases in the glass transition 

temperatures. In addition, for the three coatings, a gradual decline in the permeability rate of 

methanol was observed over time. These enhanced (and unexpected) barrier properties result from 

a combination of effects ascribed to Type II bound methanol and the leaching process. 

 

Keywords 

Novolac epoxy, Polyurethane, Methanol absorption and desorption, Permeability, Hydrogen 

bonding 

 

1. Introduction 

High-performance organic coatings are used extensively to protect metallic structures in corrosive 

environments. The coatings delay the penetration and effects of aggressive and/or corrosive 

species such as organic chemicals and aqueous solutions of salts, acids or alkalis, thereby 

prolonging the lifetime of the underlying substrates. Common examples are two-component 

epoxy-amine and polyurethane (PU) coatings. The former types have excellent adhesion to metals 

and good resistance to chemicals, whereas the latter is known for its superior resistance to 

weathering.1 For chemical and solvent resistance in harsh (heavy duty) applications, phenolic 

novolac epoxy coatings, with their higher crosslinking densities compared to bisphenol A or 

bisphenol F epoxy resins, are the preferred choice.1,2 However, despite the protective abilities, the 

coatings themselves will also undergo physical and/or chemical degradation in contact with the 

chemicals, and the lifetime of a coating system is often limited by the permeation rate or 

breakthrough time of these chemicals. 

The penetration of solvent(s) usually causes some kind of physical degradation of the coating 

systems. Water, in particular, has been extensively studied3–10 and found to cause swelling, 

cracking, and reduction of mechanical properties and glass transition temperature of epoxy and 

polyester coatings. Organic molecules, such as kerosene,11 1,1,1 trichloroethane, and toluene,12 

were reported to act as plasticizers and reduce the mechanical properties of certain coating systems 

like butyl rubber composites and polyesters. In comparison to water, other polar organic solvents 

(e.g., methanol, ethanol, and acetone) have a higher affinity to the coating systems, thereby 

resulting in more severe physical degradation (i.e., a higher degree of swelling and a greater loss 

of flexural strength).2,13,14 
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Along with the physical degradation caused by water, aqueous solutions of acids, alkalis, or salts 

can further induce chemical degradation of the coating films.13 Examples include hydrolysis, 

transesterification, and oxidation. Abeysinghe et al.10 investigated the physicochemical changes 

occurring in crosslinked polyesters during immersion in electrolyte solutions of NaCl, H2SO4 and 

NaOH. The degradation of polyester resins follows a sequence of water uptake, swelling, and 

leaching of non-immobilized substances and hydrolysis products (i.e., isophthalic acid and 

propylene glycol). In addition, functional groups, such as urethanes of PU coatings and the ether 

linkages of epoxy coatings (to a less extent), are susceptible to acid-induced hydrolysis.2  

Most studies have focused on the degradation of organic coatings exposed to water or electrolyte 

solutions, whereas research on the effects of organic molecules is comparatively limited, keeping 

in mind that organic coatings are often the preferred choice for example as tank linings for the 

storage of alcohols, as well as aromatic and aliphatic solvents. Methanol, in particular, is one of 

the most important chemical raw materials with widespread application as a feedstock, a solvent 

and co-solvent.15 Its high rate of diffusivity and ability to induce swelling, softening, and 

weakening of coating adhesion, make it very aggressive to organic coatings.14 Moreover, as a 

conductive polar molecule, methanol can impose galvanic corrosion of metal substrates, thereby 

leading to potential failures of carbon steel tanks.16 To avoid this, as an electrically non-conductive 

barrier between the liquid methanol (including any dissolved impurities) and the tank material, 

epoxy coatings are commonly applied as tank linings with two to three layers in a total minimum 

dry film thickness (DFT) of 300 μm. To further improve their resistance to methanol, curing at an 

elevated temperature is necessary to form highly crosslinked epoxy coatings.  

