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Soy protein selectively accumulates
formaldehyde

Masanori Yamada'*?, Momoka Uchida® & Tetsuya Yamada?

Soy protein (SP) is easily obtained from defatted soybeans that have had soybean oil removed.
Therefore, the materials consisting of soy protein are not only environmentally benign but also
sustainable materials. We prepared the SP -GPTMS composite materials by mixing the SP and a silane
coupling reagent, 3-glycidoxypropyltrimethoxysilane (GPTMS), and demonstrated the accumulation
of various aldehydes, such as formaldehyde (HAId), acetaldehyde (AcAld), butyl aldehyde (BuAld),
and benzaldehyde (BnAld), by the SP -GPTMS composite materials. As a result, when the composite
materials were incubated in an aqueous multi-component solution containing four aldehydes, these
materials effectively accumulated the aldehydes. The accumulated amounts of the aldehydes were
BnAld <BuAld <AcAld <HAId and the amount of HAId was three times higher than that of BnAld,
which had the lowest accumulated amount. These results suggested that the SP - GPTMS composite
materials indicated a molecular selectivity for HAId. In addition, the accumulated amounts of HAId
further increased under acidic conditions. Furthermore, according to the IR measurements, the
HAId-accumulated SP - GPTMS composite materials showed the formation of Schiff base bonds.
Therefore, the molecular selectivity of HAId in the SP - GPTMS composite material was due to the high
electrophilicity of HAld and the low steric hindrance.
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Aldehydes, such as formaldehyde (HAId), acetaldehyde (AcAld), butyl aldehyde (BuAld), and benzaldehyde
(BnAld), have been used for solvents, synthetic reagents, fragrances, and preservatives around the world. Since
these aldehydes easily react with various chemicals, many aldehyde species are undesirable or harmful to the
human body and the natural environment'~. Especially, HAld is utilized as the component of adhesives for
gluing wallpaper and building materials. This HAId component is slowly released from the wallpaper or the
building material and causes a sick house syndrome®. Therefore, in Japan, the concentration of HAId is strictly
controlled under the Ordinance on Prevention of Hazards due to Specified Chemical Substances. Additionally,
the World Health Organization (WHO) reported that HAId possesses a carcinogenic property®. For these
reasons, the materials for accumulating aldehydes, such as HAld, in the air or water are important technology to
maintain a healthy living environment”.

The accumulation of HAId has been done using inorganic absorbents®™!?, such as activated carbon,
zeolite, metal oxide, nanoporous materials, etc. In these cases, since inorganic absorbents accumulate HAld
based on physisorption, these materials can accumulate a lot of HAld. However, inorganic absorbents do not
have a molecular selectivity. Therefore, developments based on chemisorption are important. Generally, the
amino group reacts with HAld and forms Schiff base bonding!>!%. As a result, the amine group-immobilized
inorganic materials have been used for the accumulation of HAId". In contrast, organic absorbents have
also been reported as highly-porous polymer composites'®~13. Although these porous polymer materials can
effectively accumulate the HAId, these materials have to start with polymerizing the monomers. In addition,
the raw material is petroleum and the accumulation of harmful compounds using an artificial polymer is not
a sustainable technology. Therefore, the organic absorbents consisting of chitosan, foliage on tomato, and rush
have also been reported!*-2!. Recently, we also reported the accumulation of HAId by a nucleic acid-inorganic
hybrid material from an aqueous solution?. In this case, nucleic acids accumulated HAId by reactions with
the amino groups in the nucleobase, such as adenine, guanine, and cytosine. Additionally, the ribonucleic acid
(RNA) accumulated HAId more effectively than the deoxyribonucleic acid (DNA). Although the accumulations
of HAId by the nucleic acids or polysaccharides have been demonstrated, the accumulation of HAld using protein
has rarely been reported. Amino acids that have an amino group react with HAld. However, since the amino
acids are highly soluble in water, it is difficult to recover molecular amino acids that has reacted with HAld
from the solution. In contrast, since proteins, which are polymers of amino acids, have large molecular weight,
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proteins have lower solubility in water than amino acids. Therefore, materials consisting of protein are easier to
recover from solution than amino acids, and these materials might be used as novel adsorbents for HAld.

