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ABSTRACT

Cyclic N-methylol compounds such as 1,3-dimethylol-4,5-dihydrox-

yethyleneurea (DMDHEU) have been used to modify wood and prevent neg-

ative effects related to the uptake of moisture. However, the changes in the

sorption behavior of wood by treatments with DMDHEU and its derivatives are

not fully understood. In the present study, wood blocks were treated with

DMDHEU, ether-modified DMDHEU and diethyleneglycolated DMDHEU in

order to study the factors that control the changes in moisture uptake in the

hygroscopic range (0–95% RH). Dimensional changes of wood blocks during

water soaking cycles suggested that the treatments caused a permanent cell wall

bulking, whereas the swelling restraint by cross-linking of adjacent cell wall

polymers was not permanent. However, the changes in water vapor sorption

were not only a result of the cell wall bulking effect that reduced the space in the

cell wall to accommodate water. The N-methylol compounds within the wood

also provided additional sorption sites, but there was no correlation between

absorbed water and accessible OH groups. It was speculated that the co-con-

densation of the N-methylol compounds with wood polymers had a significant

effect on the sorption of the treated wood. At elevated RH, pure resins that were

formed by self-condensation took up large quantities of moisture. However,

when the N-methylol compounds were heat-cured within the hierarchical

structure of wood, the moisture uptake of the treated wood at elevated RH was

even lower compared to unmodified wood. Furthermore, the covalent bond

formation between wood and resin prolonged the attainment of an equilibrium

moisture content.
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Introduction

Cyclic N-methylol compounds such as 1,3-dimethy-

lol-4,5-dihydroxyethyleneurea (DMDHEU) can be

used to modify wood and improve its service life in

exterior applications [1, 2]. Compared to untreated

wood, DMDHEU-treated wood has an improved

dimensional stability and decay resistance [3, 4]. The

treatment with N-methylol compounds also affects

the water vapor sorption of wood in the hygroscopic

range [5, 6]. However, the underlying modes of

action are not fully understood, because the water

sorption of the treated wood is influenced by a

number of factors, such as the location of the com-

pounds within the hierarchical structure of wood or

the additional moisture uptake of the resin.

Originally, cyclic N-methylol compounds like

DMDHEU were developed and used for finishing

cellulose-based fabrics [7], but can also be applied for

the impregnation modification of wood [1]. Water-

soluble DMDHEU monomers are synthesized from

urea, glyoxal and formaldehyde, with two hydrox-

ymethyl groups (–CH2–OH) being the reactive func-

tional groups in this molecule. They can be ether-

modified (mDMDHEU) by reaction with methanol

(CH3) and further modified using diethylene glycol

(C4H10O3, DEG). Compared to DMDHEU,

mDMDHEU causes lower formaldehyde emissions,

but also results in a lower DMDHEU reactivity [8, 9].

During a heat cure at elevated temperature, the for-

mation of ether bonds by reaction of the hydrox-

ymethyl groups with hydroxyl (OH) groups of

cellulose (co-condensation) or with OH groups of

adjacent DMDHEU monomers (self-condensation) is

the reaction mechanisms of DMDHEU in cellulose-

based fabrics [7].

Dissolved in water, DMDHEU molecules are small

enough to enter the nanopores of the water-swollen

wood cell wall during a vacuum pressure impreg-

nation step [3, 4]. A subsequent heat cure at elevated

temperatures ([ 100 �C) causes the fixation of the

DMDHEU molecules within the wood structure. The

expected reactions are similar to cellulose-based

fabrics; thus, the formation of large macromolecules

via self-condensation and the reaction between wood

and resin via co-condensation should fixate the N-

methylol compounds in the wood structure perma-

nently. The cured resin fills the space between cell

wall matrix polymers to keep the treated wood in a

permanently swollen state [3]. This effect is denoted

as ‘cell wall bulking’ and commonly measured on a

macroscopic level by the increase in dry dimensions

of the modified wood blocks.

The presence of DMDHEU in the wood cell wall

decreases moisture-induced dimensional changes

and alters the void size, cell wall pore size and

accessibility of hydroxyl (OH) groups [5, 10]. Cell

wall bulking by chemical agents may reduce the

uptake of liquid water in the cell wall [11] and MC of

wood independent of the RH level in the hygroscopic

[12] and over-hygroscopic range [13]. Although cell

wall bulking may block some of the accessible OH

groups via steric hindrance [14], the main effect is the

reduced spatial availability in the treated cell wall for

water [15]. In addition to a cell wall bulking effect,

[16] found indications for a cross-linking effect

caused by treatments with DMDHEU. They recorded

a significant reduction in the water-saturated

dimensions of treated wood blocks, which suggested

that the DMDHEU formed cross-links between wood

polymers to restrict the water-induced swelling of the

cell wall. Based on treatments with paraformalde-

hyde, the swelling restriction by the cross-linking

effect is believed to reduce the wood moisture con-

tent particularly at elevated relative humidities [12].

However, more recent studies found no evidence for

a cross-linking effect in wood treated with N-

methylol compounds [17].

The moisture exclusion of the treated wood by the

cell wall bulking and/or cross-linking effect may be

counterbalanced by the ability of resins to take up

moisture [18]. Monomers of glyoxal resins like

DMDHEU contain free OH groups which constitute

38% of the molecular weight [7]. The provision of

additional water sorption sites by the treatment of

wood with DMDHEU has already been shown by [6].

