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ABSTRACT

The effect of using 2% and 10% sodium hydroxide solution as surface treatment of rape straw on its water vapor
adsorption properties is analyzed in the relative humidity (RH) range of 0% to 98%. Scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), and Fourier-transform infrared spectroscopy (FTIR)
are used to investigate the morphological, chemical and structural changes of the treated straw surface. The
mineral particles formed on the surface after the treatment are analyzed using X-ray diffraction (XRD). The
application of sodium hydroxide solution results in the disruption of the straw surface. As the concentration
of sodium hydroxide increases, the disruption of the straw surface increases, and the ability of the straw to adsorb
water vapor also increases over the entire RH range. In addition to the surface disruption and chemical changes
caused by the alkaline treatment, the differences in the equilibrium moisture content of treated and untreated rape
straw can also be attributed to the formation of minerals on the straw surface, namely calcite for the 2% sodium
hydroxide solution, and gaylussite and thermonatrite for the 10% solution.
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1 Introduction

There are several approaches to reducing the negative environmental impact of the construction and
operation of buildings. A promising and easy-to-apply approach is the use of renewable plant residues
from local crops, which can be combined with a suitable organic binder to produce eco-friendly
composites [1–3].

Globally, rapeseed (Brassica napus L.) is one of the most important oilseed crops, providing more
than 15% of the world’s vegetable oil supply [4], making it the third most important oilseed crop after
soybean and palm [5]. Rape straw is mainly used for agricultural purposes as a by-product, or can be
useful as a source for biofuel production [6,7]. In some cases, post-harvest rapeseed residues are even
burned [8]. However, this lignocellulosic biomass can be utilized in a variety of applications, including
the production of composites.
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The cellulose content of rape straw is typically 40%–44%, with about 15%–16% lignin content [5].
Other authors report a similar composition of rape straw: 41% cellulose, 23.4% hemicellulose, 21.5%
lignin, 6.8% extractives, and 5.8% ash [9], or in more detail according to the dry matter content of the
rape straw (mean values and standard deviations in parentheses) 88.29% (±0.21): ash content 1.97%
(±0.25), total protein content 2.09% (±0.08), diethyl ether extractable substance represented 2.21%
(±0.98), hemicellulose 14.55% (±0.34), acetyl groups 2.32% (±0.29), cellulose 49.18% (±0.42), acid
insoluble lignin 17.65% (±0.16), and acid soluble lignin 3.94% (±0.19) [10].

When compared to other non-woody plants, rape straw’s cellulose content is similar [11], but it is lower
than that of softwoods [12], while its lignin content is comparable to that of hardwood cell walls. The
structure of lignin is similar to that of angiosperm wood, with a low syringyl/guaiacyl ratio in the cell
walls. This combination of properties has also sparked interest in its potential as a raw material for the
pulp and paper industry [13]. The composition of rape straw hemicellulose is related to that of wood. Of
the total 22.9%, it was found to consist of xylan (18.5%), galactan (2.2%), arabinan (1.0%), and mannan
(1.2%) [14]. A comparison of the chemical composition of rape straw from various sources is
summarized in Table 1.

One of the challenges in manufacturing composite materials from post-harvest residues is that their
surface is often covered with a waxy layer that reduces the adhesion of the adhesive [19,20]. Various
methods are available for treating the straw surface, including thermomechanical [21], chemical [21,22],
or enzymatic treatment [23,24]. The surface of the straw can also be washed with hot or cold water [25],
or alternatively, plasma treatment can modify its surface properties [25,26]. A new generation of
physically assisted pretreatments (microwaves, ultrasound, pulsed electric fields, high-voltage electrical
discharges, etc.) is also being developed [27].

Chemical treatment involves acidic or alkaline methods. Acidic treatments primarily remove
hemicellulose and slightly increase cellulose crystallinity [28,29], while alkaline treatments are used to
remove lignin and various uronic acid substitutions on hemicellulose. Sodium hydroxide (NaOH) is one
of the most commonly used alkaline treatments for this purpose [30–32]. The principle of treatment with
sodium hydroxide consists of delignification by breaking ester bonds that cross-link lignin and xylan [6].
Additionally, treatment with NaOH increases both porosity and the specific surface area of the material
[6,33]. The nature of the particle surface strongly influences the contact angle and wettability of the
adhesive, which is particularly important for water-based adhesives [25].

