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Abstract: Wood is a biosourced material with unique
aesthetic features due to its anatomy and chemical compo-
sition. White oak wood surface color can be modified with
the use of iron salts, which react with wood phenolic
extractives, present as free molecules in wood porous
structure. The impact of modifying wood surface color with
iron salts on the final appearance of wood, including its
color, grain contrast and surface roughness, was evaluated
in this study. Results showed that following the application
of iron (III) sulphate aqueous solutions on white oak wood
surface, its roughness increased, which is due to grain
raising after wetting of wood surface. The colormodification
of wood surface with iron (III) sulphate aqueous solutions
was compared with a non-reactive water based blue stain.
The contrast associated to wood grain that was expressed by
the standard deviation of luminance values in wood images,
also increased after application of the iron (III) sulphate
aqueous solution on white oak wood surface. The compari-
son of contrast changes showed that wood samples stained
with iron (III) sulphate on their curved surface had the
highest increase in grain contrast compared to iron-stained
wood showing the straight grain and to wood surfaces
colored by a non-reactive water-based stain for both curved
and straight grains.

Keywords: ferric sulphate; grain raising; luminance photo
contrast; surface color change; white oak wood.

1 Introduction

Wood is a biosourced material with unique aesthetic fea-
tures that render it attractive for use in both outdoor and
indoor settings. For example, it can be used for the fabrica-
tion of furniture, tables, flooring, home decor and many
more applications. Each wood species possesses a charac-
teristic appearance, which is due to variations of wood cell
types and extractives composition, which are non-structural
compounds present in wood porous structure (Royer et al.
2012). Wood anatomy vary also among different wood
species, which results in different aesthetic traits depending
on the species. This natural appearance of wood material
makes it aesthetically appealing for consumers. Studies have
shown that wood is perceived by consumers as warm,
inviting and relaxing (Jonsson 2008; Rice et al. 2007). Ikei
et al. (2017) have shown that being exposed to wood by
visual, tactile or olfactory stimulations result in a physio-
logical relaxing effect (Ikei et al. 2017).

In order to modify the color of wood surface, stains and
pigments are commonly used for application on wood sur-
face. However, the application of pigments on wood surface
renders its color more homogenous and hides the natural
traits of wood grain depending on the concentration and
quantity of the products applied on wood’s surface. Due to
environmental concerns, water-based coatings and coloring
systems are increasingly preferred in order to decrease the
release of volatile organic compounds (COV) (Jiménez-López
and Hincapié-Llanos 2022; Landry et al. 2010). However,
water-based stains are also known to cause raising of wood
fibers, which impacts the roughness and final appearance of
wood surface (Landry et al. 2013). Researchers suggested
that the occurrence of raised grain after wetting of the
surface is due to cell damage caused by surface machining
then subsequent swelling (in particular of hydroxyl groups
rich polysaccharides, notably of cellulose) and shrinkage
deformations of the upper layer of wood, which results in
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fibre separation and permanent deformation of wood sur-
face (Evans et al. 2017; Magoss et al. 2019; Singh et al. 2010).
The occurrence of grain raising phenomenon and its extent
depends on different factors including the type of wood
species, its density and the grit size used during the sanding
process (Evans et al. 2017). One approach matched that used
by industries to solve the problem of grain raising, i.e. by
adding a ‘denibbing’ step to the processes to remove the
raised grain before applying a subsequent layer of coating
(Ramananantoandro et al. 2018). Landry et al. (2013)
compared the application of water-based and solvent-based
stains on yellow birch wood samples and concluded that the
final appearance is affected by different factors including the
grain raising, the sanding quality and the type of substrate.
These authors also observed that the application of solvent-
based stains results in a better grain contrast compared to
water-based stains. Therefore, there is a need to develop
coloring systems for wood surfaces which are water based,
that avoid raising ofwoodfibers and thatwould preserve the
natural grain appearance of wood material.