 

2. Experimental methods for coating degradation studies and aims of the work  

Various technologies have been utilized to study the degradation of organic coatings exposed to 

chemicals. The most common method is immersion,3–18 where coating films are placed in a 

chemical solution and analyzed periodically for physical and/or chemical changes. Analytical 

methods include optical or electron microscopes to detect visual degradation like cracks,10,18 IR 

spectra to analyze the chemical degradation13,19,22 or quantify diffusion of chemicals,20 and 

dynamic mechanical analysis (DMA) to monitor the degradation of mechanical 

properties.3,5,6,9,21,22 In addition, permeation cells are applicable to measure the rate of diffusion or 

permeation of chemicals across organic coatings. More specifically, two types of cells are widely 
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used: two-chamber permeation cell for electrolyte solutions23,24 and one-chamber permeation cells 

for highly volatile compounds.25,26 Using a free coating film, the two-chamber cell separates an 

electrolyte solution from a chamber containing only demineralized water, and the amount of 

permeated electrolyte is obtained by measuring the concentration development in the water. 

Conversely, the one-chamber permeation cell measures the weight loss of the entire cell to 

determine the amount of the penetrant permeating (and subsequently evaporating) across a free 

coating film from the chamber. Using mathematical models of the process in the set-up, diffusion 

coefficients can be estimated by fitting of simulations to transient experimental data.27  

In the present work, using a one-chamber permeation cell, we aim to study the transient 

development of the barrier properties of selected novolac epoxy and PU coatings during methanol 

exposure and compare the results to experimental data of pertinent reference materials. In addition, 

for a simultaneous quantification of the mechanical properties of the coating films, DMA analysis 

is applied. Finally, mechanisms are proposed for the degradation behaviours of the two coating 

types.   

 

3. Experimental 

 

Materials 

The coatings used in the experimental series were commercial formulations from Hempel A/S, 

Denmark, with details provided in Table 1. Air-less spraying on non-stick polypropylene 

substrates of size 300 mm × 200 mm from Lyreco A/S, Denmark, allowed us to obtain rectangular 

free coating films of size 30 mm × 10 mm for the immersion experiments and subsequent DMA 

analysis, and circular ones of 50 mm diameter for the permeation cells. The curing process was 14 

days at room temperature, followed by post-curing at 60 ℃ for two days. Using an Elcometer 355 

coating thickness gauge, the coating DFT was measured to 300 – 400 µm for novolac epoxy 

coatings and 150 – 200 µm for PU coatings. 
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Table 1: Main components of the experimental coatings. Additional details can be found in an 

earlier work on acid degradation of organic coatings.23 NE-CA=Novolac Epoxy-Cycloaliphatic 

Amine. NE-PA= Novolac Epoxy-Polyamide. 

Coating Resin Curing agent Ra Fillers/pigments 

Novolac epoxy, 

100% solids (NE-CA) 

Novolac 

epoxy resin 

Cycloaliphatic 

amine (CA) 
0.9 

Talc, feldspar, and 

titanium dioxide 

Novolac epoxy, 

100% solids (NE-PA) 

Novolac 

epoxy resin 
Polyamide (PA) 1.0 

Quartz, baryte, and 

titanium dioxide 

Polyurethane (PU), 

solvent-based  

Polymeric 

polyol 
Isocyanate 1.1 

Baryte, calcium carbonate, 

and titanium dioxide 

a: R = MEq(Curing agent)/MEq(Resin) is the ratio of curing agent to binder equivalents, defining 

the relative mixture stoichiometry of functional groups. 

 

For reference comparison in the permeation experiments, the methanol permeability rate in two 

thermoplastic films (i.e., low density polyethylene, LDPE, and poly(methyl methacrylate), PMMA, 

were measured and compared to the thermoset coatings. The LDPE films, with a thickness of 0.2 

mm and a density of 920 kg/m3, were obtained from Goodfellows, UK. The PMMA films, 1 mm 

in thickness and a density of 1190 kg/m3, were obtained from RIAS A/S, Denmark.  

Methanol (99.8 %) and ethanol (99.8 %) were supplied by Sigma-Aldrich Denmark A/S. To seal 

the permeation cell, ethylene-propylene-diene rubber (EPDM) O-rings from M Seals A/S, 

Denmark, were used. These O-rings have excellent resistance to polar solvents (i.e., alcohols and 

ketones) and a working temperature from -50 to 200 °C. Two sizes were used: 1) 42 mm inner 

diameter and 3 mm thickness, 2) 3 mm inner diameter and 2 mm thickness. 