Relatively diluted NaOH solutions are commonly used to treat lignocellulosic particles, and this
method has proven particularly effective in producing composite boards. The optimal concentration of
NaOH for treating various natural raw materials remains an area of active research. Moreover,
finding the right combination of straw treatment and adhesive mixture is equally important. Studies

Table 1: Percentage chemical composition of rape straw reported in the literature

Source [5] [15] [1] [16] [13] [17] [18]

Cellulose – 37.55 53.06 41.00 40–44 37.70 41.66

Hemicellulose – 31.37 18.13 23.40 30–31 29.6 (Pentosans) 37.24

Holocellulose 58.51 – – – – – –

Lignin 15.52 21.30 9.63 21.50 19–21 26.40 16.00

Extractives 17.16 – – 6.80 0.2–0.4 (Silica) – 1.63

Ash 8.80 6.02 0.79 5.80 2–3 (Inorganic) 0.05 3.46
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have demonstrated that concentrations of 1%–5% NaOH improve the mechanical properties of
composites made from various agricultural residues such as cotton stalks, wheat husks, and sugarcane
bagasse [33–37].

Treatment of cotton stalks with a sodium hydroxide solution affected the chemical composition and
caused a permanent decrease in the content of extractives, hemicellulose, and lignin, while the cellulose
content of the cotton stalk particles increased steadily. Additionally, waxy and oil-based substances were
effectively removed [34]. The wax layer on the surface of the straw contributed to water resistance,
although also slightly reduced bonding strength. Removing the wax from the epidermis of rice straw via
hexane extraction improved self-bonding [35], but sodium hydroxide treatment of cotton particle board,
on the other hand, increased water absorption and thickness swelling [34].

The alkaline treatment of wheat husks with a 2% NaOH solution results in a cleaner husk surface, free of
waxy substances and impurities. However, it also causes noticeable erosion of the husks, resulting in lower
mechanical properties of composites made from the pretreated husks [38]. In tests of wheat straw-reinforced
polyester resin, it was shown that treatment with a 2% sodium hydroxide solution leads to higher strength of
the resulting composite [36]. Bartos et al. [37] investigated the optimal NaOH concentration for treating
sugarcane bagasse fibers, finding that 5% NaOH provided the best tensile strength in polypropylene
composites.

In the case of hydrophilic kenaf fibers, treatment with a 6% sodium hydroxide solution for 48 h
improved compatibility with the polymer matrix and resulted in better mechanical properties in kenaf-
epoxy composites [19]. Similarly, the effect of alkaline treatment on hemp fibers and their individual and
interfacial properties in a polyurethane matrix has also been studied [39]. It was found that alkaline
treatment enhances the mechanical properties of hemp fibers, with an 8% NaOH solution being identified
as the upper limit for this improvement. This treatment effectively removed certain amounts of lignin and
hemicellulose. Surface treatment of rape straw with sodium hydroxide has also been shown to improve
adhesion between particles and adhesives [25,40].

The composition of rape straw is important in terms of the sorption of air moisture, as water molecules
primarily bind to the amorphous regions of cellulose and hemicellulose [41–43]. However, surface treatment
can also significantly influence moisture sorption. Previous studies have shown that treatment of rape straw
with a 2% sodium hydroxide solution results in stronger adhesive bonding between the straw particles
and the adhesive [22,44]. Despite this improvement, the treatment also had some negative effects, such
as increased moisture absorption and consequent thickness swelling of the manufactured composite
materials [38,40].

Moisture-related performance is particularly critical for building materials [45], as the moisture content
(MC) of natural materials significantly affects both their mechanical and insulating properties [40,46–48].
Water sorption is also a key factor in the degradation of both straw [49] and composite building materials
made from natural plant residues [50,51].

In this study, the surface of rape straw treated with 2% and 10% sodium hydroxide solutions was
analyzed using SEM, EDS, FTIR, and XRD to investigate the structural and chemical changes induced
by the alkaline treatment. These NaOH concentrations were chosen based on a review of the literature as
the optimal and highest effective levels for straw modification. Following treatment, residual NaOH and
leached products were observed on the straw surface, which are hypothesized to influence bonding
processes in the production of eco-friendly composites from post-harvest residues. This research aimed to
provide a detailed surface characterization of the treated straw, with a focus on identifying the particles
formed. Additionally, as NaOH treatment may affect the straw’s moisture sorption properties, the study
also assessed the impact of these surface alterations on air moisture adsorption. Experimentally measured
sorption isotherms were compared with generalized water vapor sorption models, contributing to a better
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understanding of how treatment processes impact material performance in sustainable construction
applications.

2 Materials and Methods

2.1 NaOH Treatment of Rape Straw
Straw from rapeseed grown in the village of Polepy near the Central Bohemian Highlands (Czech

Republic) was used for the research. The reference straw was first washed with cold water to remove
impurities from the surface. The maximum length of the straw was 120 mm, and the maximum diameter
was 8–9 mm. This is the same straw that was used in our previous work [40]. Deionized water and
sodium hydroxide (Kittfort Praha, Czech Republic; 99.5% NaOH) were used to prepare the sodium
hydroxide solution. In this paper, the surface of rape straw was treated by soaking in 2% and 10%
sodium hydroxide solution at a laboratory temperature of 23°C for 45 min. After both treatments, the
sodium hydroxide solution was poured off. The rape straw samples were subsequently dried in an oven
at 40°C.