Aqueous solutions of iron salts can be applied to wood
surface to modify its color due to the chelation of iron
cations by wood phenolic extractives. After application of
iron salts solutions to wood surface, cells containing the
phenolic extractives will be intensely colored. Phenolic
extractives are not present homogenously in all wood cells
(Donaldson et al. 2019; Kuroda et al. 2014; Romagnoli et al.
2013) and therefore, the cells that contain higher quantity
of phenolic extractives will be accentuated from the
rest of the wood surface by this method of color modifi-
cation. This technique can potentially increase the grain
contrast of colored wood compared to wood colored by
non-reactive water-based systems. In a previous study
(Dagher et al. 2020), the color development on wood sur-
face by iron (III) sulphate application have been compared
for four different hardwood species which are commonly
used for interior applications (white oak, red oak, sugar
maple and yellow birch). White oak (Quercus alba
Linnaeus) showed the highest color development among
the studied wood species and the total color change of
wood surface was correlated with phenolic OH present in
the ethanolic extracts of white oak, as it was determined
by phosphorus-31 nuclear magnetic resonance (NMR)
analysis and color measurements. In this paper, a method
for evaluating the grain contrast of wood surface is re-
ported in order to compare the contrast before and after
modification of wood color by application of an aqueous
solution of iron (III) sulphate. The impact of applying these
water-based systems on wood surface appearance
including specifically its color, surface roughness and
grain color contrast is evaluated in this study.

2 Materials and methods

2.1 Samples preparation

Iron (III) sulphate pentahydrate (97%) was purchased from Acros Or-
ganics (Ottawa, Canada) and aqueous solutions of iron (III) sulphate were
prepared at 1%w/v in distilled water. A blue water-based stain and white
oak wood (Quercus alba Linnaeus) samples were provided by Boa-Franc
S.E.N.C. (Saint-Georges, Canada). Wood boards were previously air dried
to reach 20–25% moisture content and then dried around 15 days in a
drying chamber to attain 7–8% moisture content. The maximum tem-
perature reached during the drying process was ±74 °C. Wood samples
were then stored in a conditioning room at 20 °C and 42% relative hu-
midity (RH). Two batches of wood samples were prepared for this study.

First batch was used for roughness measurements: fifteen wood
samples were cut to surface dimensions of 10 cm × 8.5 cm then sanded
with aluminum oxide abrasive papers of different grit sizes in the
following sequence: P60, P80, P120, P150 and P180. The samples were
randomly chosen and included samples cut in different grain directions.
Two coats of stain solutions were applied on wood surface manually by
using a foam roller applicator and then dried at room temperature.

Second batch was used for color and contrast measurements: in
this batch, two groups of thirteen wood samples each were chosen
according to the direction of the longitudinal cut of wood samples.
Samples that were cut tangentially to the annual rings and perpendic-
ular to the rays show a curved grain pattern which we refer to as CG in
thismanuscript. Samples that showa straight grainwill be referred to as
SG. All wood samples in this batch were cut to surface dimensions of
8.7 cm × 12 cm then sanded with aluminum oxide abrasive papers of
different grit sizes in the following sequence: P120, P150 and P180. One
coat of stain solutions was applied successively on wood surface
manually by using a foam roller applicator and then dried at room
temperature. The samples were then kept in a conditioning room (20 °C
and 42% RH) before further analysis.

2.2 Wood surface roughness: profile measurements

Surface roughnessmeasurements were carried out using a Contour GT-I
model optical profilometer from Bruker Optics Inc. (Billerica, United
States). Three measurements were performed on each wood sample
before and after stain application (Figure 1). Vertical scanning interfer-
ometry (VSI)mode, green laser and 5x magnification lens were used for
the measurements. The surface was measured perpendicular to the
grain on a 12.5 mm width × 1 mm height surface (stitching mode with
20% overlap) and profile roughness parameters were extracted. The
profile roughness parameters Ra, Rq, Rz, Rp and Rvwere chosen as the
combination of the parameters to provide a comprehensive assess-
ment of the profile change including the maximum height, the
deepest valley and the mean deviation of the wood profile due to
grain raising. The choice of parameters was also based on their use in
the literature in order to allow us to compare the results with pre-
vious studies (Cool 2011; Fernando de Moura and Hernández 2006,
2005; Gurau et al. 2006). The data treatment and calculation of
roughness parameters were performed on Vision 64 software
(version 5.70). Before calculating the roughness parameters, a filter
was applied to remove the form errors and the waviness from the
profile. The Robust Gaussian Regression Filter (RGRF) has been cho-
sen since it causes less distortion than the standard Gaussian filter
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(Gurau et al. 2006). Recommendations of the sampling lengths and cut
offwavelengths are provided in the ISO 4288:1996 according to the Ra
and Rz amplitudes (Technical Committee : ISO/TC 213 1996). Different
cut-off lengths have been used in the literature for the evaluation of
sanded wood surfaces (Gurau and Irle 2017; Kilic et al. 2006). Gurau
et al. (2006) suggested the 2.5 mm cut-off length to be used with the
robust Gaussian regression filter for the analysis of wood surfaces
sanded with the common P120 and P180 grit sizes. In this study, zero-
order robust Gaussian regression filter was applied with a cut-off
length λc of 2.5 mm.