The contribution of the resins may especially be

important in regard to potential resin deposits in the

cell lumen, which would provide additional sorption

sites without causing a moisture exclusion effect in

the cell wall. However, to our knowledge, water

sorption isotherms of DMDHEU resins have not been

studied systematically, but this may help in under-

standing the interaction between wood and resin

with regard to the sorption behavior of the formed

composite material.

The present study investigated how treatments

with DMDHEU and its derivatives affect the water

vapor sorption behavior of wood in the hygroscopic
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range (0–95% RH). Potential moisture exclusion

effects by cell wall bulking or swelling restraints were

investigated on treated wood blocks. Changes in

accessible OH group content of the treated wood,

either by reaction of OH groups in wood with the N-

methylol compounds or by the additional OH groups

in the resins, were quantified by hydroge N-deu-

terium exchange. Furthermore, the sorption behavior

of the pure resins was studied after heat-curing of the

N-methylol compounds without the presence of

wood.

Materials and methods

Material and treatment process

Scots pine sapwood (Pinus sylvestris L.) with dimen-

sions of 25 9 25 9 10 mm3 (radial 9 tangen-

tial 9 longitudinal) and an average density of

0.48 g cm-3 was used for the experiments. Prior to

the treatment, all specimens were oven-dried at 103

(± 2) �C for 48 h to determine the initial dry mass

and dimensions. The oven-dried specimens were

treated with aqueous solutions of 1,3-dimethylol-4,5-

dihydroxyethyleneurea (DMDHEU), methylated

DMDHEU (mDMDHEU) and diethyleneglycolated

DMDHEU (mDMDHEU ? DEG, Fig. 1). The solu-

tions were diluted with deionized water to solid

contents of 10 or 20%. Magnesium nitrate (Mg(NO3)2)

was added as catalyst, in a concentration of 1.16%

related to the added resin solid content. The speci-

mens were impregnated with the treatment solutions

by applying vacuum (5 kPa) for 1 h, followed by an

over-pressure phase at 1200 kPa for another 1 h. The

fully impregnated specimens were removed from the

treatment solution and stored at room climate for

72 h before they were cured in an oven at 120 �C for

48 h. In addition to wood specimens, approximately

15 g of the different stock solutions were also heat-

cured using the same temperature and duration. The

cured wood specimens were cooled down in a des-

iccator over silica gel before the dry mass and

dimensions were recorded. All specimens, except

those tested in water-soaking cycles, underwent a

cold-water leaching with deionized water according

to [19]. Subsequently, they were dried at ambient

conditions for ca. 24 h and in an oven at 103 �C for

another 24 h to determine the final dry mass and

dimensions. Weight percent gain (WPG, in %) and

cell wall bulking (CWB, in %) were calculated based

on the initial and final dry mass and dimensions

using Eqs. 1 and 2:

WPG %ð Þ ¼ 100� mfinal �minitialð Þ=minitialð Þ; ð1Þ

CWB %ð Þ ¼ 100� Afinal � Ainitialð Þ=Ainitialð Þ; ð2Þ

where minitial and mfinal are the initial dry mass and

the final dry mass after treatment and water leaching,

respectively, while Ainitial and Afinal are the corre-

sponding initial and final dry cross-sectional areas

(radial 9 tangential).

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectra were col-

lected using a Bio-Rad FTS-6000 spectrometer

(Cambridge, USA) with a MTEC 300 photoacoustic

detector (Ames, USA) using a 10 kHz mirror velocity

Figure 1 Structural formula

of a 1,3-dimethylol-4,5-

dihydroxyethyleneurea

(DMDHEU), b methylolated

DMDHEU (mDMDHEU, with

R = H or CH3) and

c diethylene glycol (DEG) as

well as d FT-IR spectra

collected from the

corresponding resins after heat

curing.

J Mater Sci (2020) 55:16561–16575 16563



and a resolution of 8 cm-1. Before measuring sam-

ples, the background spectrum was measured with

standard carbon black in the detector. To measure

wood samples, small sections of either pure latewood

or pure earlywood were cut from the water-leached

and oven-dried wood blocks with a razor blade.

Additional measurements were done on small pieces

of cured resin. The samples were put into a detection

cell, which was placed into the detector. The cell was

flushed with helium for 5 min before it was sealed to

record the spectrum. For each measurement, 400

scans were collected and processed with the WIN-IR

Pro 3.4 software (Digilab, Randolph, MA, USA).

Spectra of cured resin were normalized by the area

below each spectrum in the wave number range

between 750 and 3700 cm-1 and average spectra of

two measurements per resin are displayed. The wood

spectra were normalized to the absorbance at

ca. 1508 cm-1 and average spectra of five measure-

ments per sample group are displayed. From the

baseline-corrected and normalized wood spectra, the

band at ca. 1720 cm-1 in the treated wood was

quantified by integration between 1800 and

1628 cm-1 with the absorbance being set to zero at

these thresholds.