 

Absorption and desorption experiments 

Methanol absorption and desorption experiments were performed on free films of NE-CA, NE-PA 

and PU. Rectangular samples were immersed in methanol at room temperature. At regular intervals, 

the films were withdrawn, dried with a paper towel to remove surface liquid, and weighted before 

being left to dry, also at room temperature. After seven days, weight measurements and DMA 

(specified below) were conducted on these methanol-exposed samples. The compositions of the 

remaining methanol solutions were analyzed using gas chromatography-mass spectrometry (GC-

MS), as specified below. 
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For comparison, the effects on the coating properties of demineralized water and ethanol exposure 

were also investigated, along with absorption and desorption experiments. 

 

Permeation rate experiments 

To monitor the permeation rate of methanol through the NE-CA, NE-PA, and PU coating films, 

as well as LDPE and PMMA films, a custom-made, one-chamber permeation cell was designed 

and constructed (Fig. 1).  

 

  

Fig. 1: Schematic cross-section view of the one-chamber permeation cell used in the experiments. 

The chamber volume is 12.5 mL. 

  

To initiate an experiment, a circular free film was placed between the two aluminium parts of the 

cell, sealed with two O-rings of 42 mm inner diameter and fastened using stainless steel bolts. 

After assembly of the cell, methanol was added from an opening in the top of the cell, specifically 

designed to prevent spills during the filling process. To seal the opening after methanol loading, a 

bolt in combination with the O-ring of 3 mm inner diameter was used. 

During an experiment, methanol molecules diffuse through the film and evaporate on the opposite 

side with an associated weight decrease of the entire cell. In general, the evaporation rate of 

methanol is several orders of magnitude higher than the permeation rate through a polymer film,25 

and any gas phase mass transport limitations can, therefore, be neglected. Consequently, the weight 

reduction rate of the cell can be considered equal to the permeation rate of methanol. The weight 

loss of the cell was measured using an analytical balance from Sartorius (ENTRIS623I-1S) with 

an accuracy of 0.001 g, and the permeation experiments were all carried out at room temperature. 
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In order to determine the undesired methanol loss through the O-rings, a stainless steel plate of 50 

mm diameter and a thickness of approximately 500 µm was used in place of a film sample in a 

permeation cell experiment. The observed average weight loss was found to be smaller than 1.0 

mg after 192 hours, which amounts to less than 1.0 % of the weight loss through a film sample 

after 168 hours. The methanol losses through the O-rings could, therefore, be neglected.  

 

Dynamic mechanical analysis 

Using a rheometer DHR-2 (TA Instruments) with a Film/Fiber Tension geometry, DMA tests were 

performed on the free rectangular films. Scans were run at a heating rate of 5 ℃/min under 25 μm 

axial displacement at a frequency of 1 Hz.  

 

Gas chromatography-mass spectrometry 

After methanol absorption, the compositions of methanol solutions were analyzed by GC-MS 

using a Hewlett Packard (HP) 7890 gas chromatograph equipped with an HP 5977B Mass 

Selective Detector (Agilent, Santa Clara, CA, USA). The oven temperature was programmed to 

run from 60 to 230 °C at 10 °C/min. The compounds were separated using a 15 m × 0.25 mm in 

diameter HP-5 ms Ultra Inert column coated with (5%-phenyl)-methylpolysiloxane (Agilent) at a 

thickness of 0.25 μm. In a split mode (1:20), using an HP 4567A autosampler (Agilent) samples 

(0.3 μl) were injected with helium as carrier gas at 1.2 ml/min. The mass spectrometer was operated 

in an ionization energy of 70 eV and a m/z range of 40-550. For identification of compounds, the 

Spectral National Institute of Standards (NIST) search engine (Agilent) was used. 

 

4. Results and discussion 

This section presents results of the absorption-desorption experiments and permeation rate 

measurements, with an investigation into the degradation behaviours of novolac epoxy and PU 

coatings exposed to methanol.  