2.2 Characterization of Rape Straw Surface Using SEM
The microstructural morphology of the rape straw surface was studied by scanning electron microscopy

(SEM), using a Merlin-Zeiss field emission gun scanning electron microscope (FEG-SEM, Zeiss, Jena,
Germany) with a secondary electron detector operated at an acceleration voltage of 5-15 kV, a probe
current of 300–800 pA, and a working distance of 5–20 mm. The chemical composition of the treated
and untreated rape straw surface was determined by energy-dispersive X-ray spectroscopy (EDS) using a
Phenom XL desktop SEM (Thermo Fisher Scientific, Brno, Czech Republic) with an EDS detector
operated at an acceleration voltage of 15 kV, and a working distance of 4–6 mm. All the samples for
microscopic analysis were vacuum dried at room temperature. Using double-sided conductive carbon
tape, vacuum-dried samples were then glued to an aluminum stab. Sputter coater Quorum SC7620
(Quorum Technologies Ltd., Laughton, United Kingdom) was used to generate an approximately
5–10 nm gold/palladium coating on the samples for the higher magnification by FEG-SEM and less than
5 nm of gold coating for elemental analysis via desktop SEM and magnification up to 2000×.

2.3 X-Ray Diffraction Analysis (XRD)
The X-ray diffractograms of material collected from the straw surface were acquired using a PANalytical

Aeris diffractometer (Malvern PANalytical, Worcestershire, United Kingdom) equipped with CoKα tube
operating at 40 kV and 7.5 mA. The incident beam path consisted of beta-filter iron, Soller slits 0.04 rad,
and a divergence slit of 1/2°. The diffracted beam path was equipped with a 9 mm anti-scatter slit and
Soller slits 0.04 rad. The detector used was a PIXcel1D-Medipix3 detector with an active length of
5.542°. The scan ranged from 5 to 75° 2θ, step size 0.027°, and counting time 2.0325 s. Data were
evaluated using Profex software (ver. 4.1.0, Nicola Döbelin, Solothurn, Switzerland) [52].

2.4 Determination of pH
To determine the pH of rape straw leachates, 100 g of straw per 1000 mL of distilled water was used. The

samples were shaken on a REAX shaker for 24 h. The pH of each leachate was measured 5 times (in a
volume of approximately 50 mL) by means of a PC70 portable multimeter (XS Instruments, Carpi, Italy;
accuracy 0.01 pH).

2.5 Analysis of Leachates
The leakage of calcium and sodium from treated straw into the water was carried out using an Agilent

5110 (ICP-OES) inductively coupled plasma optical emission spectrometer (Agilent Technologies, Santa
Clara, CA, USA) with synchronous vertical dual view and equipped with a SeaSpray concentric
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nebulizer. The ICP-OES settings were as follows: radiofrequency power 1.2 kW; peristaltic pump speed
12 rpm; stabilization time 15 s; replicate read time 5 s; nebulizer flow 0.7 L·min−1; plasma flow
12 L·min−1; auxiliary argon flow 1 L·min−1. Ten replicates of each analyte were measured. An
autosampler SPS 4 (Agilent Technologies, Santa Clara, CA, USA) was used for sample dosing, and pure
argon (99.996 %, Linde Gas, Prague, Czech Republic) for measurement. Standard calcium solutions
(Analytika, Prague, Czech Republic, 100 mg·L−1) were in the range of 1–100 mg·L−1. For sodium, the
standard solutions ranged from 1 mg·L−1 to 10 g·L−1 (Analytika, Prague, Czech Republic). All standards
were diluted with ultrapure demineralized water (resistivity at 25°C ≥ 18 MΩ cm). In order to select the
optimal analytical wavelengths, both elements were measured at all available wavelengths. Subsequently,
a wavelength was selected for concentration determination where no potential spectral interferences were
present, and a low relative standard deviation (%RSD) was achieved. The wavelength of 317.933 nm was
selected for the determination of calcium concentration. In the case of sodium, the appropriate
wavelengths varied significantly depending on the intensity. For lower sodium concentrations, the
wavelength used was 589.592 nm and for higher concentrations, the most suitable wavelengths were
568.263 nm and 330.298 nm. ICP Expert Software ver. 7.4 (Agilent Technologies, Santa Clara, CA,
USA) was used for the evaluation.