Water-soaking cycles

A separate set of specimens was exposed to water-

soaking cycles to record changes in mass and

dimensions. This test was conducted with ten repli-

cates per resin type (DMDHEU, mDMDHEU or

mDMDHEU ? DEG), using only specimens that

were treated using impregnation solutions with 20%

solid content. The specimens were subjected to five

water-soaking cycles that included a water saturation

step and a drying step, as described by [20]. Water

saturation was achieved by vacuum impregnation

with deionized water for 30 min at 5 kPa, which was

followed by soaking in water for 24 h. Re-drying was

done by storing the wet samples at ambient condi-

tions for 24 h, followed by oven-drying at 103 �C for

another 24 h. Untreated Scots pine sapwood speci-

mens served as reference specimens. The specimens’

mass and dimensions (radial 9 tangential) during

the water-soaking cycles are given as relative values

by relating each mass and dimension to the initial dry

mass and initial dry dimension of the specimens

before the modification, as described by [21]. Fur-

thermore, relative swelling was calculated by

subtracting the relative dry dimensions from the

corresponding wet dimensions of the same cycle.

Hydrogen -deuterium exchange

Solid wood blocks were milled in a cutting mill

(RETSCH SM 2000, Retsch GmbH, Haan, Germany)

to pass through a 2 mm mesh screen. Hydrogen–

deuterium exchange (HDX) was performed in a

dynamic vapor sorption (DVS) apparatus (DVS ET,

Surface measurement Systems, London, UK) as

described previously [18]. In short, approximately

20 mg of wood particles were first dried using the

pre-heater at 60 �C for 6 h under dry nitrogen flow

(0% RH) followed by a temperature stabilization

period to 25 �C for 2 h. The particles were then

exposed to deuterium oxide (D2O) vapor at a target

RH of 95% for 12 h. Finally, the dry mass was

determined again as described above. All measure-

ments were done in triplicate. The amount of

exchanged H and the amount of absorbed D2O (both

in mmol g-1) was calculated as described by [18]

using either the dry specimen mass or the dry wood

mass (excluding the mass of the added resin) as the

reference mass for the calculations.

Sorption isotherms

Sorption isotherms were recorded in a DVS appara-

tus (DVS Advantage, Surface Measurement Systems,

London, UK). Besides the wood particles that were

also used for HDX measurements, the measurements

were also performed on small pieces that were cut

from the cured resins. Approximately 20 mg of wood

particles or resin pieces were placed on the sample

holder of the DVS, and sorption isotherms were

recorded at a constant temperature of 25 �C and a

nitrogen flow of 200 sccm (standard cubic centimeter

at 0 �C, 100 kPa per minute according to IUPAC). The

samples were first dried at 0% RH until the mass

change of the specimen per minute (dm/dt) was\
0.001% min-1 over a period of 10 min and then

exposed to a RH of 95% for 720 min. This was done to

limit the potential influence of the previous sorption

history on the sorption isotherms, which has been

observed when comparing multiple sorption cycles

[22–24]. Afterwards, the samples were dried again at

0% RH before the RH was increased stepwise in the

following sequence: 5, 15, 25, 35, 45, 55, 65, 75, 85, and

95% RH (absorption curve), which was followed by a

16564 J Mater Sci (2020) 55:16561–16575



decrease to 0% RH in the reverse order (scanning

desorption curve). A 10 min window was used to

calculate the dm/dt, and each RH was maintained

until the dm/dt was\ 0.001% min-1 over a period of

10 min. The moisture content (MC, in %) was calcu-

lated by relating the mass of water to the dry sample

mass using the sample mass at the end of each RH

step. This MC was corrected for the mass added by

the modification agent as described by [25]. This

corrected MC is denoted MCR and related the mass of

absorbed water to the dry wood mass. Furthermore,

the MCR ratio was calculated by relating the MCR of

the modified sample to the corresponding reference

MC at each RH step.

Water vapor sorption over saturated salt
solutions

Recent studies showed short holding times during

dynamic vapor sorption (DVS) measurements mis-

representing the equilibrium moisture content of a

certain wood-based material [26, 27]. Hence, addi-

tional water vapor tests were performed over long

periods using saturated salt solutions. Wood speci-

mens of 25 9 25 9 10 (ax.) mm3 were split into

smaller blocks of approx. 12.5 9 12.5 9 10 mm3 (ra-

dial 9 tangential 9 longitudinal). The blocks were

oven-dried at 103 �C for 48 h, and the dry mass was

measured after cooling in a desiccator over silica gel.

The dried blocks were placed on perforated, stainless

steel plates over saturated, aqueous salt solutions in a

sealed plastic container. Sealed containers were

stored in a temperature-controlled room at approx.

20 �C. According to [28], saturated solutions of

sodium chloride (NaCl) and potassium sulfate

(K2SO4) were used to achieve RH levels of 75% and

97%. The mass of each wood block was recorded

weekly on two consecutive days, using a laboratory

balance with an accuracy of 10–1 mg. Saturated salt

solutions were stirred weekly with a whisk at the

time of weighing the specimens and opening the

containers. Conditioning was started with NaCl and

the salt solution exchanged to K2SO4 when the

change in MC between two consecutive days was less

than 0.01% day-1. MCR and MCR ratios were calcu-

lated as described for the DVS analysis.

Results and discussion

FT-IR spectroscopy

The presence of the different resins within the early-

and the latewood of the treated blocks was confirmed

by FT-IR spectroscopic measurements (Fig. 1d).