 

4.1 Methanol absorption and desorption  

The NE-CA, NE-PA, and PU films were immersed in methanol for different values of time, 

followed by unrestricted evaporation for 168 hours, and finally exposed to DMA measurements 

for the recording of the thermomechanical properties. In Fig. 2, the weight change of the NE-CA 

films, after the methanol absorption and subsequent desorption have taken place, is shown. 
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Fig. 2: The weight gain and subsequent long term weight loss (unrestricted evaporation for 168 

hours at room temperature) of NE-CA films exposed to methanol immersion for different values 

of time. Note that each data point represents an individual coating sample. Standard deviations are 

shown with error bars. 

 

Considering Fig. 2 as a transient experiment, the weight of the NE-CA films initially increases 

rapidly, and then begins to decline after about four hours. The initial weight gain is due to the 

absorption of methanol, while the latter weight loss results from leaching of non-immobilized 

substances, such as residual solvents, plasticizers, fillers and pigments. After removal of the 

absorbed methanol, the weight reduction caused by the leaching process varies as seen in Fig. 2. 

A rapid leaching (weight loss) takes place within the first four hours, but after 72 hours, the weight 

again increases slightly. The latter is most likely entirely caused by the incomplete removal 

(trapping) of methanol after desorption at room temperature. Table 2 presents the weight change 

of the NE-CA, NE-PA, and PU films after methanol absorption and desorption. 
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Table 2: Coating properties and weight changes after immersion for 168 hours (Mi) and 

unrestricted evaporation for 168 hours (Ml) of the NE-CA, NE-PA, and PU films. 

Coating  Density (kg/m3) XLD (mmol/l)a Mi (wt%) Ml (wt%) Mm (wt%)b 

NE-CA 1.29 6.38 6.45  -7.21  13.66 

NE-PA 1.39 7.79 10.59  -2.12 12.71 

PU 1.76 2.13 6.67  -5.23 11.90 

a. Millimole crosslinks per litre dry coating film. Theoretical value, assuming full conversion of 

the limiting reactant. 

b. Mm = Mi – Ml, is the approximate film weight gain of methanol after immersion for 168 hours. 

 

After immersion for 168 hours, the weight uptake percentages of methanol for NE-CA, NE-PA, 

and PU films are all greater than 10 wt%, indicating a high degree of swelling, which can be 

attributed to a high affinity of methanol to the novolac epoxy and PU coating networks. After 

unrestricted evaporation for 168 hours, all three films decline in weight, suggesting a significant 

leaching of coating ingredients. The absorption of methanol swells and plasticizes the coating 

network and increases segmental chain mobility, thereby contributing to the migration of non-

immobilized substances from the coating to the methanol solvent. Compared to NE-PA films, NE-

CA films have a lower crosslinking density (XLD), which explains their relatively greater 

methanol uptake. 

For identification of the leached substances, GC-MS was used to analyze the methanol solutions 

after the immersion experiments, and benzyl alcohol was found to be the main substance leaching 

from NE-CA and NE-PA films. Benzyl alcohol is a plasticizer and present in abundance in the 

curing agents of the two novolac epoxy coatings. On the other hand, substances leaching from the 

PU films were identified as residual solvents, i.e., naphtha and xylene isomers.  

In Fig. 3, changes in the storage modulus and the loss factor [tan (δ)] of NE-CA films after 

methanol desorption as a function of immersion time are shown.  
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Fig. 3: DMA temperature scans of methanol-exposed NE-CA films after different immersion times 

and subsequent unrestricted evaporation at room temperature. (a) Storage modulus and (b) loss 

factor [tan (δ)].  

 

For the first four hours, due to leaching of benzyl alcohol, the storage modulus of the films (at this 

stage in the glassy state) gradually increases. The presence of benzyl alcohol (i.e., a molecule with 

a hydroxyl group), disrupts the interchain hydrogen bonds in the coating network and reduces the 

storage modulus of the otherwise more glassy and rigid film. After 24 hours immersion in methanol, 

the film storage modulus does not change significantly. 

