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To advance sewage sludge (SS) valorization, this study proposed a novel approach that integrated protein
recovery from SS with its conversion into a fully bio-based adhesive for plywood production. A thermal-
alkaline pretreatment (pH = 12, 90 °C) followed by acidic precipitation enabled efficient recovery of sew-
age sludge protein (SSP). Compared to the commonly used sulfuric acid, citric acid partially
co-precipitated with SSP, potentially promoting amidation reactions between amino and carboxyl groups
during the curing process. This interaction contributed to the enhanced adhesive strength of SSP. Inspired
by the catechol-mediated adhesion mechanism of mussel foot proteins, tannic acid (Tan) and Zn** ions
were incorporated into the alkaline-modified SSP. Covalent and hydrogen bonding occurred through
cross-linking between the polyphenolic moieties of Tan and the amide/carbonyl groups of SSP, while
Zn?* ions served as coordination centers, further strengthening interfacial cohesion. These procedures
reassembled the fragmented peptide chains of SSP, resulting in enhanced hydrophobicity, thermal stabil-
ity, and mold resistance. Under optimized curing conditions (140 °C, 8 min), the resulting adhesive
achieved a wet shear strength of (1.09 * 0.08) MPa, surpassing the Chinese National Standard (>
0.7 MPa) by 55.7%. X-ray micro-computed tomography revealed that 24.1% of the adhesive penetrated
the wood micropores during curing, with mechanical interlocking complementing bulk adhesion to
improve shear performance. Heat-induced structural reorganization further promoted B-sheet formation
and esterification between SSP peptides and Tan, thereby reinforcing the adhesive’s cross-linked architec-
ture. Finally, a preliminary assessment of the process’s economic viability and carbon neutrality potential
highlighted its promise for sustainable, engineering-scale implementation.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction quently, increasing attention has been directed toward transition-

ing SS-derived products from low-value energy carriers to high-

As a byproduct of municipal wastewater treatment plants, sew-
age sludge (SS) posed substantial environmental challenges during
disposal. Advancing resource recovery from SS aligned with global
carbon neutrality goals by promoting material circularity and
reducing dependence on virgin resources [1]. Conventional engi-
neering technologies, such as anaerobic digestion, incineration,
and pyrolysis, focused on converting the organic fraction of SS into
biofuels as substitutes for fossil fuels [2,3]. While these methods
were vital for mitigating greenhouse gas (GHG) emissions, the
rapid advancement of other renewable energy sources, such as
solar and wind, diminished their long-term prospects. Conse-
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value alternatives [4]. In terms of composition, SS is a carbon-
rich matrix with a high content of microbial biomass, where pro-
tein constitutes a major component. Recovering protein from SS
as a feedstock for high-value downstream products has emerged
as a next-generation paradigm for SS valorization [5].

Plywood, a widely used material in the construction and furni-
ture industries, has traditionally relied on formaldehyde-based
adhesives. Due to the inherent toxicity of formaldehyde, these
adhesives were identified as chronic pollution sources that pose
risks to human health [6,7]. As a result, the pursuit of
formaldehyde-free adhesives has received growing attention, with
bio-based alternatives emerging as promising candidates [8,9]. In
some marine organisms, complex protein-based adhesive systems
evolved in their feet to enable strong adhesion to diverse
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substrates. Inspired by this, research on protein-based bio-
adhesives with high bonding strength and water resistance has
intensified [10,11]. Although soybean, whey, and zein proteins
have been investigated as adhesive precursors [12-14], their
classification as food resources raises ethical concerns about their
industrial overuse. Thus, attention has shifted toward protein-
rich substances that are abundant, readily available, and do not
compete with primary food supplies. SS repres yents one such
candidate. Notably, sludge derived from paper mill wastewater
was previously used for crude protein recovery and demonstrated
potential as a raw material for plywood adhesives [15]. Research
led by Xu et al. [16-18], Tan et al. [19], and Zhu et al. [20]
proposed methods for utilizing SS to prepare commercial-grade
adhesives for plywood applications. However, the reliance on
petrochemical-based components (e.g., glycerol triglycidyl ether
as a cross-linking agent), along with the high consumption of
chemicals (such as deep eutectic solvents) and energy-intensive
processes like hydrothermal carbonization, limited the industrial
feasibility and environmental sustainability of these approaches.