There was a lot of overlap in IR absorbance of wood

and the cured resins, but little to no overlap was

found for the lignin-related band at ca 1508 cm-1 in

untreated wood that was nearly absent in the FT-IR

spectra of the cured resins. One distinct difference

between wood and cured resins was the strong

absorbance of the resins at ca. 1724 cm-1. Unreacted,

monomeric DMDHEU shows a band at ca.

1695 cm-1, and this band shifts to larger wave

numbers (to 1724 cm-1 in the present study) upon

polycondensation that results in the formation of

ether bonds [29]. In mDMDHEU, the reaction of the

DMDHEU with methanol may also contribute to this

band; thus, a larger absorbance at ca. 1724 cm-1 was

found in the FT-IR spectra of resins formed from

mDMDHEU and mDMDHEU ? DEG. The FT-IR

spectra also confirmed the presence of OH groups in

the cured resins by the broad OH stretching band

around 3340 cm-1. Furthermore, all cured resins

showed FT-IR bands at ca. 2943, 1466 and 1246 cm-1,

which could be assigned to the C–H stretching

vibration of the methylene groups, –CH2 stretching

vibration and –CHOH stretching vibration, respec-

tively [30]. In case of DMDHEU, the –CH2 stretching

band was less intense and had a maximum at slightly

higher wave numbers (ca. 1477 cm-1). In methylated

DMDHEU, an additional C–H stretching band was

formed at 2885 cm-1. Furthermore, a large band

structure was found between 1150 and 960 cm-1,

which was presumably related to C–N and C–O

groups in the cured resins [3]. For methylated and

diethyleneglycolated DMDHEU (mDMDHEU and

mDMDHEU ? DEG), the band maximum was at ca.

1095 cm-1, whereas it was ca. 1057 cm-1 for

DMDHEU.

The FT-IR spectra of the treated wood specimens

are shown in Fig. 2a and b. Their absorbance was

normalized to the band at ca. 1597 cm-1, which can

be assigned to the aromatic skeletal vibration in lig-

nin and C=O stretching vibration in wood [31, 32].

The treatment increased the absorbance of the bands

at ca. 1458 and 1242 cm-1 compared to untreated

wood, which can be explained by the absorbance of

J Mater Sci (2020) 55:16561–16575 16565



the resins at similar wave numbers. However, the

most obvious change in the FT-IR spectrum of wood

by the treatment with the resins was the intense band

at ca. 1720 cm-1, which overlaid the carbonyl band in

native wood (ca. 1736 cm-1) and originated from the

ether bonds formed in DMDHEU and ether-modified

DMDHEU. Xie et al. [29] reported that the intensity of

this band increased when the solid content of the

impregnation solution was increased between 10 and

50%. However, such an increase was only found for

treatments with mDMDHEU and mDMDHEU ?

DEG, while the absorbance at 1720 cm-1 was nearly

identical after treatments with a 10 and 20% solution

of DMDHEU.

The intensity of the carbonyl band was also quan-

tified by integration from 1800 to 1628 cm-1 (Fig. 2c).

Besides effects of the solid content and the chemical

agent used, the band area also differed between

early- and latewood. Most probably, the larger cell

lumens in earlywood enabled a higher uptake of the

impregnation solution in comparison with latewood.

It remained unclear, however, whether the additional

resin in the earlywood was located in the cell lumen

or if this resulted in a higher diffusion of resin into

the cell wall. The results of the band area also con-

firmed the nearly identical intensity of the carbonyl

band for wood treated with a 10 or 20% solution of

DMDHEU. Besides the formation of ether bonds by

self-condensation, the etherification of wood OH

groups may have further contributed to the band at

1720 cm-1. Therefore, the increase in band area

shown in Fig. 2c may not be an accurate measure for

the number of DMDHEU units in the wood. This is

also in line with the higher increase in band area after

treatments with a 20% solution of mDMDHEU and

mDMDHEU ? DEG compared to DMDHEU. The

number of DMDHEU units was slightly higher in the

DMDHEU solution, but the ether bonds that were

already present in the mDMDHEU due to the reac-

tion with methanol presumably resulted in a stronger

Figure 2 Results of the FTIR

spectroscopic measurements of

treated wood: a average

spectra normalized to the band

at ca. 1508 cm-1, b close up

view of the wave number

region 1850–1200 cm-1 and

c band area (% of reference)

within the 1800–1628 cm-1

region in dependence on the

chemical agent and the solid

content applied. Each column

represents an average of five

measurements, and the error

bars show the standard

deviation.
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increase in the band at ca. 1720 cm-1 after treatments

with methylated or diethyleneglycolated

mDMDHEU.

Changes in mass and dimensions
by the treatment with N-methylol
compounds

Treatments with DMDHEU, methylated DMDHEU

(mDMDHEU) and diethyleneglycolated DMDHEU

(mDMDHEU ? DEG) caused an increase in dry mass

and dry dimensions of the wood blocks, which are

illustrated as weight percent gain (WPG) and cell

wall bulking (CWB), respectively (Table 1). The

increase in WPG and CWB was proportional to the

solid content of the impregnation solution, which

corresponded to earlier studies with N-methylol

compounds [3, 33]. After a cold-water leaching, only

small losses in WPG and CWB were recorded, which

indicated a high fixation of the N-methylol com-

pounds in the wood. Negative WPG and CWB were

measured for the water-leached reference samples;

hence, water-soluble extractives in the untreated

wood contributed to the loss in dry mass and

dimensions during the cold-water leaching.