With longer immersion time, the peak of the loss factor shifts to higher temperatures as seen in 

Fig. 3(b), suggesting an increase in the glass transition temperature (normally estimated from the 

location of the peak position) of NE-CA films. Note also the broadening of the peak of the loss 

factor with time, transforming into an overlapping peak after 24 hours. The left hand peak starts 

to shift to lower temperatures after 24 hours. This shift is caused by residual methanol, providing 

a plasticizing effect. In order to verify the influence of benzyl alcohol and methanol, the glass 

transition temperature was plotted against the weight loss of NE-CA films as shown in Fig. 4. 

  

(a) (b) 
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Fig. 4: The transient change of the average glass transition temperature against the weight loss of 

NE-CA films after the methanol desorption. The glass transition temperature was obtained from 

the peak position (left hand peak after 24 hours) in Fig. 3(b). At each data point, the immersion 

time is provided and the standard deviations are shown with error bars. 

 

It can be seen that a nearly proportional increase of the glass transition temperature is observed 

with the weight reduction of NE-CA films, followed by a nearly linear decline with the weight 

increase caused by residual methanol. The correlations, indicating proportionality, suggest that the 

initial increase and latter decrease in the glass transition temperature are caused by the leaching of 

benzyl alcohol and the trapping of methanol, respectively.28 

The emergence of the right hand peak of the loss factor suggests some enhanced mechanical 

properties at higher temperatures and an increase in the coating glass transition temperature. This 

phenomenon cannot be explained by the plasticizing effect of benzyl alcohol or methanol. Similar 

increases in the glass transition temperatures of epoxy coatings, due to water ingress, were 

observed and attributed to multiple hydrogen bonds of water to the coating network.6–8 Zhou and 

Lucas7,8 proposed two types of bound water existing in epoxy resins. Type I bound water forms a 

single hydrogen bond with the epoxy network and gives a plasticizing effect; Type II bound water 

forms multiple hydrogen bonds, resulting in physical (secondary) crosslinking and contributes to 

an increase in the glass transition temperature in water saturated epoxy resin.  

Analogue to water, methanol, apparently, is also able to form multiple hydrogen bonds to the 

novolac epoxy network, giving strong interactions. According to the number of hydrogen bonds, 

the bound methanol is divided into two types. Type I bound methanol forms a single hydrogen 
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bond with the coating network, whereas Type II methanol forms two hydrogen bonds. Fig. 5(a) 

illustrates the two types of hydrogen bonding model of methanol in a novolac epoxy network.  

 
 

 
Fig. 5: Potential methanol complexes in (a) novolac epoxy and (b) PU networks. For Type II bound 

methanol, due to the weak hydrogen bond energy, the C−H···O hydrogen bonds are less important 

and not shown. 

 

Type I bound methanol possesses a low activation energy and the molecules can diffuse and 

evaporate spontaneously at room temperature, while an elevated temperature, due to a high 

activation energy, is required to remove Type II bound methanol. Following desorption, both Type 

I and II bound methanol remains in the coating network. Type I bound methanol plasticizes the 

network, accounting for the decline in the glass transition temperature (the left hand peak of loss 

factor). In contrast, Type II bound methanol forms bridging between chain segments and restricts 

chain motions, resulting in physical crosslinking. The latter increases the effective crosslinking 

density, thereby increasing the molecular weights of polymer chains participating in the glass 

relaxation and displacing the observed broadening of the loss factor peak to higher temperatures5,6. 

A similar phenomenon was observed for NE-PA films in Fig. 6(a) for the peak of the loss factor, 

which shifts to lower temperatures due to residual Type I bound methanol and a peak at around 

110 °C that emerges as a result of Type II bound methanol. With longer immersion time, the right 

hand peak becomes more pronounced for the two novolac epoxy coatings, indicating the 

continuous formation of Type II bound methanol.  

 

(a) (b) 
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Fig. 6: Loss factors [tan (δ)] of methanol-exposed (a) NE-PA and (b) PU films with different 

immersion times and subsequent unrestricted evaporation at room temperature.  

 

For PU films, on the other hand, a single peak only can be observed as shown in Fig. 6(b). This is 

due to the complete removal of the residual solvents and Type I bound methanol during the 

desorption step. Compared to the NE-CA and NE-PA films, the PU film has a much lower 

crosslinking density (XLD in Table 2) and glass transition temperature that facilitates the methanol 

desorption process.  