Thermo-alkaline pretreatment coupled with acid precipitation
was identified as a cost-effective strategy for recovering crude pro-
teins from SS [21,22]. This pretreatment not only disrupted pro-
teins within extracellular polymeric substances but also
degraded cell structures to release intracellular proteins [23].
Subsequent precipitation using inorganic or organic acids at
pH = 2-4—near the isoelectric point of proteins—enabled protein
recovery in precipitated form. Typically, 20%-60% of the total pro-
tein content in SS could be recovered, depending on sludge charac-
teristics and treatment parameters [24]. However, to the best of
our knowledge, no studies have investigated the potential of using
SS-derived protein (SSP), recovered via this method, for the formu-
lation of high-quality bio-adhesives for plywood. The effects of key
variables—such as thermal treatment temperature and acid type—
on protein recovery efficiency, as well as on the resulting protein
composition and structural properties relevant to adhesive perfor-
mance, remain largely unexplored. Moreover, the development of a
fully bio-based adhesive using SSP as a substrate that meets com-
mercial plywood adhesive standards remains a key research goal.
Gaining insights into the molecular mechanisms underlying the
adhesive’s performance is essential for achieving robust bonding
strength in plywood applications.

To address these research gaps, this study established a novel SS
valorization paradigm that integrates protein recovery with the
synthesis of a fully bio-based adhesive. Thermo-alkaline pretreat-
ment and acid precipitation were first optimized to maximize the
yield and functional properties of SSP as an adhesive precursor.
Subsequently, a biomimetic modification strategy employing tan-
nic acid (Tan) and Zn?* was developed to enhance crosslinking
density and interfacial adhesion. Physical and chemical analyses
were performed to elucidate the adhesion mechanisms of SSP in
plywood bonding. Finally, economic feasibility and carbon emis-
sion reduction potential were assessed to validate the paradigm’s
scalability and its alignment with circular bioeconomy objectives.

2. Materials and methods
2.1. Sewage sludge and chemicals

SS was collected from the secondary sedimentation tank of a
municipal wastewater treatment plant in Xi’an, China. The main
characteristics of the SS were as follows: pH (7.3 + 0.1), total solids
(w/w) 3.1%, volatile solids (w/w) 1.8%, protein content (8.8 + 0.2)
g-L71, polysaccharide content (4.0 + 0.1) g-L™!, total chemical oxy-
gen demand (COD) (21.4 + 0.4) g-L™!, and soluble COD (1.1 £ 0.1)
g-L~1. The SS was stored at 4 °C prior to processing. All chemicals
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used in this study were of analytical grade. NaOH (> 99%), citric
acid (CA) (> 99%), Tan (> 99%), ZnCl, (> 96%), CaCl, (> 96%), and
FeCl; (> 98%) were purchased from Aladdin Chemical Co., Ltd,
China. Catechol (Cat) (> 99%) was obtained from Beijing Inoke
Tech., Ltd., China, and sulfuric acid (SA) (> 98%) and malic acid
(MA) (> 99%) were purchased from SinoParm Group Co., Ltd, China.

2.2. Protein recovery strategy determination

Alkaline treatment at pH 12 was identified as both efficient and
cost-effective for protein release from SS [21]. To evaluate the effi-
ciency of thermo-alkaline treatment, different temperatures (45,
60, 75, and 90 °C) were compared with ambient conditions. For
each group, 150 mL of SS was adjusted to pH = 12 using 2 mol.L™!
NaOH and subjected to continuous magnetic stirring at the target
temperatures for 1.5 h. The mixtures were subsequently cen-
trifuged at 10 000 r-min~!, and the resulting supernatants were
collected as protein-rich fractions. Following temperature opti-
mization, the effects of acid type on precipitation efficiency and
the adhesive potential of the precipitated proteins were systemat-
ically investigated. One inorganic acid (SA) and two organic acids
(CA and MA) were evaluated for SSP precipitation. For each acid,
a 2 mol-L~! solution was titrated into the supernatant under gentle
agitation (150 r-min~!) until floc formation occurred at pH = 3.0.
The suspensions were then centrifuged at 10 000 r-min~', and
the resulting precipitates were harvested as SSP. The freeze-dried
SSP powder was stored at —4 °C prior to characterization and adhe-
sive formulation.