Soybean contains approximately 20% fat, 40% protein, and 20% carbohydrate by dried weight?’. The squeezed
oil from soybean is used as cooking oils, industrial oils, and chemical reagents?*~2°. Recently, the soy oil has also
been used as soy ink, which does not use petroleum as a raw material. Since degreased soybeans contain a lot of
proteins, soy protein (SP) has been consumed as a food for humans and a livestock feed. Additionally, degreased
soybeans are also utilized as fertilizer. However, the amounts of degreased soybeans are too high to totally use
and some degreased soybeans are discarded as industrial waste?®*”. In addition, the use of genetically modified
soybeans in food raises many problems®®. Therefore, the utilization of SP is attractive from the viewpoint of
sustainable chemistry and material science. The utilizations of SP have been reported as a hydrogel, adhesive,
and UV-blocking agent?®***°. In addition, the SP is not only a low-cost material and environmentally benign, but
it is also a biodegradable material. Therefore, we reported a novel bioplastic with a biodegradable property*!. In
this case, the SP formed a methylene cross-linking through the reaction of HAld with basic amino acids, such as
lysine and arginine that have amino groups in their side chains, and produced a biodegradable bioplastic. Since
the SP has the ability to react with HAld, the material consisting of SP would have the potential to accumulate
various aldehydes.

In this study, we prepared SP - GPTMS composite materials by mixing the water-insoluble soy protein (SP)
and a silane coupling reagent, 3-glycidoxypropyltrimethoxysilane (GPTMS). This SP—GPTMS composite
material was stable in water and rarely showed any swelling in water. When the SP - GPTMS composite materials
were added to an aldehyde multi-component aqueous solution containing formaldehyde (HAIld), acetaldehyde
(AcAld), butyl aldehyde (BuAld), and benzaldehyde (BnAld), this material accumulated all the aldehydes. In
addition, the accumulated amounts of the aldehydes were BnAld < BuAld < AcAld < HAld; the amount of HAld
was three times higher than that of BnAld. These results suggested that the SP— GPTMS composite material
exhibited a molecular selectivity for HAId.

Experimental section

Material

The defatted soy protein and a silane coupling reagent 3-glycidoxypropyltrimethoxysilane (GPTMS) were
purchased from were purchased from Fujifilm Wako Pure Chemical Industries Ltd., Tokyo, Japan and Tokyo
Kasei Industries, Tokyo, Japan, respectively. The GPTMS was used without the purification. Figure 1 shows
the molecular structure of GPTMS. The formaldehyde (HAId), acetaldehyde (AcAld), butyl aldehyde (BuAld),
benzaldehyde (BnAld), and azulene-1-carboxaldehyde (AzAld) were obtained from Fujifilm Wako Pure
Chemical Industries Ltd and Tokyo Kasei Industries. The molecular structures of HAld, AcAld, BuAld, BnAld,
AzAld are shown in Fig. 2. The 2,4-dinitrophenylhydrazine (DNPH) and 2-(N-morpholino)ethanesulfonic
acid) (MES) were also purchased from Fujifilm Wako Pure Chemical Industries Ltd. In all of the experiments,
analytical grade reagents were used as organic solvents. Ultra-pure water (Merck KGaA, Darmstadt, Germany)
was used in this experiment.

Preparation of SP - GPTMS composite material

The water-insoluble defatted SP was prepared as follows: purchased soy protein was dissolved in water (0.1 g
ml~!) and stirred overnight at room temperature. The SP solution was then centrifuged at 3500 rpm for 2 min
and the supernatant containing the water-soluble SP was removed. After adding water to this sample, it was
stirred and centrifuged to remove the water-soluble components. This processing was repeated three times. The
obtained suspension of the water-insoluble SP was freeze-dried for 2 days or more.

The SP-GPTMS composite material was prepared as follows: the SP was first suspended in water (50 mg
ml™!). The GPTMS solution was added to the suspension of SP and immediately mixed by a vortex mixer. The
concentration of GPTMS was 5 wt% relative to SP. This mixed solution was cast on a polytetrafluoroethylene
(PTFE) plate and reacted at 140 °C for 20 min. This material was immersed in water for 1 h to remove the water-
soluble components, then used in the further experiments.