2.6 Fourier-Transform Infrared Spectroscopy (FTIR)
The changes in the chemical structure caused by exposure to two different concentrations of sodium

hydroxide were observed by FTIR spectroscopy. Spectra were obtained using a Nicolet 6700 Fourier
transform infrared spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a
reflective attachment in the ATR sampler using a diamond crystal. This arrangement allows for precise
qualitative analysis without sample preparation. The measuring conditions were as follows: a spectral
resolution of 4 cm−1, 32 scans of each analysis, and a spectral wavenumbers range between 4000 and
400 cm−1. Deconvolution of the bands, fitting with a Gaussian function, in the IR spectra was performed
using OMNIC Software (ver. 8.3.103, Thermo Fisher Scientific, Waltham, MA, USA).

2.7 Water Vapor Adsorption Isotherms
The oven-dried samples of rape straw were placed in glass weighing dishes which were placed in the air-

conditioning chamber (Climacell, BMT, Monroe, WA, USA; humidity range 10%–98% RH). Ten different
samples were used for the reference straw and each treatment method. In the first humidity level, the relative
humidity was set at 20% and 23°C. The weight of each sample was recorded until a constant mass was
reached. A constant mass was reached when the results of two successive weighing operations, carried
out at an interval of 24 h, did not differ more than 0.1 % from the mass of the test sample. The relative
humidity in the conditioning chamber was then increased to 40%, 60%, 80%, 90%, and 98% RH. MS
Excel 2016 (Microsoft Corporation, Redmond, WA, USA) was used for data recording and basic
calculations. Fixed nonlinear regression in Statistica 13.3 Academic software (TIBCO, Santa Clara, CA,
USA) was used to calculate the experimental model for sorption isotherms.

3 Results and Discussion

3.1 Microscopic Characterization of Rape Straw Surface
After treatment with the hydroxide solution, white crystallized minerals were visible on the surface of

the rape straw. This mineralized surface was more evident on the outside of the larger particles, particularly
after treatment with a 10% hydroxide solution, where the crystallized minerals formed visible clusters in
some cases (see Fig. 1).

The differences between the surface of treated and untreated rape straw can be seen very clearly even at
low magnification from the SEM images (Fig. 2).
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The surface of the water-washed rape straw is smooth, but despite thorough washing, it still contains
small impurities. Small mineral crystals formed on the surface of rape straw treated with a 2% NaOH
solution. On straws treated with a 10% NaOH solution, these crystals cluster and sometimes form star-
like shapes. Figs. 3 and 4 show the straw surface after both treatment methods at a higher magnification.

Due to the processing technology and the size of the rape straw particles, the surface of the straw was
often crushed during mixing. Nevertheless, it was possible to observe the crystalline nature of the treatment
precipitates on the surface of the straw. At higher magnification (Fig. 3c), it can be seen that the fibers were
also detached from the straw surface, although to a much lesser extent than during the 10% NaOH treatment.

Figure 1: Example of straw treated with 10% hydroxide solution. The color section shows a macro image of
the surface (Canon EOS 30D camera with a macro lens), and the black and white section shows an SEM
image

Figure 2: Surface images at 500× magnification of reference rape straw washed with water (a), treated with
2% NaOH solution (b), and 10% NaOH solution (c)

Figure 3: Microscopic images of rape straw treated with 2% NaOH solution at 2500× (a), 5000× (b), and
10,000× magnification (c)
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When a 10% NaOH solution was used to treat rape straw, aggregation of leaching products occurred
(Fig. 4a) and the surface of the straw particles was more disturbed (Fig. 4b,c).

3.2 EDS Analysis of Rape Straw Surface
The results of the EDS analysis at 2000× magnification are shown in Fig. 5 (treatment with 2% NaOH

solution) and Fig. 6 (treatment with 10% NaOH solution).

Using EDS analysis, the following elements were detected on the surface of rape straw in particular: O,
Na, C, and Ca, whilst Mg could be found in smaller amounts, ranging between 0.5 and 1.5 wt%. Other
elements such as K and Si appeared in some maps, but their amounts were usually below 1 wt%. The
gold comes from the sputter-coated conductive layer. For clarity, these elements were not included in the
elemental map. The hydrogen atoms are not detectable by the EDS.

From the elemental map, it can be seen that C and Ca predominate in places where the “treatment
products” are found. Calcium also comes from rape straw, which contains several grams of calcium per
kilogram of straw [25]. On the rest of the surface of the rape straw, Na is detected as the prevailing element.