The WPG was nearly identical for the different

glyoxal resins. It should be noted, however, that the

number of DMDHEU units within the treated wood

most likely differed, because methylol groups and

DEG contributed to the mass increase during treat-

ments with mDMDHEU and mDMDHEU ? DEG. In

contrast to the WPG, the CWB increased when

mDMDHEU and mDMDHEU ? DEG were used

instead of DMDHEU. For impregnation solutions

with a solid content of 20%, this difference was still

noticeable after the cold-water leaching, and a CWB

of 2.4, 3.3 and 3.8% was recorded for DMDHEU,

mDMDHEU and mDMDHEU ? DEG, respectively.

This difference in CWB corresponded to earlier

studies on DMDHEU and ether-modified DMDHEU

[17]. It indicated that a higher volume of water-ac-

cessible cell wall pore space was occupied after

treatments with mDMDHEU and mDMDHEU ?

DEG instead of DMDHEU. Besides the pore size of

the swollen cell wall, the molar mass and the polarity

of the molecules are crucial parameters for a cell wall

diffusion [34]. Therefore, a higher CWB of wood after

treatments with mDMDHEU instead of DMDHEU

can be assigned to the increased molar mass and

higher polarity [35] that promote the cell wall diffu-

sion of the resin.

Changes in mass and dimensions by water-
soaking cycles

Changes in mass and dimensions were further ana-

lyzed during repeated cycles of water saturation and

re-drying using a separate set of specimens that were

treated using impregnation solutions with a 20%

solid content (Fig. 3). The treatment with the cyclic N-

methylol compounds aims to reduce moisture-in-

duced dimensional changes. This reduction results

either from a permanent cell wall bulking due to

molecule deposition inside the cell wall [36], from the

cross-linking of adjacent cellulose fibrils that restricts

the cell wall swelling [12, 37] or from a combination

of both [16]. As illustrated in Fig. 3a, a cell wall

bulking effect would result in an increase in dry

dimensions, while a swelling restraint by cross-link-

ing of cell wall polymers would cause the reduction

Table 1 Weight percent gain (WPG, in %) and cell wall bulking (CWB, in %) of the modified specimens after heat curing and after a

water leaching according to [19]

Solid content (%) Chemical WPG (%) CWB (%)

After curing After leaching After curing After leaching

Ref – 0 - 1.4 (± 0.2) 0 - 1.1 (± 0.2)

10 DMDHEU 16.0 (± 0.2) 13.6 (± 0.3) 2.5 (± 0.1) 1.8 (± 0.1)

mDMDHEU 15.5 (± 0.2) 12.3 (± 0.1) 2.6 (± 0.2) 1.4 (± 0.3)

mDMDHEU ? DEG 16.5 (± 0.1) 12.7 (± 0 3) 3.3 (± 0.1) 1.6 (± 0.2)

20 DMDHEU 34.2 (± 0.7) 30.5 (± 0.4) 3.5 (± 0.5) 2.4 (± 0.4)

mDMDHEU 34.7 (± 1.5) 30.1 (± 1.2) 4.6 (± 0.1) 3.3 (± 0.2)

mDMDHEU ? DEG 34.4 (± 0.1) 29.7 (±\ 0.1) 5.4 (± 0.2) 3.8 (± 0.2)

Average values based on three replicates are displayed and standard deviations are shown in parentheses
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in water-saturated dimensions; hence, these two

modes of action can be differentiated during the

water-soaking cycles.

After the modification with a 20% solid content, the

presence of DMDHEU and ether-modified DMDHEU

in wood increased the dry mass (Fig. 3b) and dry

dimensions of the wood blocks (Fig. 3c). The dry

mass experienced a slight decrease after five wetting–

drying cycles (Fig. 3b), while the dry dimensions

remained almost constant over all cycles (Fig. 3c).

Therefore, the loss in dry mass was presumably

caused by the leaching of unreacted chemicals from

the cell lumen. Untreated wood blocks experienced

continuous losses in dry mass and dry dimensions

due to the removal of water-soluble extractives from

the cell wall.

The water-saturated dimensions during the first

water-soaking cycle were smaller when compared to

the dimensions after impregnation, and this was

most noticeable after a treatment with mDMDHEU

(Fig. 3d). This reduction in water-saturated dimen-

sions indicated a cross-linking effect that restrained

the swelling of the modified wood blocks. However,

this effect disappeared gradually in the course of five

drying-wetting cycles, which resulted in an increase

in relative swelling with increasing number of water-

soaking cycles (Fig. 3e). After five water-soaking

cycles, the water-saturated dimensions of the wood

blocks that were treated with DMDHEU and

mDMDHEU ? DEG exceeded the dimensions of

untreated wood, and a small reduction in water-sat-

urated dimensions was only observed for wood

treated with mDMDHEU. A similar effect of a loss in

dimensional stability during water-soaking cycles

had been observed in thermally modified wood

[38–40]. The exact cause for the increase in water-

saturated dimensions of the treated wood is unclear.