Staining of SP - GPTMS composite material by azulene-1-carboxaldehyde (AzAld)

The staining of the SP - GPTMS composite material by AzAld was demonstrated as follows: the AzAld was
dissolved in a water-ethanol (1:1, v/v) mixed solution. The initial concentration of AzAld was 15 mmol L.
The SP-GPTMS composite material was immersed in this AzAld solution for 24 h. The AzAld-accumulated
SP — GPTMS composite material was then immersed in ethanol for more than 1 h to remove the non-accumulated
AzAld and rinsed several times with ethanol.

OCHs

/
0] Si—OCH
O’>\/ \/\/ I\ 3

OCHs
GPTMS

Fig. 1. Molecular structure of 3-glycidoxypropyltrimethoxysilane (GPTMS).

Scientific Reports | (2025) 15:9355 | https://doi.org/10.1038/s41598-025-92743-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

i i
C C
H” H H” CH,
HAId AcAld
o
o ||
|| o
H/C\/\/
BuAld BnAld
o!
N
AZAld

Fig. 2. Molecular structures of formaldehyde (HAld), acetaldehyde (AcAld), butyl aldehyde (BuAld),
benzaldehyde (BnAld), and azulene-1-carboxaldehyde (AzAld).

Measurements of swelling ratio

The swelling ratios of the SP—GPTMS composite material were measured as follows: the mass of the dried
SP-GPTMS composite material was measured by a precious balance. This SP—GPTMS composite material
was immersed in a water-ethanol (v/v) mixed solution for 1 h. The concentrations of ethanol were 0 —100%. The
mass of the immersed SP—GPTMS composite material was then immediately measured one more time. The
swelling ratio was calculated using Eq. (1).

Swelling ratio = (mass of itmmersed material) / (mass of dried material) (1)

where (mass of dried material) is the weight of the dried SP— GPTMS composite material before the immersion,
while (mass of immersed material) is the weight of the immersed SP—-GPTMS composite material after
immersion in the water-ethanol mixed solution.

Accumulation of aldehydes by the SP -GPTMS composite material
The accumulation of aldehydes was demonstrated as follows: each HAld, AcAld, BuAld, and BnAld was dissolved
in ultrapure water (pH 7.0) or a 50 mM MES buffer solution (pH 5.5). Five SP - GPTMS composite materials
were added to each of the aqueous aldehyde solutions (10 mL) which were stirred at room temperature for
1-24 h. The concentrations of the aldehydes were determined by the DNPH method**. The colored solutions were
analyzed by reverse-phase high performance liquid chromatography (HPLC) using an Inertsil- ODS-P column
(7.6 x250 mm, GL Science, Inc., Tokyo, Japan) with the isocratic elution mode. The eluent was methanol-water
(80 : 20, v/v) and fed using a PCS Dual Pump SP-21 (Flom, Inc., Tokyo, Japan). The aldehydes were detected
by an absorption at 360 nm using a UV-8010 UV-Vis detector (Tosoh Coop., Tokyo, Japan). The accumulated
amounts of the aldehydes were calculated from the ratio of the peak area in the absence and presence of the
SP - GPTMS composite materials.

The aqueous multi-component solution, which contained HAld, AcAld, BuAld, and BnAld, was prepared
by mixing these aldehydes. The concentrations of the four aldehydes were the same. The accumulation of the
aldehydes was demonstrated using a procedure similar to that already described.

IR measurements of the aldehyde-accumulated SP - GPTMS composite material

The aldehyde-accumulated SP-GPTMS composite material was prepared as follows?’: the SP-GPTMS
composite material was immersed in an aqueous HAld solution at room temperature for 24 h. These samples were
rinsed with water several times and dried overnight on a PTFE plate at room temperature. The concentration
of HAId was 0-8000 ppm. The IR spectra were measured using an FT/IR-4700 infrared spectrophotometer
(JASCO Corporation, Tokyo, Japan) equipped with a diamond ATR prism.
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Fig. 3. Photographs of (a) SP— GPTMS composite material in water and (b) AzAld-accumulated SP - GPTMS
composite material in ethanol. Each scale bar represents 10 mm.
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Fig. 4. The swelling ratios of the SP - GPTMS composite material in a water-ethanol (v/v) mixed solution.
The swelling ratios were calculated using Eq. (1). The ethanol concentrations were 0 —100%. Each of the values
represents the mean of three separate determinations + standard deviations.