Figure 4: Microscopic images of rape straw treated with 10% NaOH solution at 1000× (a), 2000× (b), and
5000× magnification (c)

Figure 5: EDS spectrum and elemental map of rape straw treated with 2% NaOH solution. The displayed
map has dimensions of 134 µm × 134 µm and a resolution of 1024 px × 1024 px
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After treatment of rape straw with 10% NaOH solution, the distribution of elements on its surface was
similar, although the proportion of sodium increased even more (in this particular case from about 27 to
38 wt%).

3.3 XRD Results
The obtained powder X-ray diffractograms of individual samples are presented in Figs. 7–9.

The diffractogram collected from the rape straw before the alkaline treatment corresponded to the
amorphous cellulose [53]. Only a small peak attributed to kaolinite was found, coming from the soil that
clung to the straw.

The treatment of straw with 2% NaOH solution caused the precipitation of calcite (CaCO3) crystals on
the straw surface. The treatment with 10% NaOH likely also provided a small amount of calcite, but the straw
surface was mainly covered by gaylussite Na2Ca(CO3)2·5H2O and thermonatrite Na2CO3·H2O crystals. The
amorphous cellulose once again created a background in the diffractogram. The ratio of crystalline phases
may be estimated roughly as 1:1 since the non-standard shape of the sample does not allow for precise
quantification.

Figure 6: EDS spectrum and elemental map of rape straw treated with 10% NaOH solution. The displayed
map has dimensions of 134 µm × 134 µm and a resolution of 1024 px × 1024 px

Figure 7: X-ray diffractogram of material scraped off the surface of untreated rape straw

370 JRM, 2025, vol.13, no.2



3.4 Sorption Isotherms
The water vapor sorption isotherms (Fig. 10) indicate that the NaOH treatment of rape straw

significantly promoted the vapor sorption ability. The results of untreated rape straw were consistent with
those of other lignocellulosic materials. At 98% relative humidity, the untreated rape straw showed a
moisture content of 0.4 kg·kg−1, which was similar to that of wheat and rice straws published by Yin
et al. [49]. Similar sorption isotherm values for untreated wheat straw were obtained by Han [54]. Hemp
powder also showed the same isotherm curve at 20°C [55]. Slightly lower sorption was recorded for raw
and also modified flax fiber [56]. Jute showed higher moisture content at 98% relative humidity of
0.38 kg·kg−1, while other lignocellulosic thermal insulation materials (wood fiber, flax, and hemp fiber)
showed slightly lower water vapor storage parameters [57]. Alkali-treated rape straw exhibited
significantly higher sorption in a whole range of relative humidity. Samples treated with 10% sodium
hydroxide solution reached even higher values.

Based on the experimentally measured values, a model was calculated that best describes the fit of the
sorption isotherms for rape straw treated with sodium hydroxide solutions. The suitability of the fit of this
model was assessed using the coefficient of determination (R2). This model of sorption isotherms differs
from other lignocellulosic materials. The literature [58–60] suggested that for most natural hygroscopic

Figure 8: X-ray diffractogram of material scraped off the surface of rape straw treated with 2% NaOH

Figure 9: X-ray diffractogram of material scraped off the surface of rape straw treated with 10% NaOH.
G–gaylussite Na2Ca(CO3)2 · 5H2O; T–thermonatrite Na2CO3 · H2O
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polymers, a curve with a sigmoidal shape is the most appropriate in order to describe moisture uptake.
Calculations based on the Brunauer-Emmett-Teller theory (BET), the Dent model [59], and the
Guggenheim-Anderson-de Boer model (GAB) [61] are most commonly used for moisture adsorption in
cellulose. These models assume that the adsorbed moisture is bound both directly by hydrogen bridges of
hydroxyl groups and by forces with lower binding energy (e.g., van der Waals forces) and are based on
several different parameters. These models would be best fitted by a cubic polynomial model from the
measured data. However, for the calculated cubic polynomial model, the coefficients of determination
were in the range of 0.80–0.85. For the exponential model, R2 values were higher in the range of
0.95–0.99 (Table 2). This different trend in moisture sorption implies the possible impact of mineral
particles on the surface of the treated rape straw.

3.5 Applicability of Generalized Water Vapor Sorption Models
The sorption data obtained through experiments were analyzed so as to obtain more information about

the process. For the calculation of the generalized model, the relative humidity was expressed in the form of
relative pressure pr, i.e., in the range of 0–1. The BET sorption isotherm (Eq. (1)) is a standard in materials
research. Here, the ameans the adsorbed amount of water (kg·kg−1), am denotes (in the original derivation of
the BET model) the adsorbed amount needed for the entire sorbent surface to be covered by a monomolecular
layer of sorbate (here it is water), and C is a dimensionless constant having relevance to the thermodynamics
of the given sorption process. The unknown parameters am and C were obtained by plotting the experimental
data in the linearized form of the BET isotherm (Eq. (2)), the linear part (slope and intercept) of which
enables a simple calculation of the BET isotherm parameters (Table 3). The modeled isotherms were