2.3. Bio-adhesive preparation

Four bio-adhesive formulations were synthesized using sequen-
tial modification strategies to enhance their functional properties.
The first formulation (SSPp) served as the baseline and was pre-
pared by homogenizing sludge-derived protein (SSP) with deion-
ized water. The second formulation (SSPa) involved alkaline
modification using 1 mol-L~! NaOH to improve fluidity and interfa-
cial adhesion strength by inducing peptide chain unfolding
through hydrolysis. In the third formulation, polyphenolic modi-
fiers—Tan or Cat—were introduced to promote covalent crosslink-
ing between phenolic hydroxyl groups and amino residues in
SSP, inspired by the adhesion mechanism of mussel foot proteins
[10]. These crosslinking interactions were expected to enhance
the adhesive performance of the formulation. The fourth formula-
tion incorporated divalent or trivalent metal cations (Zn*, Ca%*, or
Fe3*) to establish coordination-driven crosslinking networks with
polyphenols, thereby improving cohesive strength [24]. Detailed
compositions, stoichiometric ratios, and sample nomenclature
are provided in Table 1, and synthesis protocols are described in
Text S1 in Appendix A.

To evaluate the effect of protein purity on adhesive perfor-
mance, dialysis pretreatment was applied prior to acid precipita-
tion. Thermo-alkaline pretreated supernatants were dialyzed for
24 h using 3.5 kDa molecular weight cutoff membranes (JielePu
Co., China) to remove low-molecular-weight impurities [25]. The
dialyzed samples were then subjected to the optimal modification
strategy for adhesive formulation.

2.4. Sewage sludge-derived protein and bio-adhesive characterizations

Chemical characteristics: Protein content was determined
using the Lowry-Folin method [26]. The amino acid composition
of SSP was quantitatively analyzed using an amino acid analyzer
(Biochrom 30+, UK), with detailed procedures provided in Text
S2 in Appendix A. Fourier transform infrared spectroscopy
(FT-IR; Nicolet iS50, Thermo Fisher Scientific, USA) was employed
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Table 1

The composition of adhesive during preparation procedure.
Adhesive composition sSSP H,0 NaOH Tan Cat CaCl, ZnCl, FeCl;

(g) (8) (8) (g) (g) (g) (g) (g)

SSPp 1 3 - - - - - -
SSPa 1 3 0.08 — — — — —
SSPa-Tan 1 3 0.08 — — — - -
SSPa-Cat 1 3 0.08 — 0.1 — — —
SSPa-CA 1 3 0.08 — — 0.06 — —
SSPa-Zn 1 3 0.08 — — — 0.07 —
SSPa-Fe 1 3 0.08 — — — — 0.08
SSPa-Tan-CA 1 3 0.08 0.1 — 0.06 — —
SSPa-Tan-Zn 1 3 0.08 0.1 — — 0.07 —
SSPa-Tan-Fe 1 3 0.08 0.1 — — — 0.08
SSPa-Cat-CA 1 3 0.08 — 0.1 0.06 — —
SSPa-Cat-Zn 1 3 0.08 — 0.1 — 0.07 -
SSPa-Cat-Fe 1 3 0.08 — 0.1 — — 0.08

to identify functional groups. The amide regions (1600-1700 cm™!)
were further analyzed using PeakFit software (USA) to assess the
protein’s secondary structure. Crystallinity was evaluated using
X-ray diffraction (XRD; Ultima IV, Rigaku, Japan). Elemental com-
position and chemical states were examined by X-ray photoelec-
tron spectroscopy (XPS; VersaProbe 4, ULVAC-PHI, Japan). Solid-
state !3C nuclear magnetic resonance (NMR; Bruker 400 mol-L7!,
Germany) was conducted to investigate the organic microstruc-
tural characteristics. The molecular weight distribution of the sam-
ple was analyzed using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE; 25-180 kDa for proteins) and high-
performance liquid chromatography-size exclusion chromatogra-
phy (HPLC-SEC; 500-10 000 Da for peptides), as detailed in Text
S3 in Appendix A. To evaluate the effect of the curing process on
the chemical composition of the adhesive, FT-IR spectroscopy
was conducted on both the freeze-dried adhesive (original sample)
and the adhesive cured at 140 °C for 8 min under the optimized
curing conditions.