Results and discussion

Preparation of the SP - GPTMS composite material

The water-insoluble soy protein (SP) material without the addition of the silane coupling reagent,
3-glycidoxypropyltrimethoxysilane (GPTMS), was prepared by casting of the suspended aqueous SP solution.
Although the obtained SP material did not dissolve in water, it collapsed in the water. Additionally, the SP
material could not be removed from the aqueous solution by pinching it with tweezers. These phenomena
mean that the harmful compounds-accumulated SP materials are not easy to separate from aqueous solutions.
Therefore, the SP material without the addition of GPTMS is not suitable for an absorbent. Thus, we prepared the
SP—-GPTMS composite material by the addition of GPTMS. The concentration of GPTMS was 5 wt% relative
to SP. This SP - GPTMS composite material did not dissolve in water and could be pinched by the tweezers.
This is due to the formation of organic-inorganic composite where organic and inorganic chains interact and
the creation of new physical properties through compositing has been reported for various materials*>34-3,
Figure 3(a) shows a photograph of the SP— GPTMS composite material in water. This composite material was
entirely translucent. In addition, this material was inflexible, hard, and brittle. Therefore, we evaluated the
swelling ratio of the SP— GPTMS composite material in the water-ethanol (v/v) mixed solution.

Figure 4 shows the swelling ratio of the SP— GPTMS composite material in the water-ethanol (v/v) mixed
solution. The concentrations of the ethanol were 0 — 100%. The swelling ratio was calculated using Eq. (1). When
the SP— GPTMS composite material was immersed in water (0% ethanol), the swelling ratio was approximately
1.6. This value decreased with the increase in the ethanol concentration. Especially, at 100% ethanol (0% water),
the swelling ratio was 1.03 and the composite material did not show any swelling. Since SP contained many
hydrophilic amino acids in its structure®’, the SP—~ GPTMS composite material showed swelling with a high
proportion of water. In contrast, SP did not interact with the ethanol and did not show any swelling. Since the
accumulation of harmful compounds occurs due to their penetration into materials and their reaction with the
compounds, materials that swell slightly in water could be used as absorbents for aldehydes. Therefore, we used
the SP - GPTMS composite material as an accumulative material of aldehydes.

Staining of the SP -GPTMS composite material by azald
To visually evaluate the accumulation of aldehydes, we demonstrated the staining of the SP - GPTMS composite
material by azulene-1-carboxaldehyde (AzAld). Although the azulene showed a different color depending on the
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position of the substituent®*®?, the AzAld is reddish purple in a water-ethanol (1:1, v/v) mixed solution. When
the SP—GPTMS composite material was immersed in a 15 mM AzAld solution, the milky white composite
material became colored during the incubation time and changed to a reddish purple after 24 h. Figure 3(b)
shows a photograph of the AzAld-accumulated SP - GPTMS composite material in ethanol. This is due to the
accumulation of formyl group-immobilized azulene by the chemical interaction, and as a result, the AzAld-
accumulated SP—-GPTMS composite material became reddish purple. In addition, the composite material
was dyed internally as well as on the surface. In contrast, since the AzAld is highly soluble in ethanol, the
AzAld-accumulated SP—-GPTMS composite material was immersed in ethanol for more than 24 h. However,
the AzAld-accumulated SP— GPTMS composite material did not show any release of AzAld in ethanol. These
results suggested that the SP — GPTMS composite material possessed the accumulative property of aldehydes via
strong bonding, such as a chemical bonding. Therefore, we demonstrated the accumulation of aldehydes from
an aldehyde-containing aqueous solution using a SP - GPTMS composite material.