Figure 10: Sorption isotherms of untreated and alkali-treated rape straw

Table 2: Calculated sorption isotherms based on measured data

Calculated sorption isotherms R2

Reference MC = 0.0098·exp (0.0384·RH) 0.988

2% NaOH MC = 0.0074·exp (0.0513·RH) 0.948

10% NaOH MC = 0.0657·exp (0.0343·RH) 0.950
Note: MC = Moisture content (kg·kg−1), RH = Relative humidity (%).
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compared with the experimental data (Fig. 11). It was observed that the BET isotherm is not able to describe
the sorption behavior at high relative pressures.

a ¼ am
C � pr

1� prð Þ � 1þ C � 1ð Þ � pr½ � (1)

pr
a � 1� prð Þ ¼

1

am � C þ C � 1

am � C � pr (2)

Given that the BET model was not providing a satisfactory fit with the experimental data, we searched
for a better model. The Halsey, Henderson, and Lewicki models were tested but the most satisfying results
were obtained by the GAB model [62] (Eq. (3)). This model was developed from BET assuming, among
others, the effect of sorbate condensation [63]. The parameter m is again the adsorbed amount in the
monolayer, F is the kinetic constant for sorption of the first layer, and G is the kinetic constant for
multilayer sorption. The calculated isotherms (Table 4, Fig. 12) indicate the expected ability of this model
to also properly describe the area of high relative pressure where moisture condensation takes place.

a ¼ m � F � G � pr
1� G � prð Þ 1� G � pr þ F � G � prð Þ (3)

Both models, BET and GAB, determine the monolayer sorption capacity. In both cases, this value
increases from untreated straw to a “10% NaOH” sample. Nevertheless, the absolute values of am (BET)

Table 3: Parameters of BET sorption isotherms

C am
(-) (kg·kg−1)

Reference 5 0.036

2% NaOH 2 0.075

10% NaOH 3 0.690

Figure 11: BET sorption isotherms
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and m (GAB) are very different from each other. The GAB model is better at describing the sorption
(including condensation), but that does not mean that the m values are physically correct for all the
samples. The NaOH-treated samples are partially covered by treatment precipitates, thus there are two
highly different types of surfaces (straw and mineral particles) and each of them will have its own
“monolayer capacity.” The value acquired by models is just the “average” of two physically different
systems (sorption on straw and sorption on minerals). The thermodynamic parameter C (BET) reached
very different values as well, which again suggests a different sorption mechanism. The values of kinetic
constant F (GAB, sorption of first layer) of “reference” and “2% NaOH” is nearly the same, while that of
“10% NaOH” is much higher, thus implying the important effect of mineral particles, which are also
responsible for very high sorption moisture content achieved by this sample in the full range of relative
humidity. Finally, the G constant (GAB, multilayer sorption) is relatively similar for all samples.

3.6 Influence of Participating Mineral Particles
The first of the identified minerals–thermonatrite–Na2CO3 · H2O, is part of the hygroscopic reversible

cycle described by (Eq. (4)) [64]. The humidification (water sorption, deliquescence) of anhydrous Na2CO3

starts at 60% RH, while the sodium carbonate solution is formed at 75% RH. There is a certain hysteresis
loop, meaning that the dehydration of thermonatrite to anhydrous Na2CO3 does not take place until the
RH drops to about 40%.

Na2CO3 $ Na2CO3 � H2O $ Na2CO3 � 10 H2O $ Na2CO3 solution (4)

The second mineral, gaylussite, also contains crystalline water, but its behavior in dependence on RH is
not described in the literature, according to our knowledge. Nevertheless, it is known that gaylussite stability

Table 4: Parameters of GAB sorption isotherms

m F G
(kg·kg−1) (-) (-)

Reference 0.130 0.17 0.90

2% NaOH 0.332 0.22 0.88

10% NaOH 0.538 1.30 0.78

Figure 12: GAB sorption isotherms
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is sensitive to moisture changes [65]. The gaylussite may be also dehydrated thermally [66] (Eq. (5)) directly
to anhydrous double-carbonate.

It is interesting to note that a dihydrate Na2Ca(CO3)2 · 2H2O (pirssonite) also exists. Thus, gaylussite
also possibly contributes to the water vapor sorption/desorption of the treated straw.

Na2Ca CO3ð Þ2 � 5 H2O ! Na2Ca CO3ð Þ2 þ 5 H2O (5)

With regard to the experimental results, we therefore assume that the increase in the adsorption of air
moisture of rape straw treated with sodium hydroxide is a consequence not only of the disturbance of the
straw surface [67] and a higher number of binding possibilities for water molecules [68], but also that the
participating mineral particles also contribute to the higher hygroscopicity compared to the untreated straw.