However, it may be speculated that the stresses

during the repeated wetting and re-drying caused a

realignment of the polymers within the cell wall until

the wood could swell to its initial water-saturated

dimensions.

The present results contradict with the results of

[16], who found a permanent decrease in water-

Figure 3 Changes in sample mass and dimensions during water-

soaking cycles: Schematic illustration of the expected dimensional

changes caused by cell wall bulking or a swelling restraint a, as

well as changes in relative dry mass b, relative dry dimensions c,

relative water-saturated dimensions d and relative swelling directly

after the treatment and in the course of five water-soaking cycles.

Each data point represents an average of ten samples, and the error

bars show the standard deviation. Note the breaks in the y-axes in

b and c.
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saturated dimensions after treatments of Scots pine

sapwood with DMDHEU or ether-modified

DMDHEU, followed by the Soxhlet extraction with

hot water. However, later studies disconfirmed the

reduction in water-saturation dimensions by treat-

ments with DMDHEU [4, 41]. It is thus concluded

that the reduction in the volumetric margin between

the oven-dry and water-saturated state of the wood

after treatment with cyclic N-methylol compounds

relies primarily on a cell wall bulking effect, with

little or no contribution from a swelling restraint

caused by cross-linking of adjacent cell wall

polymers.

Accessible sorption sites in treated wood

Accessible sorption sites were quantified by the HDX

approach, which has previously been applied to

thermally modified wood [42, 43] and wood that was

treated using carboxylic acid anhydrides [14, 44],

furfuryl alcohol [45] or melamine formaldehyde [18].

The results were illustrated by relating the mass of

exchanged H or absorbed D2O either to the dry

sample mass or the dry wood mass (Fig. 4). Using the

dry samples mass as reference mass gives the correct

sorption site density of the treated wood as a com-

posite of wood and resin. However, the increase in

dry sample mass by the treatment complicates the

comparison of the differently treated wood blocks.

On the other hand, using the dry wood mass as ref-

erence mass overestimates the exchanged H and the

amount of absorbed D2O of the treated wood, but the

interpretation of the results is easier when only the

numerator is changed while the denominator (refer-

ence mass) remains constant.

The amount of exchanged H increased with

increasing solid content of the impregnation solution

when related to the dry wood mass, while the

opposite was found when related to the dry sample

mass (Fig. 4a). This is because the cured resins con-

tained sorption sites that contributed to the amount

of exchanged H, but the concentration in the resins

was lower than the concentration of sorption sites in

untreated wood. At the same solid content, the con-

centration of sorption sites increased in the order of

mDMDHEU ? DEG, mDMDHEU and DMDHEU,

which correlated with the increase in CWB in the

reverse order. With a higher CWB, the modification

agents may be more effective in blocking of accessible

OH groups by steric hindrance, as suggested by [14].

Further on, when applying DMDHEU, methylated or

diethyleneglycolated DMDHEU at constant solid

content to wood, the number of DMDHEU units with

exchangeable H decreases in the order of DMDHEU,

mDMDHEU and mDMDHEU ? DEG [46, 47].

However, DEG is split off during the cure of

diethyleneglycolated DMDHEU (mDMDHEU ?

DEG) so that DEG remains in the wood structure and

is expected to provide additional sorption sites for

water [47].

The concentration of absorbed D2O molecules at

95% target RH was also derived from the HDX

measurements (Fig. 4b). There were some similarities

with the concentration of sorption sites, in particular

the amount of absorbed D2O increased with the solid

content of the impregnation solution and the amount

of absorbed D2O was larger for treatments with

Figure 4 Results of the hydrogen–deuterium exchange

measurements: Exchanged hydrogen (a) and absorbed D2O (b,

both in mmol g-1) in dependence on the solid content of the

respective impregnation solution. The calculations are based either

on the dry sample mass (filled bars) or the dry wood mass

(patterned columns) as reference mass. The correlation between

absorbed D2O and exchanged H (both based on dry wood mass)

are shown in (c). Note the breaks in the y-axes in (a) and (b).
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DMDHEU than with methylated or diethylenegly-

colated DMDHEU. However, the amount of absorbed

D2O in the treated wood decreased or remained

almost constant compared to an untreated control

sample, while the amount of exchanged H increased

when the wood mass was used as reference mass.

Furthermore, no correlation between adsorbed D2O

and exchanged H was found (Fig. 4c). This finding

was in line with HDX experiments on cotton cellulose

that was treated with different N-methylol com-

pounds [48]. Furthermore, a number of recent wood-

related studies showed that changes in hydroxyl

accessibility by thermal, chemical or resin treatments

are not the only factor that determines moisture

absorption of wood [18, 42, 49]. Thybring et al. [15]

showed that the dominant factor in reducing mois-

ture uptake in chemically modified wood is the

reduced spatial availability for water inside the cell

walls. Such reduced spatial availability has also been

shown to counterbalance the additional moisture

uptake by melamine formaldehyde resin in resin-

treated wood [18]. A similar effect presumably

applied for wood treated with N-methylol com-

pounds, too. However, the outcome was presumably

more complex, because the N-methylol compounds

provided additional sorption sites, while also react-

ing with accessible OH groups in the wood.