2.3 Wood surface color: color measurements and
microscopic observations

The colored wood surface was evaluated by two methods. Quantitative
evaluation was performed by color measurements on each sample using
a Ci6x model X-rite spectrophotometer (Grand Rapids, United States).
Three measurements were performed on each sample with a standard
illuminant D65, an angle observation of 10° in SPINmode. Measurements
before and after staining were performed on the same location on the

sample (Figure 2). L*, a* and b* coordinates from the CIEL*a*b* color
system (Robertson 1977) were used respectively to follow the color
changes on the lightness, red/green and yellow/blue axis. Equations
(1)–(4) (Figure 2) were used to calculate the color change on each axis and
the total color change. In order to evaluate visually the coloredwood cells,
microscopic observations were performed by using a digital microscope
Keyence VHX-7000 model. Observations were performed on wood sam-
ples directly and on thin wood sections. To prepare thin wood sections,
unstained woodwas immerged in amixture of 60mLwater and 10mL of
ethanol (95%) solution and stained wood was immerged directly in the
aqueous solution of iron (III) sulphate at 1%w/v. Thin cross sections of 20–
30 μm were cut using a manual microtome with a razor blade then
deposed between glass slides for observation under the microscope.

2.4 Wood grain contrast: image acquisition and analysis

In order to evaluate if the grain contrast on wood surface decreased or
increased by the two studied color modification methods, color contrast
evaluationswere also performed.When describing visual contrasts, two
different contrasts should be distinguished: achromatic and chromatic

Figure 1: Definitions of profile parameters from
ISO 4287:1997. With lr, sampling length of the
roughness profile, Z(x), ordinate value, Zp,
profile peak height, Zv, profile valley depth. M,
measurement.

Figure 2: Color measurements method with
CIEL*a*b* color space. L*, a* and b* represent
the lightness, green/red and blue/yellow axis,
respectively. M, measurement.
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contrast. Achromatic contrast refers to differences occurring in lumi-
nance values or gray level and chromatic contrast refers to differences
in chromaticity (Witzel andGegenfurtner 2015). Luminance is a quantity
that is characteristic to human vision and is computed as a weighted
sum of red (R), green (G), and blue (B) components. The ratios of R, G
and B components in a pixel determine the color of the pixel (Liu and
Yan 1994). In order to evaluate the contrast intensity, greyscale images
can be used since they do not produce subjective response of the eye
compared to the chromatic contrast (Demers and Arch 2007). Therefore,
in this study, for objective comparison of the contrast intensity on wood
surfaces, images are compared by measuring the luminance contrast of
the scanned images of wood.

Wood samples were scanned using a La1600+ scanner fromRegent
Instruments Inc. (Québec, Canada) with 1200 dpi resolution. Adobe
Photoshop CS6 (version 13.0 x64) was used to obtain the statistical in-
formation of the images:mean,median, pixels and standard deviation of
luminance values.Wood surface was selected by applying amask on the
image and the luminosity histogram was obtained for the selected re-
gion of interest (Figure 3). Image statistical values of mean, median,
standard deviation and pixels number were obtained for each image.
Pixel’s value represents the total number of pixels used to calculate the
histogram.Mean represents the average intensity value of luminance of
the region of interest. Median value is the middle value in the range of
intensity values of the region of interest. Standard deviation (STDEV)
value represents how widely intensity values of luminance vary in the
region of interest of the image (Photoshop).

3 Results and discussion

3.1 Wood surface roughness

Wood surface profile measurements were performed across
the grain to evaluate the roughness changes on wood
surface after staining. The variations of the maximum

peak height (Rp) and the maximum valley depth (Rv)
within the sampling length are represented in Figure 4. The
results show that only the maximum peak height increased
significantly (p value = 0.002) but not the peak valley depth
(p value = 0.48). The increase of the peak height is therefore
the result of rising of grain fibers after wetting of wood
surface. Evans et al. (2017) showed that the slivers of cell wall
material that rose after wetting of the surface with distilled
water were mainly aligned along the fibers direction, even
though some of them were bent tangentially to the fibers.
Therefore, the rising offiberswould increase the peak height
by profile measurements across the grain, as demonstrated
by the results of Rp parameter.