3.7 Determination of pH and Analysis of Leachates
The pH values of the water, sodium hydroxide solutions, and leachates obtained from the treated straw

are summarized in Table 5.

The observed pH values for 2% and 10% sodium hydroxide solutions are obviously almost identical, but
there are significant differences in the pH values of rape straw leachates treated with both solutions. The 2%-
straw leachate reaches a pH of about 12. The only mineral identified here was calcite which is not soluble in
water. Thus, the high pH of the leachate must be attributed to the dissolution of some of the residual NaOH
from the straw surface. The pH of the 10%-straw leachate is significantly higher than the pH of the leachate
after treatment with a 2% solution. This increase of pH is caused by the dissolution of thermonatrite (sodium
carbonate). The second mineral–gaylussite–dissolves incongruently [69] into aragonite (a polymorph of
CaCO3) and soluble Na2CO3, which again increases the pH of the solution (Eq. (6)).

Na2Ca CO3ð Þ2 � 5 H2O ! CaCO3 þ 2 Naþ þ CO2�
3 þ 5 H2O (6)

The content of sodium and calcium in the treated rapeseed straw leachates was analyzed using ICP-OES.
The results of the analysis are shown in Table 6.

Table 5: Average pH values and standard deviations

Sample Mean pH Std. Dev.

H2O 7.13 0.067

2% NaOH 13.57 0.046

10% NaOH 13.52 0.061

Leachate–washed straw 6.49 0.040

Leachate–2% NaOH 11.97 0.031

Leachate–10% NaOH 13.31 0.071

Table 6: Concentration of selected elements in leachates from treated straw

Sample/element Wavelength (nm) Ca (mg·L−1) Wavelength (nm) Na (mg·L−1)

Leachate–washed straw 317.933 86.69 ± 0.45 589.592 16.11 ± 0.14

Leachate–2% NaOH 317.933 75.78 ± 0.49 568.263 4095 ± 19

Leachate–10% NaOH 317.933 56.65 ± 0.58 568.263 11270 ± 293
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As can be seen from the table above, the concentration of calcium in the leachate does not change
significantly after treatment with sodium hydroxide and remains approximately the same. Although
microscopic analysis has shown that more calcium-containing mineral particles form on the surface of the
straw with increasing NaOH concentration, calcium carbonate itself has a very low solubility in water
and, therefore, has little effect on the amount of calcium in the leachate. Conversely, the treatment of
straw with sodium hydroxide solution extensively increased the sodium ion content of the leachate
compared to the untreated samples. The highest concentration of sodium in the leachate was found in the
10%-straw leachate, specifically (11,270 ± 293) mg·L−1, which is significantly different from the value of
(4095 ± 19) mg·L−1 in the 2%-straw leachate and is several orders of magnitude higher than the leachate
from untreated straw (16.11 ± 0.14) mg·L−1. Similar findings are reported in [70,71], also confirming that
a substantial amount of sodium remains on the surface of straw after treatment with sodium hydroxide
solution. Subsequently, after soaking, a significant proportion of the sodium ions are leached into the
water [72].

3.8 Changes in the Chemical Structure of Straw after NaOH Treatment
Fig. 13 shows the infrared spectra recorded for three straw samples, namely the samples treated with 2%

and 10% sodium hydroxide solution and the reference sample.

All the samples analyzed can be characterized using the main absorption bands, the assignment of which
is summarized in Table 7.

Figure 13: Infrared spectra of rape straw before and after NaOH treatment

Table 7: Assignments of the major absorption bands

Wave numbers
(cm−1)

Assignment

3644 stretching vibration (ν) of O-H in crystalline water molecules

3322 stretching vibration (ν) of O-H in water and saccharides

2915 and 2848 stretching antisymmetric (νas) and symmetric (νs) vibrations of C-H in -CH2- and
-CH3 aliphatic hydrocarbons

1599 bending vibration (δ) of C=C in an aromatic cycle and scissoring vibration (δ) of O-H
in water

(Continued)
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The first main region of the infrared spectra, 3700–3300 cm−1, corresponds to the hydroxyl groups of the
main components of the straw, such as cellulose, hemicellulose, and lignin molecules, as seen in the case of the
reference sample. After treatment, more intense absorption bands can be observed at 3644 cm−1 due to O-H
bonds in crystalline water in the resulting mineral particles such as gaylussite, and thermonatrite, identified by
XRD. The presence of residual NaOH clinging on the straw surface may also contribute to this absorption
signal. On the other hand, the absorption band at 3322 cm−1 decreases with increasing concentration of
NaOH solution, indicating that the hydrogen bonds in the carbohydrates have been broken [73,74].