Physical characteristics: The thermal stability of the sample
was assessed using a simultaneous thermal analyzer (TGA/
DSC3 + IST16; Mettler Toledo, Switzerland). A lyophilized sample
(5 mg) was heated from 30 to 600 °C at a rate of 10 °C-min~! under
a N, atmosphere, and weight loss was recorded throughout the
process. Differential scanning calorimetry (DSC; DSC200, Hitachi,
Japan) was employed to determine the curing temperature. Each
lyophilized sample was placed in a high-pressure crucible and
heated from 30 to 250 °C at 10 °C-min~"! under a N, atmosphere.

The viscosity of SSP (5x dilution) was measured using a vis-
cometer (LVDV-II; Brookfield, USA). The hydrolytic stability and
moisture uptake capacity of the adhesive were quantified accord-
ing to the methods described in Text S4 in Appendix A. A
mildew-resistance test was conducted to evaluate the long-term
quality of the adhesive. Briefly, the sample was evenly spread in
a Petri dish and stored at (30 £ 1) °C and (90% * 1%) relative humid-
ity. The extent of mildew development was recorded at specified
time points using an optical lens (Zeiss-T series).

2.5. Plywood preparation, characterization, and performance
evaluation

Poplar veneers were used for plywood preparation. Three-layer
plywood specimens (100 mm x 25 mm x 1.5 mm per layer)
(Fig. ST in Appendix A) were fabricated by applying adhesive to each
interface between stacked veneers at a dosage of approximately
200 g-m~2. The stacked layers, arranged with perpendicular grain ori-
entations, were then cured under a pressure of 1.2 MPa. The curing
process was optimized by varying the temperature (80-160 °C)
and duration (2-16 min). Using a similar procedure, seven-layer ply-
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wood (260 mm x 50 mm x 1.5 mm per layer) (Fig. S2 in Appendix A)
was prepared under a pressure of 2.0 MPa, with curing conditions set
at 140 °C for 24 min. Scanning electron microscopy (SEM; Quanta
650F, FEI-MLA, USA) with elemental mapping was employed to
examine the bonding interface between the wood and adhesive,
and to identify the elemental distribution near the interface. X-ray
micro-computed tomography (XCT; NanoVoxel-5000, Sanying Pre-
cision Instruments Co., China) was conducted to visualize the three-
dimensional (3D)distributions of wood, pores, and adhesive within a
cutout region of the plywood. The scanning data were reconstructed
using Dragonfly software (Comet Group, Switzerland) to character-
ize the adhesive’s penetration into the wood’s porous structure.
Specific XuCT parameters are provided in Text S5 in Appendix A.

The dry and wet shear strengths of the three-layer plywood,
along with the modulus of elasticity (MOE) and modulus of rupture
(MOR) of the seven-layer plywood, were measured using a univer-
sal testing machine (MTS, E43.104, USA) in accordance with Chi-
nese National Standard (GB/T 17657-2022). Detailed testing
procedures are described in Text S6 in Appendix A. Each measure-
ment was conducted in five replicates.

3. Results and discussion
3.1. Strategies for SSP recovery for bio-adhesive feedstock

3.1.1. Influence of temperature on protein release during thermal-
alkaline pretreatment

Thermal-alkaline pretreatment is commonly employed for pro-
tein extraction from SS. In this study, the protein release efficiency
of alkaline pretreatment under ambient conditions was only 41.0%.
As the temperature increased to 90 °C, the protein content in the
supernatant rose from 2.9 to 5.7 g-L™!, corresponding to 67.1% of
the total protein content in raw SS (Fig. S3 in Appendix A). This
enhancement was attributed to the intensified hydrolysis of extra-
cellular polymeric substances and lysis of intracellular proteins
under elevated thermal energy [27]. Concurrently, the total solids
(TS) and volatile solids (VS) in the residual precipitates decreased
significantly by 42.3% and 72.1% (by mass), respectively, thereby
reducing post-treatment disposal demands. The protein-enriched
supernatant obtained under optimized conditions (pH 12,
90 °C) was subsequently subjected to acid precipitation for tar-
geted protein recovery.