Figure 5 shows the results of Ra, Rq and Rz roughness
parameters obtained for samples measured before and
after staining. Ra parameter increased significantly after
staining according to the Student’s t-test (p value = 0.0049).
Rq and Rz parameters also increased after staining, how-
ever the increase is not significant according to statistical
analysis (p value = 0.065 for Rq and p value = 0.31 for Rz).
The significant increase of Ra confirms the increase of peak
height of the profile, which would influence the arithmetic
mean of the absolute ordinate values within a sampling
length. Rz parameter, which is the sum of the height of the
largest profile peak height and the largest valley depth
within a sampling length, was less affected by grain raising
than Ra. The Rq parameter, which is the mean square root
of the ordinate values within the sampling length, also
increased insignificantly which could indicate that the
majority of the fibers rose on the surface of wood in a
uniform way.

Figure 3: Method for calculating grain contrast
for wood samples before and after staining.
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Several surface roughness parameters, which could be
used to quantify the roughness increase of wood surface
due to grain raising phenomenon, have been reported in
the literature. In the study of Ramananantoandro et al.

(2018), the roughness parameters Sa, Sq, Spk and Vmp were
found to be best correlated with tactile evaluation although
all the correlations were weak. The authors suggested that
the raised grain perception is related to material volume of

Figure 4: Variations of Rp (left) and Rv (right) parameters before and after stainingwood samples with iron (III) sulphate aqueous solution. Results of the
statistical Student’s t-test are included on the left top of each graph.

Figure 5: Variations of Ra, Rq and Rz roughness parameters before and after stainingwood samples with iron (III) sulphate aqueous solutions. Results of
the statistical Student’s t-test are included on the left top of each graph.
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the peak section and not only to the peak height. Evans et al.
(2017) used the areal (3D) Sa parameter, which is the
arithmetic mean of the absolute of the ordinate values
within a definition area, to quantify the grain raising. In
this study, the arithmetic mean average profile (2D)
roughness (Ra) was most affected by grain raising after
wetting of wood surface. It was also shown in the literature
that the grain raising occurs more often in plainsawnwood
samples compared to quartersawn wood (Williams et al.
2000). The results in this study show that grain raising
occurred on white oak wood surfaces after staining with
the iron (III) sulphate aqueous solutions, which could
impact the appearance of wood and the acceptability by the
consumers.

3.2 Wood surface color

The color change on wood surface is expressed by the change
in the coordinates L*, a* and b* from the CIEL*a*b* color
space. Results show negative values of Δb* (Figure 6), which
are lower for the water-based stain for both CG and RG
samples, indicating that the color of wood surface became
bluer on the yellow/blue axis following the application of both
color modification methods. Total color change of wood sur-
face is expressed byΔE values (Figure 7), whichwas higher for
water-based blue stain compared to wood samples colored by
iron (III) sulphate. The high value of the average total color
change (ΔE) of stained wood surfaces shows that the surface
color of wood wasmodified, and the color difference is highly
perceptible. The color measurement results also showed a
higher variation between the measurements of the iron-

stained surfaces compared to the surfaces that were stained
with a blue water-based stain. This higher variation on iron-
stained surfaces is due to the inhomogeneous presence of
phenolic extractives in wood cells and therefore to the inho-
mogeneous color modification of wood surface.

3.2.1 Microscopic observations on colored wood boards
and thin sections

Figure 8 shows themicroscopy images of twowood samples
stained with a water based blue stain (a) and an iron (III)
sulphate aqueous solution (b). The images show that the
rays of wood are more intensely colored compared to the
rest of the wood surface and the large open pores of oak
wood are not stained for the iron-stained wood surface. For
wood samples colored by the non-reactive water based blue
stain, the opposite appearance is obtained with intensely
colored pores compared to the rest of the wood surface.
Previous studies in the literature determined the location
of extractives in wood cells and showed that extractives are
more present in parenchyma cells (Barnett 2004) but can
also be found in vessels and fibers (Hillis 1971). Extractives
are present in capillaries of cell walls and not only the
lumens (Hillis 1971). It is suggested that extractives are
formed in situ in parenchyma cells and then transferred to
vessels, fibers and tracheids by pit membranes and plasmo-
desmata (Sachs et al. 1966). In the study of Koch et al. (2003), it
was found that dryingmethod can also affect themigration of
water soluble phenolic extractives from vacuoles of paren-
chyma cells into the lumina of vessels and fibers. White oak
wood possesses very large rays parenchyma that are visible