Accumulation of aldehyde by then SP - GPTMS composite material using a single-
component solution

The accumulations of aldehydes were demonstrated by immersing the SP—GPTMS composite material into
each aqueous aldehyde solution. The aldehydes were used formaldehyde (HAId), acetaldehyde (AcAld),
butyl aldehyde (BuAld), and benzaldehyde (BnAld). The coloring of the aldehydes was done by the DNPH
method. The colored aldehyde solutions were analyzed by reverse-phase HPLC. The accumulated amounts of
the aldehydes were calculated from the ratio of the peak area in the absence and presence of the SP - GPTMS
composite material.

First, the accumulation time of the aldehydes by the SP - GPTMS composite material was evaluated. Figure 5
shows the accumulated amount of (closed circle) HAId, (closed square) AcAld, (closed triangle) BuAld, and
(closed diamond) BnAld at various incubation times. The accumulated amount of HAId increased with the
incubation time and reached a constant value at 6 h (see (closed circle) in Fig. 5). The constant value of HAld
was approximately 0.3 pmol. A similar behavior was also obtained for other aldehydes, such as AcAld, BuAld,
and BnAld, and showed a constant value at 6 h. Therefore, the accumulative measurements of the aldehydes were
done at 6 h.

Figure 6 shows the accumulated amount of (closed circle) HAld, (closed square) AcAld, (closed triangle)
BuAld, and (closed diamond) BnAld in an aqueous solution for various concentrations. The accumulated
amount of HAId increased with the initial concentration and reached a constant value at ca. 2.9 pmol (see
(closed circle) in Fig. 6). Therefore, we defined the constant value as the maximum accumulated amount of
the aldehydes. Similar phenomena were obtained for the other aldehydes, such as AcAld, BuAld, and BnAld,
and the maximum accumulated amounts of AcAld, BuAld, and BnAld were 2.5 umol, 1.4 umol, and 1.0 umol,
respectively. The green bars in Fig. 7 shows the maximum accumulated amounts of HAld, AcAld, BuAld, and
BnAld in an aqueous single-component solution. As a result, the SP - GPTMS composite material accumulated
the most HAld. The maximum accumulated amount of HAld was almost three times that of BnAld, which
had the lowest accumulated amount. Therefore, we demonstrated the accumulation from the multi-component
solution.

Accumulation of aldehyde by the SP - GPTMS composite material using a multi-component
solution

An aqueous multi-component solution was prepared by mixing the HAld, AcAld, BuAld, and BnAld. The
concentration of each aldehyde was the same and the incubation time was 6 h. Figure 8 shows the accumulated
amounts of (closed circle) HAld, (closed square) AcAld, (closed triangle) BuAld, and (closed diamond) BnAld
from the multi-component solution. The accumulated amount of HAld increased with the initial concentration
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Fig. 5. Accumulated amounts of (closed circle) HAld, (closed square) AcAld, (closed triangle) BuAld, and
(closed diamond) BnAld by the SP - GPTMS composite material in an aqueous single-component solution for
various incubation times. Each concentration of the aldehydes was 1 ppm. Each of the values represents the
mean of three separate determinations + standard deviations.
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Fig. 6. Accumulated amounts of (closed circle) HAld, (closed square) AcAld, (closed triangle) BuAld, and
(closed diamond) BnAld by the SP - GPTMS composite material in an aqueous single-component solution for
various concentrations. The incubation time was 6 h. Each of the values represents the mean of three separate
determinations + standard deviations.
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Fig. 7. Maximum accumulated amounts of HAld, AcAld, BuAld, and BnAld in (green bars) aqueous single-
component solution and (blue bars) aqueous multi-components solution. Error bars showed standard
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Fig. 8. Accumulated amounts of (closed circle) HAld, (closed square) AcAld, (closed triangle) BuAld, and
(closed diamond) BnAld by the SP - GPTMS composite material in an aqueous multi-components solution for
various concentrations. The incubation time was 6 h. Each of the values represents the mean of three separate
determinations + standard deviations.
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and reached a constant value (see (closed circle) in Fig. 8). Similar behaviors were also obtained for the other
aldehydes. The maximum accumulated amounts of HAld, AcAld, BuAld, and BnAld were 2.5 umol, 1.3 pmol,
0.9 umol, and 0.4 pumol, respectively. For the accumulation of aldehydes from a multi-component solution,
the accumulated amount of HAld was almost five times higher than that of BnAld, which had the lowest
accumulated amount. As a result, the selectivity of the aldehydes was BnAld < BuAld < AcAld <HAId, thus
the SP—GPTMS composite material showed the highest selectivity for HAld. The blue bars in Fig. 7 show the
maximum accumulated amounts of the aldehydes in an aqueous multi-components solution. The accumulated
amount of the aldehydes from an aqueous multi-components solution was lower than that from the single-
components. This is because the number of accumulative sites decreased by using four aldehydes. These results
suggested that the SP - GPTMS composite materials could selectively accumulate the HAld even in an aqueous
multi-component solution. Therefore, we evaluated the accumulative mechanism of HAld in the SP—- GPTMS
composite materials using infrared spectroscopy.