In an attempt to eliminate the influence of Type I bound methanol, NE-CA, NE-PA and PU films 

(with 168 hours immersion time) were additionally exposed to 60 °C for 168 hours. For these 

samples, DMA results are shown in Fig. 7. 

 

Fig. 7: Loss factors [tan (δ)] of NE-CA, NE-PA, and PU films with 168 hours methanol immersion. 

Prior to the DMA measurements, all films were allowed unrestricted evaporation for 168 hours at 

room temperature and another 168 hours at 60 °C. 

 

(a) (b) 
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A single peak of the loss factor is evident for the NE-PA and NE-CA films, suggesting a complete 

removal of the Type I bound methanol. In Table 3, the weight losses and glass transition 

temperatures following the heat treatment are shown.  

 

Table 3: Weight loss (relative to the original non-exposed film), Ml, and the glass transition 

temperature of the NE-CA, NE-PA, and PU coatings (168 hours methanol immersion).  

Coating Ml (wt%) 
Glass transition temperature (°C) 

Original Methanol-immersed 

NE-CA -9.33 56.2 113.6 

NE-PA -5.41 82.6 108.6 

PU -5.26 55.4 70.9 

 

Compared to the weight loss in Table 2, an additional 2-3 wt% methanol was removed from the 

NE-CA and NE-PA coatings, while the weight of the PU coatings remains stable. After the 

methanol desorption, a significant increase in the glass transition temperature can be seen for all 

three films as a likely consequence of increased crosslinking density by Type II bound methanol. 

The NE-CA and NE-PA films have similar glass transition temperatures (about 110 °C) after 

methanol exposure. This is due to similar physical crosslinking formed by Type II bound methanol. 

The two novolac epoxy coatings have the same novolac epoxy binder and were both cured with 

amine curing agents so that the similar type of hydrogen bonds should be formed. Moreover, the 

glass transition temperature after methanol exposure is close to the value of an epoxy-amine 

coating after water desorption.6 The energy of Type II bound methanol is expected to be close to 

Type II bound water due to the formation of similar types of hydrogen bonds (i.e., O−H···O and 

O−H···N). However, after methanol exposure, the glass transition temperature of the PU film is 

significantly lower than the two novolac epoxy coatings. Methanol can form physical crosslinking 

with two hydrogen bonds to the PU network as shown in Fig. 5(b), but the N−H···O hydrogen 

bond (present in the cured PU network) only has approximately half the bonding strength of the 

O−H···O and O−H···N hydrogen bonds, i.e., 8 – 12 against 20 – 25 kJ/mol.29 Therefore, a lower 

energy is required to break the hydrogen bonding formed by the Type II bound methanol in the 

PU network. This explains the low glass transition temperature of the PU film after methanol 

exposure.  

 



15 
 

4.2 Methanol permeation rate 

Using the one-chamber permeation cell, the permeability and permeation rate of methanol through 

NE-CA, NE-PA, and PU films were measured, and the results are presented in Fig. 8. 

 

 

 

Fig. 8: Methanol weight loss from permeation cells with films of (a) NE-CA, (b) NE-PA, and (c) 

PU. A magnified view (red dashed rectangle) of the first 30 hours of the NE-CA films is shown in 

a subfigure of (a). The coating thicknesses are provided next to the sample names.  

(c) 

(b) 

(a) 
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For the NE-CA films, the cells begin to lose weight after approximately five hours (see the 

subfigure in Fig. 8(a)), suggesting the arrival of methanol at the outer surface of the films. This 

time lag is the so-called breakthrough time required by methanol to penetrate fully the NE-CA 

film. After the breakthrough time, a sharp and almost linear increase in weight loss is observed, 

suggesting a constant permeation rate of methanol. However, after ten hours, the permeation rate 

gradually declines. For NE-PA and PU films, methanol exhibits a similar phenomenon of a 

decreasing permeability as shown in Fig. 8(b) and (c). This declining permeation rate can be 

explained by a combination of the two factors discussed earlier: the leaching of solvents and 

plasticizers, and the physical crosslinking by Type II bound methanol. The leaching process 

contributes to a denser film with increases in the glass transition temperature, thereby decreasing 

the permeation rate.2,4 Type II bound methanol increases the effective crosslinking density and 

reduces the free volume, which again lowers the permeation rate.  