Figure 6: Comparison of the color change on the yellow/blue axis of the CIEL*a*b* color space (Δb*) for wood samples stained with iron (III) sulphate
aqueous solutions and a blue water-based stain for two types of wood cut showing the curved grain (CG) and the straight grain (SG). Results of the
statistical Student’s t-test are included on the left top of each graph.
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on all surfaces of wood (Wheeler 2001) and longitudinal
parenchyma cells which are paratracheal and apotracheal
(Bajpai 2018).

Images obtained with a light microscope of thin wood
sections of white oak stained with iron (III) sulphate
(Figure 9) show that rays and longitudinal parenchyma
cells were more intensely stained than the rest of the
sample. Moreover, earlywood vessels in white oak possess
tyloses which are overgrowths of the protoplast of adja-
cent living parenchymatous cells (Agrios 2005) and these
lower the permeability of wood (Wheeler 2001). Tyloses
are considered to be due to gas embolism, which occurs
during drought or in response to wounding (Barnett 2004).
Another observation that could influence the grain
contrast between stained wood samples is the presence of
parts of both sapwood and heartwood in the same wood
board. Figure 10c shows the image of a wood sample that

contains both heartwood and sapwood which is shown by
the difference of color modification after staining the
surface of wood with iron (III) sulphate aqueous solution
since the concentration of phenolic extractives is gener-
ally higher in heartwood compared to sapwood (Dagher
et al. 2020). This appearance is not obtained with nonre-
active water-based blue stains since the color modification
is not dependent on the chemical composition of wood and
is only obtained by the presence of pigments in the stain
product.

3.3 Wood grain contrast

In this study, the contrast was calculated by the standard
deviation of the luminance in the image histogram, which
represents luminance values frequencies in the image

Figure 7: Comparison of the total color change on the CIEL*a*b* color space (ΔE) for wood samples stainedwith iron (III) sulphate aqueous solutions and
a blue water-based stain for two types of wood cut showing the curved grain (CG) and the straight grain (SG). Results of the statistical Student’s t-test are
included on the left top of each graph.

Figure 8: Microscopic photos taken directly on wood surface stained with a water-based blue stain (a) and an iron (III) sulphate aqueous solution (b).
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(Asamoah et al. 2018). Figure 11 shows an example of lumi-
nance histograms of grayscale images of unstained wood
(left image) and wood stained with a ferric salt aqueous
solution (right image). There are differentmethods available
to calculate the contrast in an image. For example,Michelson
contrast is appropriate for an imagewith periodic structures
(Moulden et al. 1990). For aperiodic stimuli, root mean
square (RMS) contrast, which is based on the standard
deviation of luminance in the stimulus, is often used
(Bhuiyan and Khan 2018; Kukkonen et al. 1993). For random
dot images, the standard deviation of the luminance values
of pixels in images in greyscale was used to evaluate the
contrast intensity (Moulden et al. 1990) and to evaluate
the contrast in images of architectural spaces for daylighting
studies (Demers and Arch 2007). When higher precision is
needed, standard deviation of luminance method for
contrast evaluation should be considered only for histo-
grams with normal distribution (Demers and Arch 2007).

Image statistics of all samples including mean, me-
dian, pixels and standard deviation are presented in
Table 1. Contrast, as expressed by standard deviation
(STDEV) of luminance values in the images, increased in
average after staining of wood samples with both iron (III)
sulphate and water based blue stain as shown in Figure 12.
The increase of grain contrast compared to noncolored

wood was the highest for the wood samples showing the
curved grain and colored by the iron (III) sulphate solution
(FS CG), compared to the other types of wood evaluated
and statistically different by ANOVA test (p value lower
than 0.05).