3.1.2. Influence of acids type on the recovered SSP characteristics
Acid precipitation is widely used for protein recovery; however,
the influence of acid type on the recovery efficiency of SSP, and
more importantly, the potential for bio-adhesive preparation,
remains unclear [28,29]. As shown in Fig. S4 in Appendix A, the
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three tested acids exhibited similar protein precipitation efficien-
cies, ranging from 65.4% to 68.8%, corresponding to total protein
recovery efficiencies of 42.4% to 44.6% from SS. The protein con-
tents in the precipitates from CA and MA treatments were 74.9%
and 68.8%, respectively—8.5% to 18.1% higher than that from SA
treatment. Although SSP precipitation has been widely studied,
most previous studies employed inorganic acids for pH adjust-
ment. This study demonstrated the advantages of using bio-
based organic acids for protein precipitation.

FT-IR analysis revealed distinct chemical characteristics among
the three protein-rich precipitates (Fig. S5 in Appendix A). The
intensified C=0 absorption at 1700-1720 cm™! and C-O absorption
at 1200-1300 cm™?, observed in the CA and MA treatments, indi-
cated the presence of carboxyl groups, suggesting co-
precipitation between organic acids and proteins. This was likely
due to hydrogen bonding between the carboxyl groups of the
organic acids and protein molecules, as well as chelation involving
residual metal ions [30]. These interactions were absent in the SA
precipitation process. Further analysis of the amide I band, associ-
ated with protein secondary structures, showed that CA-induced
precipitation promoted B-sheet formation in the precipitate, possi-
bly due to bonding reactions between side-chain amino acids and
the organic acid [31]. In contrast, SSP precipitated by SA exhibited
a greater proportion of a-helix structures, likely resulting from iso-
electric precipitation (Fig. S5). A total of 16 amino acids were quan-
titatively detected in the SSPs. Among them, the acidic amino acids
aspartic acid and glutamic acid were dominant, likely due to the
acidic conditions used during precipitation (Fig. S6 in Appendix
A). These findings also confirmed that the type of acid used had
minimal influence on the amino acid composition of the SSPs.

To evaluate the adhesive potential of the three SSPs, their shear
strength was measured. SSP-CA exhibited the highest perfor-
mance, with dry and wet shear strengths of 0.62 and 0.36 MPa,
respectively. In comparison, SSP-MA and SSP-SA showed dry/wet
shear strengths of 0.47/0.18 and 0.50/0.07 MPa, respectively
(Fig. S7 in Appendix A). The superior performance of SSP-CA may
be attributed to the presence of B-sheet structures, which are
known to enhance adhesion strength in natural bio-adhesive sys-
tems through intra- and inter-molecular hydrogen bonding and
van der Waals interactions among peptide chain backbones [32].
The high B-sheet content in SSP-CA likely contributed to its
enhanced adhesive strength. Additionally, its elevated protein con-
tent may have further reinforced the shear strength. Under ply-
wood curing conditions, the -NH- groups in SSP could undergo
amidation reactions with the carboxyl groups in CA, leading to
the formation of C-N bonds, which are associated with water-
resistant adhesive properties [33]. These factors suggest that CA
was a more effective precipitant than SA for bio-adhesive prepara-
tion, which contrasts with the commonly proposed strategies for
SSP recovery in most cases. Despite the relatively high perfor-
mance of SSP-CA, its adhesive strength remained significantly
below the commercial standard, which requires a wet shear
strength of at least 0.7 MPa (GB/T 9846-2015). Therefore, a series
of fabrication procedures using SSP-CA as the feedstock were
explored in the following sections.