The forming of Type I bound methanol is a fast process that can almost keep up with the moving 

diffusion front.25,27 Oppositely, the forming of type II bound methanol is a relatively slow process. 

This process is time and temperature dependent and requires longer time and higher temperatures 

for it to lead to an abundance of Type II bound methanol. Therefore, gradually, the permeability 

rate of methanol becomes lower as the continuous forming of Type II bound methanol increases. 

The rates of penetration and permeation of methanol across NE-CA, NE-PA, and PU films are 

provided in Table 4. 

 

Table 4: Breakthrough velocity (Rb) and permeation rate (Rperm) of methanol across NE-CA, NE-

PA, and PU films. 

Coating 
Rb

a 

(×10-8 m/s) 

Rperm (× 10-6 mol/(m2∙s)) Reduction of 

Rperm
d (%) After breakthroughb Endc 

NE-CA 1.96 7.94  1.98  75.1 

NE-PA 0.48 3.10 1.23  60.3 

PU 2.25 9.48  4.07  57.1 

a. Rb  is the ratio of coating thickness to the breakthrough time (= δcoating/tb).   

b. Average permeation rate in the first 24 hours after the breakthrough of methanol. 

c. Average permeation rate from 144 to 168 hours. 

d. Reduction of permeation rate (=100 – Rperm,end/Rperm,after breakthrough × 100). 
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In descending order of performance, the coating barrier properties are as follows: NE-PA > NE-

CA > PU. It can be seen that the rates of penetration and permeation all fall with increasing 

crosslinking density (see XLD in Table 2) and glass transition temperature (Table 3). Moreover, a 

significant reduction of the permeation rate (≥ 50 %) was observed for all three coatings.  

 

Permeability measurement across thermoplastic films 

To compare with the thermoset coatings, the permeability rate of methanol through two 

thermoplastic films, i.e., LDPE and PMMA films, were measured. The results are presented in Fig. 

9. 

 

Fig. 9: Methanol weight loss from the permeation cell with films of (a) LDPE and (b) PMMA. 

 

It can be seen that the rates of methanol permeation (i.e., the slopes) are approximately constant 

for LDPE and PMMA films after the breakthrough. Due to a lack of strong electronegative atoms 

(i.e., O, N and F), methanol cannot form hydrogen bonding with the LDPE matrix. Therefore, the 

LDPE films have a time-independent resistance to methanol. For the PMMA films, methanol can 

interact with ester groups via hydrogen bonding. However, without NH or OH groups in the 

PMMA matrix, only Type I bound methanol is possible, which explains the constant permeation 

rates of PMMA films. A constant permeation rate is expected when methanol is not bound or only 

forms one hydrogen bonding to the polymer network. 

 

Permeability measurement across methanol-exposed coating 

From the methanol absorption and desorption data, it was seen that the physical degradation of the 

three coatings came to a halt after immersion for approximately 168 hours. Therefore, a constant 

permeability rate is expected when using methanol-exposed coating films. Consequently, NE-CA 

(a) (b) 



18 
 

films were pre-exposed to methanol [(NE-CA(Me)], that is, methanol absorption for 168 hours 

and then desorption for 168 hours prior to performing of permeability measurements. The results 

are shown in Fig. 10. 

 

 

Fig. 10: Methanol weight loss from permeation cells of methanol-exposed NE-CA films (NE-

CA(Me)) with 168 hours immersion in methanol. Prior to the permeation experiments, the NE-CA 

films were allowed unrestricted evaporation for 168 hours at room temperature.  

 

It can be seen that the breakthrough time is about 50 hours, nine times higher than the original NE-

CA samples, which significantly impedes the penetration process and prolongs the lifetime of the 

coating. After methanol breakthrough, an almost linear weight loss is seen, suggesting consistent 

coating properties. Physical degradation, i.e., leaching of a non-immobilized substance and 

forming of Type II bound methanol, almost completes after 168 hours immersion in methanol. In 

addition, this physical degradation is an irreversible process, that is, NE-CA(Me) films do not 

revert to the original state after methanol desorption at room temperature. The average permeation 

rate is 1.63 × 10-6 mol/(m2∙s), which is 82 % of the original samples after 168 hours (Table 4). A 

faster degradation takes place in the double-sided pre-exposed samples. The permeation rates of 

NE-CA samples in Fig. 8(a) tend to continuously decrease until eventually converges to the rate 

of the NE-CA(Me) samples.  