This higher difference can be due to two reasons. First,
wood surface appearance differs depending on the direction
in which a lumber was cut (Shmulsky and Jones 2019).
Different directions of cutting of wood samples show wood
cells in a different way, which results in different aesthetics
and performance of plainsawn and quartersawn wood
boards. For example in plainsawn wood boards, the large
difference between earlywood and latewood is more
apparent (Williams et al. 2000). The difference in color
development between different wood cells results in higher
contrast in stained wood samples compared to unstained
samples. Therefore, the resulting appearance obtained with
the application of iron (III) sulphate aqueous solutions to
wood surface differs from the appearance obtained by
coloration of wood with pigments. When using pigments to
stain wood, higher concentrations of pigments are found in
vessels and therefore the vessels are more intensely colored
than the rest of the surface (Landry et al. 2013). These dif-
ferences are mainly visible on the curved surface of white
oak wood compared to the straight grain surface due to the

Figure 9: Photos of thin wood cross sections observed on a digital light microscope of (a) unstained wood and (b, c, d) wood stained with iron (III)
sulphate aqueous solutions.
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large vessels in its porous structure. However, with the use
of iron (III) sulphate aqueous solutions, the opposite result is
obtained. In addition, when using pigments to color wood,
both sapwood and heartwood are stained equally in contrast
to the color development with iron (III) sulphate color
system.

4 Conclusions

White oak wood surface color can be modified using iron
(III) sulphate aqueous solutions. In this study, the resulting
appearance of stained wood and the impact of the coloring

method on the natural grain contrast and surface roughness
of wood were evaluated. The results of this study showed
that the stainingwith aqueous ferric salt solutionmethod for
wood color modification significantly increased the surface
roughness, as demonstrated by the roughness parameter Ra
calculated from the profilometry measurements. Grain
contrast was evaluated by image analysis and the results
showed that the contrast associated to the natural grain
pattern of wood was enhanced after color modification by
iron (III) sulphate aqueous solutions and by a non-reactive
water-based blue stain. In order to quantify the changes in
wood colour, the method of colour measurements is vastly
used in the literature, which is not enough to take into

Figure 10: Photos of wood samples stained with iron (III) sulphate aqueous solution (a, b and c) and a blue water-based stain (d and e). The wood
samples show the curved grain (a and e) and the straight grain (b, c and d). The wood sample on photo (c) shows the difference in color modification of
both the sapwood and the heartwood.
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consideration the overall appearance of wood surface. In
this study, the interest of using contrast measurements
expressed by the standard deviation of luminance values in
wood images, was applied in order to quantify the overall
change in wood appearance, following the use of different
staining methods. The combination of color and grain
contrast measurements provides a comprehensive analysis
of the final wood surface appearance following the appli-
cation of different staining methods. Differences in color

modification of wood surfaces were observed between
different wood cells and between heartwood and sapwood
parts of wood samples. When using pigments to stain wood,
higher concentrations of pigments are found in vessels and
therefore the vessels were more intensely colored than the
rest of the surface. However, with the use of iron (III) sul-
phate aqueous solutions, the opposite result is obtained, and
the rays aremore intensely colored than the rest of thewood
surface, which make the appearance of colored wood

Figure 11: Example of luminance histograms of grayscale images of a plainsawn wood sample before and after staining with a ferric sulphate aqueous
solution obtained through Imager package in RStudio software (Barthelmé and Tschumperlé 2019) and luminosity standard deviation (STDEV) values
obtained by adobe photoshop software (Photoshop). The X axis of the histogram shows the different luminance valueswhich are rescaled from 0 to 1 with
the left edge corresponding to the lowest value and the right edge to the highest (Barthelmé and Tschumperlé 2019).

Table : Image statistics from luminosity histograms of images of wood samples scanned before and after staining with iron (III) sulphate (FS) aqueous
solution and a water-based stain (WBS).

Before staining After staining

Mean Median Pixels STDEV of luminance values Mean Median Pixels STDEV of luminance values

FS SG  ±   ±  , . ±   ±   ±  ,  ± 

FS CG  ±   ±  ,  ±   ±   ±  ,  ± 

WBS SG  ±   ±  ,  ±   ±   ±  ,  ± 

WBS CG  ±   ±  ,  ±   ±   ±  ,  ± 

RG, straight grain; CG, curved grain; STDEV, standard deviation.
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different between the two methods. In addition, when using
pigments to color wood, both sapwood and heartwood are
stained equally in contrast to the color development with
iron (III) sulphate color system. Therefore, the application of
iron (III) sulphate aqueous solutions for color modification
of wood samples can better enhance the contrast of wood
natural traits compared to non-reactive water-based stains
when applied to wood samples showing the curved grain.
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