IR spectra of the HAld-accumulated SP - GPTMS composite material
Figure 9(a) - (c) shows the IR spectra in the 800-1800 cm™ region of the HAld-accumulated SP - GPTMS
composite material incubated at the concentrations of 0 ppm (no HAld in water), 4000 ppm, and 8000 ppm.
The SP— GPTMS composite material without the accumulation of HAld showed absorption bands at 1076 cm™
and 1045 cm™! related to the stretching vibration of C—N in the primary amine and secondary amine**41,
respectively. When the concentration of HAId increased, the intensity of the absorption band at 1076 cm™
decreased. In addition, the intensity of the absorption band at 1045 cm™! increased with the concentration
of HAld. Furthermore, the absorption band at 1058 cm™, attributed to =C—H, appeared at the high HAld
concentrations, such as 8000 ppm. These phenomena, such as the appearance of an absorption band related
to Schiff base bonds, have been reported for the reaction of chitosan and vanillin derivative!*. These results
suggested that the HAId reacted with the primary amines in SP and produced the Schiff base bonds. In contrast,
since the Schiff base forms C=N, the absorption band of C=N at approximately 1600 cm™~! appears. However,
these IR spectra in Fig. 9 did not show this absorption band due to the strong absorption of amide bonds.

In general, the efficiency of these reactions, such as the amine and HAld, depends on the pH conditions.
Especially, under acidic conditions, the electrophilicity of the carbon atom in HAld increases by the addition of
a proton to the oxygen atom?2. Therefore, we demonstrated the accumulation of HAld under acidic conditions.

Accumulation of the aldehyde by SP -GPTMS composite material under acidic conditions

The red bar in Fig. 10 show the maximum accumulated amount of HAld from a single-component solution under
the pH 5.5 conditions. The maximum accumulated amounts at pH 7.0 are reshown as the blue bar in Fig. 10. The
accumulated amount of HAld at pH 5.5 was 5.2 pmol and this value was approximately 1.8 times the accumulated
amount at pH 7.0. The increases in the accumulated amount were also obtained for the other aldehydes, such
as AcAld, BuAld, and BnAld. However, the increased ratios of the accumulated amounts under the pH 5.5
conditions were lower than that of HAId. In contrast, similar results were also obtained for the multi-component
solution (see insert in Fig. 10). Furthermore, the selectivity of the aldehydes was BnAld < BuAld < AcAld <HAId.
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Fig. 9. IR spectra in 800-1800 cm™! region of HAld-accumulated SP — GPTMS composite material. The
concentrations of the aqueous HAId solution are (a) 0 ppm (no HAld in water), (b) 4000 ppm, and (c)
8000 ppm. The dashed lines are the 1076 cm™ 1058 cm™, and 1045 cm™! peaks. The scale bar indicates a
transmittance of 10%. Similar results were obtained for the triplicate experiments.
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Fig. 10. Maximum accumulated amounts of HAld, AcAld, BuAld, and BnAld from an aqueous single-
component solution at pH 5.5 (red bars) and pH 7.0 (blue bars). The insert in the figure shows the accumulated
maximum amounts from an aqueous multi-component solution at pH 5.5 (red bars) and pH 7.0 (blue bars).
Error bars showed standard deviations.