Sorption behavior of cured resins

Both types of cured resins—DMDHEU and ether-

modified DMDHEU—contain polar groups that may

interact with water molecules [47], which was also

shown by the FT-IR spectra and the HDX experi-

ments. Therefore, sorption isotherms of cured

DMDHEU and ether-modified DMDHEU were

measured on small pieces of cured resin. Absorption

and (scanning) desorption isotherms of the cured

resins resembled an IUPAC type III isotherm (Fig. 5).

Only small moisture changes were recorded up to a

RH of ca. 50%, whereas a steep increase in MC was

measured when the RH was further increased. This

RH-dependent course of the MC was similar to the

sorption isotherm of incompletely cured melamine

formaldehyde resin. It was suggested that the low

cross-linking density allowed for water-induced

structural rearrangements in the incompletely cured

melamine formaldehyde resin that increased the free

space to accommodate water molecules at elevated

RH [18]. A similar effect may also apply for the cured

resins in the present study. It should be noted,

however, that a further heat exposure of methylated

DMDHEU to 160 �C for 48 h or a prolonged heat

exposure for 100 h to 120 �C had nearly no effect on

the MC at 95% RH. The MCs at 95% RH were 35.1%

(120 �C, 48 h), 35.0% (120 �C, 100 h) and 34.9 (160 �C,
48 h). Therefore, the steep increase in MC at elevated

RH was not an effect of an incomplete heat cure of the

resins.

The sorption isotherms showed clear differences in

absorption and desorption between the different N-

methylol compounds (Fig. 5). The MC of cured

DMDHEU remained below 25% MC, whereas cured

mDMDHEU and mDMDHEU ? DEG reached MCs

of ca. 35 and 55% at 95% RH, respectively. Contrary

to curing DMDHEU in cellulose fabrics or wood,

pure DMDHEU is limited to self-condensation reac-

tions that result in the formation of covalent bonds

between adjacent DMDHEU monomers via the

hydroxymethyl groups [7]. Methylated and

diethyleneglycolated DMDHEU are well known for a

reduced formaldehyde release that, however, is

accompanied by a significantly lower reactivity

compared to DMDHEU [47]. Therefore, resin formed

from ether-modified DMDHEU is expected to have a

lower cross-linking density compared to the use of

Figure 5 Absorption (a) and desorption (b) isotherms of

DMDHEU, mDMDHEU and mDMDHEU ? DEG cured at

120 �C for 48 h.
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DMDHEU. Therefore, resins based on mDMDHEU

and mDMDHEU ? DEG may be more prone to

water-induced, structural rearrangements that lead to

the enhanced moisture uptake at elevated RH. The

differences in the sorption behavior of the different

resins are also consistent with our observations on

changes in their appearance during storage. Resins

based on DMDHEU and diethyleneglycolated

DMDHEU appeared hard and brittle immediately

after curing at 120 �C. However, after several weeks

of storage at 20 �C and 65% RH, the resin based on

DMDHEU retained its shape and haptic, while the

resin based on mDMDHEU ? DEG changed to a gel-

like consistency, presumably due to a lower cross-

linking density. In addition, DEG remains in the

wood structure after the cure of mDMDHEU ? DEG,

resulting in the presence of an additional, hygro-

scopic substance with further sorption sites in cured,

diethyleneglycolated DMDHEU [7].

Water vapor sorption of treated wood

As explained above, the presence of the different

resins inside the wooden structure changed the water

mass (numerator) as well as the sample mass (de-

nominator). For reasons of simplicity, only the cor-

rected MC (MCR) is shown, which relates the mass of

water to the dry wood mass. This correction of the

reference sample mass by the corresponding WPG

has previously been recommended for wood treated

with DMDHEU [6].

The water vapor sorption behavior of untreated

and resin modified wood particles was analyzed in

the hygroscopic range (0–95% RH) by DVS mea-

surements. Absorption isotherms of modified wood

specimens (Fig. 6) differed significantly from the

sorption isotherms of the cured resins (Fig. 5) and

showed the typical IUPAC type II isotherm that is

known for unmodified wood. Up to a RH of ca. 85%,

all treated samples showed a higher MCR in com-

parison with the untreated reference sample, and this

increase in MCR was larger after the treatment with a

20% solid content. This was in line with additional

sorption sites in the treated wood shown by the HDX

measurements and the moisture uptake by the cured

resins. At elevated RH ([ 85% RH), however, the

differences in MCR between resin modified and the

untreated reference sample decreased. The MCR of

the samples that were treated at a 10% solid content

even decreased below the reference MC. Therefore,

there must have been a moisture exclusion mecha-

nism in the treated wood that counterbalanced the

moisture uptake of the resins. One possible mecha-

nism is the reduced spatial availability for water in

the treated wood due to the cell wall bulking. How-

ever, this seems to be contradicted by the treatment

with a 20% solid content that caused an increase in

MCR even though the dry dimensions of the treated

wood blocks suggested a higher cell wall bulking.

The effects of the treatments and the differences

between the different cyclic N-methylol compounds

became more obvious when looking at the course of

the MCR ratios in the hygroscopic range (Fig. 7). The

MCR ratio related the MCR of the treated samples to

the MCR of the untreated reference sample at a given

RH. At most RH steps, the MCR ratio was above 1,

due to the additional moisture uptake by the resins.