This trend is also visible at 1095 and 1014 cm−1 for the absorption bands of C-O and C-O-C bonds in
saccharides. The fundamental vibrations of C-H bonds in carbohydrates are demonstrated at 2915 and
2848 cm−1, and carbonyl C=O bonds at 1400 cm−1 as characteristic stretching and bending vibrations.
The absorption band with a maximum at 1599 cm−1 indicates aromatic C=C bonds in lignin [75] overlaps
with the scissoring vibration of O-H in the crystalline cellulose at 1400 cm−1 [76]. The absorption
vibrations of C=O in the crystalline cellulose can be observed at 1400 and 877 cm−1. At 877 cm−1 the
absorption band of C-C bonds vibration may occur, and thus the two opposing chemical processes
contribute to the fact that the intensity of this band is almost identical for both the treated and reference
samples. The wide absorption band below 600 cm−1 can be assigned to the deformation out-of-plane
vibrations of C-O-C bonds. The stretching vibration at 1462 cm−1, apparent in the 10% NaOH sample,
indicates the presence of carbonate anions.

As anticipated from the literature review, the experiments conducted, and the analysis of the results
confirmed that the alkaline treatment removed some of the lignin and hemicellulose from the straw
surface and also showed that mineral particles formed on the surface of the treated straw after treatment
with sodium hydroxide solution.

3.9 Potential Further Uses of Alkaline-Modified Rape Straw
Low concentrations of sodium hydroxide are commonly used for the surface treatment of lignocellulosic

particles for particleboard production; higher concentrations are rarely used. The use of higher concentrations
of sodium hydroxide to treat the rape straw leads to greater surface disturbance and, in addition, mineral
particles form on the surface which may further inhibit a stronger bond between the adhesive and the
treated particles. Another possibility of using rape straw treated with sodium hydroxide solution is that
the leached mineral particles will catalyze the bonding process. In a previous study [40], the formed
mineral particles had a similar adhesive-enhancing effect on bone glue as lignosulfonate.

The minerals produced by treating straw with higher concentrations of sodium hydroxide may have
other applications. Gaylussite is a sodium-calcium carbonate that is detected in some types of alkali-
activated materials known as geopolymers. It was detected, for example, in alkali-activated blast furnace
slag [77,78]. The occurrence of gaylussite on the surface of the straw can lead to ensuring compatibility

Table 7 (continued)

Wave numbers
(cm−1)

Assignment

1462 stretching vibration (ν) of C-O in carbonate anion

1400 and 877 stretching vibration (ν) of C=O in crystalline cellulose

1095 stretching vibration (ν) of C-O in saccharides

1014 stretching vibration (ν) of C-O-C in saccharides

below 600 deformation out-of-plane (γ) of C-O in saccharides
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between the geopolymer gel and the straw. Geopolymers reinforced with surface-treated straw can then
acquire better mechanical properties [79]. Similarly, treated straw could have a positive effect on cement
hydration and mechanical properties of concrete [80,81].

The different moisture sorption characteristics of alkaline-treated straw also affect other parameters of
composite materials. For instance, if insulation material for construction is produced from treated straw or
similar post-harvest residues, the alkaline treatment will lead to changes in their thermal and hygroscopic
properties. However, this assumption needs to be verified in future research.

4 Conclusions

This research analyzed the effect of alkaline treatment of rape straw surface on water vapor adsorption
characteristics of straw. The novelty of the research lies in the identification of the mineral particles formed
on the surface of the rape straw after treatment with sodium hydroxide and in the detailed description of their
contribution to the sorption of air moisture of the treated rape straw. The main results can be summarized as
follows:

. Surface disruption was found after the treatment of rape straw with sodium hydroxide solution, which
increased with concentration.

. As the concentration of sodium hydroxide increased, the amount of sodium adhering to the straw
surface also increased.

. After the treatment with sodium hydroxide, mineral particles were formed on the surface of the rape
straw. For a 2% sodium hydroxide solution, calcite was primarily found on the surface of the straw.
The use of a 10% sodium hydroxide solution resulted in the formation of gaylussite and thermonatrite.

. The mineral particles on the surface of the rape straw contributed to the adsorption of water vapor from
the air. The equilibrium moisture content of treated rape straw was thus significantly higher than that
of untreated straw over the whole RH range of 0% to 98% and increased with the concentration.

. The Guggenheim-Anderson-de Boer model was found to provide a very good fit to the measured
adsorption isotherms, which corresponded well to the observed changes on the rape straw surface
after the alkaline treatment.
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