Materials Adsorption capacity / mg g™' | Ref.
Ground kaolin 3.41 3
Bentonite 5.03 8
Zeolite 0.393 a“
Activated carbon 19.86 ®
Activated carbon fibre 14.3 4
Ag modified activated carbon <120 7
Reduced graphene oxide-polymer | 140 18
Chitosan grafted cyclodextrin 15.5 18
Modified poly(aspartic acid) 23.87 49
Chitosan aerogel beads 66 50

RNA-inorganic hybrid material 29

Soy protein 6.2 this work

Table 1. The adsorption capacity of HAld by the HAld-absorbent material and the SP— GPTMS composite
material.

The reactivity of the aldehydes is based on the electrophilicity of the carbon in the carbonyl group.
Under acidic conditions, the electrophilicity increases due to the addition of protons to the oxygen atoms.
In contrast, although the methyl group in AcAld and the butyl group in BuAld act as electron-withdrawing
groups, the phenyl groups in BnAld behave as electro-donating groups. As a result, BnAld exhibits the lowest
electrophilicity of the four aldehydes. In addition, the steric hindrances of the functional groups in the aldehydes
are HAId < AcAld < BuAld < BnAld. Since the bulky functional groups inhibit the reaction with the basic amino
acids in SP, the accumulated amounts of the aldehydes with the high steric hindrance, such as BnAld, decreased.
Therefore, the SP—GPTMS composite material selectively accumulated HAId from an aldehyde-containing
aqueous solution.

Comparison of HAId absorption capacity of SP - GPTMS composite material and other HAId-
absorbent materials

Finally, we compared the HAld accumulation of SP—GPTMS composite material and other HAld-absorbent
materials. Table 1 shows the absorption capacity of HAld by the HAld-absorbent materials and the SP - GPTMS
composite material. The activated carbon and their related substrates showed the high absorption capacity.
Therefore, the various HAld-absorbent materials based on activated carbon have been reported®®. In addition,
aerogel and porous polymer materials showed high adsorption capacity. Especially, the reduced graphene oxide-
templated polymer composites indicate high adsorption capacity for removal of gaseous HAld under ambient
conditions'®. On the other hand, the adsorption capacity of SP— GPTMS composite material was ca. 6 mg g~!
and this value was slightly higher than that of natural minerals, such as bentonite and kaolin. The SP - GPTMS
composite material is consisting of protein, which is low cost natural polymer. Additionally, this composite
material was prepared by simply mixing the protein and a silane coupling reagent. Therefore, the SP - GPTMS
composite material is low cost not only raw materials but also the synthesis process. In nature, there are proteins
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that contain a lot of arginine and lysine, which can react with HCHO. By using such proteins, it will be possible
to create petroleum-free materials with even higher adsorption capacity of HAld.

Conclusion

We prepared SP—-GPTMS composite materials by mixing the water-insoluble soy protein (SP) and a silane
coupling reagent, 3-glycidoxypropyltrimethoxysilane (GPTMS). When the composite materials were immersed
in an azulene-1-carboxaldehyde (AzAld) solution, the composite material showed a reddish-purple color due
to the accumulation of AzAld by the reaction of the formyl and amino groups. Therefore, we demonstrated
the accumulation of various aldehydes by using the composite material. When the SP—-GPTMS composite
materials were added to an aldehyde multi-components aqueous solution containing formaldehyde (HAIld),
acetaldehyde (AcAld), butyl aldehyde (BuAld), and benzaldehyde (BnAld), the composite material accumulated
all the aldehydes. In addition, the accumulated amounts increased under the acidic conditions. Furthermore,
these accumulated amounts were BnAld <BuAld < AcAld <HAId and the composite material showed a high
molecular selectivity for HAld. This was due to the high electrophilicity of HAld and the low steric hindrance.
The SP - GPTMS composite material consisting of sustainable resources is environmentally benign. Therefore,
these materials have a potential for accumulating formaldehyde from industrial wastewater, experimental
wastewater, and river water. Furthermore, these materials might be used for the removal of harmful compounds
from the human body.

Data availability
All data that supports the findings of this study is available within the article.
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