However, the MCR ratios decreased with increasing

RH, particularly for wood treated with DMDHEU

and methylated DMDHEU. A similar finding has

been reported by [50] for wood treated with phenol

or melamine formaldehyde resin. They suggested

that the presence of the resins within the cell wall

reduced the flexibility of the cell wall matrix, which

restraint the swelling of the cell wall. However, this

explanation is inconsistent with the almost negligible

reduction in the water-saturated dimensions of the

treated wood blocks after water-soaking cycles,

which disconfirmed a significant swelling restraint of

the treated wood. The same conclusion was drawn by

[18], who explained the decreasing MCR ratio of

wood treated with melamine formaldehyde resin by

the low moisture uptake of the pure resin at elevated

RH in contrast to the steep increase in the sorption

isotherm of untreated wood. This explanation does

not seem to be consistent with the present results

either, due to the strong moisture uptake of the pure

resins at elevated RH. However, the cyclic N-

methylol compounds used in the present study are

likely to react with the wood polymers by forming

ether and hydrogen bonds. While this did not

restraint the maximum swelling of the wood cell

wall, the additional bond formation may have altered

the structure of the resin significantly compared to

the resin formed by self-condensation. The outcome

may have been a more rigid resin structure that did

not allow the steep increase in MC at elevated RH.

The combination of such an altered resin structure

with a reduced spatial availability for water mole-

cules by cell wall bulking may explain the reduction
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in MCR for wood treated with a 10% solid content

below the reference MC at 95% RH, even though the

MC of the cured resins exceeded this reference MC

considerably. Treating the wood at a solid content of

20% further reduced the spatial availability for water,

as indicated by an increasing CWB value, but may

have resulted in excess resin so that self-condensation

dominated over the co-condensation with the cell

wall polymers. In particular, increasing the solid

content of the impregnation solution may have

resulted in larger quantities of resin that cured in the

cell lumen via self-condensation. These resin deposits

may have contributed to the moisture uptake signif-

icantly, without causing a moisture exclusion effect.

The DVS measurements were complemented by

the long-term conditioning of small wood blocks over

saturated salt solutions. Saturated solutions of

sodium chloride and potassium sulfate were used,

which should have resulted in RH levels of 75 and

97%, respectively [28]. However, the actual RH was

not measured during the conditioning over the salt

solutions. It is reasonable to assume that there have

been slight deviations from the target RH levels, as

explained in detail by [51], in particular due to small

fluctuations in ambient temperature during the

Figure 6 Absorption (a–

c) and desorption (d–

f) isotherms of wood after

treatment with DMDHEU (a,

d), mDMDHEU (b, e) and

mDMDHEU ? DEG (c,

f) using solid contents of the

impregnation solutions of

10 or 20%.

Figure 7 MCR ratios of wood

as a function of the target

relative humidity (%) based on

the DVS measurement (filled

symbols) and the measurement

after storage over saturated salt

solutions (half-filled symbols)

for absorption (a–c) and

desorption (d–f) of wood after

treatment with DMDHEU (a,

d), mDMDHEU (b, e) and

mDMDHEU ? DEG (c, f).
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conditioning over the salt solutions. Hence, it

remained unclear if deviations in absolute MCR val-

ues between the DVS analysis and the conditioning

over salt solution were a material-inherent effect or

the result of a difference in the actual RH. Conse-

quently, MCR ratios were used to compare the

effectiveness of the treatments in changing the sorp-

tion behavior of the wood during short-term (DVS)

and long-term (salt solutions) conditioning.

Independent of the solid content or the N-methylol

compound used, the MCR ratio measured after con-

ditioning over salt solutions (Fig. 7a-c, half-filled

symbols) was larger than the MCR ratio derived from

the DVS measurements. Short holding times in the

DVS (several hours) may not allow slow sorption

processes, i.e., by mechanical relaxation, to be com-

pleted. This may especially apply to the treated

wood, because the covalent bond formation between

wood and resin may have further hindered the

mechanical relaxation of the cell wall matrix. There-

fore, the DVS measurements underestimated the

MCR ratio of the treated wood to some extent.

Nonetheless, the long-term conditioning over salt

solutions confirmed the decrease in the MCR ratio

with increasing RH as well as the lower MCR ratio for

treatments with 10% solid content compared to a 20%

solid content of the impregnation solution.

Conclusions

Dimensional changes of treated wood blocks sug-

gested that the treatment caused a cell wall bulking

as well as a swelling restraint by cross-linking of

adjacent cell wall polymers. However, the swelling

restraint was only observed directly after the treat-

ment and disappeared in the course of several water-

soaking cycles. Changes in the sorption behavior of

the wood by the treatment with N-methylol com-

pounds could not be fully explained by changes in

the amount of sorption sites, or by the cell wall

bulking effect that reduced the spatial availability for

water in the treated cell walls. Treatments with N-

methylol compounds at 10% solid content reduced

the moisture content of wood at 95% RH, although

the pure resins took up high quantities of moisture at

elevated RH. It was speculated that the co-conden-

sation of the N-methylol compounds with the wood

polymers within the cell walls changed the sorption

behavior compared to resin that was formed solely by

self-condensation. However, the formation of cova-

lent bonds between wood and resin may have also

prolonged the time for the treated wood to attain an

equilibrium moisture content. More studies are

required to understand these cellular level chemical

changes and their relevance for the properties of the

treated wood.
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