 

4.3 Water and ethanol absorption and desorption 

The mechanical and barrier properties of coatings were seen to improve after methanol exposure. 

Other hydroxyl solvents, i.e., water and ethanol, are expected to have similar effects and this was 

therefore investigated for NE-CA films and compared to the methanol experiments. The NE-CA 



19 
 

films were immersed in the solvent at room temperature for 168 hours and then allowed to 

evaporate at room temperature for 168 hours. The associated weight changes are shown in Table 

5.  

 

Table 5: Weight changes of NE-CA films after immersion for 168 hours (Mi) followed by 

unrestricted evaporation for 168 hours (Ml). 

Solvent Mi (wt%) Ml (wt%) Ms (wt%)a 

Water 2.24  -0.56  2.80 

Ethanol 5.60  -2.56 8.15 

a. Ms = Mi – Ml, is the approximate weight gain of solvent after immersion for 168 hours. 

 

With a higher affinity to the novolac epoxy, methanol (Table 2) and ethanol cause much greater 

swelling than water upon absorption. In descending order of the amount leaching, the effects of 

solvents on the physical coating degradation are as follows: methanol > ethanol > water. The small 

molecular size and high affinity to the coating network contribute to the absorption of methanol, 

thereby resulting in the most severe physical degradation. DMA tests were performed on NE-CA 

films after solvent desorption and the results shown in Fig. 11. 

 

 

Fig. 11: Loss factors [tan (δ)] of NE-CA films with 168 hours immersion in water and ethanol. All 

films were allowed unrestricted evaporation for 168 hours at room temperature prior to the DMA 

measurements. 

 

For the films following water exposure, a slightly overlapping peak of the loss factor was observed, 

suggesting the forming of Type II bound water that forms multiple hydrogen bonds with the 

coating network, but the amount of bound water is small. The slow rate of water absorption 
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decreases the rate of formation of Type II bound water. Therefore, a high temperature is often 

required to accelerate the water absorption and forming of Type II bound water.6,7 After ethanol 

exposure, a single peak of the loss factor was observed. This implies that ethanol does not form 

multiple hydrogen bonds to the coating network. The amount of absorbed ethanol is large 

(comparable to methanol), indicating the absorption process is not a determining factor for the 

forming of Type II bound ethanol. The molecular size of ethanol is greater than for water and 

methanol, which may not allow it to reach the sites for multiple hydrogen bonds. Moreover, the 

ethyl group of ethanol provides a steric hindrance effect and prevents the forming of multiple 

hydrogen bonds to the coating network. In comparison to water and ethanol, methanol is more 

efficient in evoking the physical degradation that improves the mechanical coating properties. 

 

5. Conclusions 

The mechanical and barrier properties of novolac epoxy and polyurethane coatings were 

significantly enhanced after physical degradation by methanol. Upon film penetration, methanol 

interacts with the coating network via hydrogen bonding. Two types of bound methanol exist: 

Type I bound methanol forms a single hydrogen bond with the coating network, whereas Type II 

bound methanol forms two hydrogen bonds. Type I bound methanol swells and plasticizes the 

coating network, accelerating the leaching of non-immobilized substances, such as plasticizers and 

residual solvents. In contrast, Type II bound methanol forms physical crosslinking and restricts 

the segmental mobility, thereby causing significant increases in the coating glass transition 

temperature and the associated declining rates of permeability. For two thermoplastic reference 

materials, the Type II bound methanol was not observed. 

In comparison to water and ethanol, methanol causes more severe physical degradation, i.e., higher 

degrees of leaching and a faster rate of formation of the Type II bound complex. The enhancement 

of the mechanical and the barrier properties of the films suggests that, potentially, methanol 

exposure can be applied to improve coatings performance. 
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