3.2. Roadmap for SSP-based bio-adhesive preparation

Current research has identified the key adhesive mechanism in
mussel foot proteins as being dependent on the catechol-
containing amino acid 3, 4-dihydroxyphenylalanine (DOPA). The
adhesive strength is primarily governed by cross-linking reactions
between polyphenols and proteins, as well as coordination interac-
tions between polyphenols and metal ions. Inspired by this mech-
anism, two polyphenol-containing compounds and three metal
ions were selected for doping SSP (Table 1). Additionally, since
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acidic precipitation significantly reduced SSP solubility, alkaline-
modification using NaOH was employed to enhance its homogene-
ity and viscosity—factors essential for improving adhesive
strength.

3.2.1. Shear strength evaluation

Shear strength test results indicated that under curing condi-
tions of 8 min at 120 °C, alkaline-modification did not enhance
adhesive strength. However, the addition of Tan or CA significantly
increased the wet shear strength to 0.44-0.51 MPa (Fig. 1(a)). The
individual addition of metallic ions did not improve adhesive per-
formance, whereas the combined incorporation of polyphenolic
compounds and metallic ions enhanced wet shear strength, often
exceeding the commercial standard of 0.7 MPa (Fig. 1(a)). Among
these combinations, the Tan-Zn formulation exhibited the highest
dry and wet shear strengths, reaching 1.28 and 1.02 MPa, respec-
tively. Therefore, this composition is considered promising for fur-
ther performance enhancement through curing condition
optimization.

In addition to adhesive composition, the curing condition was
another critical factor affecting shear strength. Under a curing time
of 8 min, shear strength initially increased and then declined as the
pressing temperature rose from 80 to 160 °C, with the peak value
observed at 140 °C. When the pressing temperature was fixed at
140 °C, extending the curing time from 2 to 8 min increased wet
shear strength by 78.7%; however, further extension to 16 min pro-
vided minimal additional benefit (Fig. 1(b)). Therefore, the condi-
tion of 8 min at 140 °C was identified as optimal for maximizing
shear strength. Under the optimized curing condition, the bio-
adhesive SSPa-Tan-Zn exhibited a wet shear strength of
1.02 MPa, which was 55.7% higher than the requirement specified
by the Chinese National Standard (GB/T 9846-2015) (Fig. 1(a)).
Additionally, the MOE and MOR of SSPa-Tan-Zn reached 35 567
and 157.8 MPa, respectively—approximately 6.4 and 4.9 times
greater than the corresponding standard values (Fig. 1(c)). These
results demonstrate the strong potential of SSPa-Tan-Zn as a com-
mercial plywood adhesive.

3.2.2. Physiochemical characteristics

To investigate the adhesion mechanism, four samples—SSPp,
SSPa, SSPa-Tan, and SSPa-Tan-Zn—were comparatively character-
ized. FT-IR analysis revealed that alkaline-modification increased
the peak intensities corresponding to amide I (1640 cm™!), amide
11 (1530 cm™'), and carboxyl groups (1036-1077 cm™), indicating
the structural deconstruction of SSPa by NaOH (Fig. 2(a)). This
treatment unfolded the aggregated structure of SSPp, thereby
exposing more functional groups for subsequent chemical reac-
tions with additives. Since the amide peak intensities in the FT-
IR spectra of SSPa, SSPa-Tan, and SSPa-Tan-Zn appeared similar,
as previously reported by Ref. [34], further analysis of protein sec-
ondary structures was conducted (Fig. S8 in Appendix A). The
results revealed that alkaline-modification reduced the proportion
of random coil structures by 57.1%, while the addition of Tan cou-
pled with Zn?* increased the contents of o-helix and p-sheet struc-
tures in SSP, indicating enhanced crystallinity in SSPa-Tan and
SSPa-Tan-Zn. This structural transition was likely due to the incor-
poration of Tan into the protein chains, which altered their confor-
mation from disordered to more ordered states, as supported by
the XRD spectra (Fig. S9 in Appendix A) [35]. SDS-PAGE analysis
showed that only a few macromolecular protein compounds
remained in SSP, likely due to the intensive thermal-alkaline pre-
treatment, which degraded the proteins into smaller peptides
(Fig. S10 in Appendix A) [23]. HPLC-SEC analysis demonstrated that
both individual Tan and combined Tan-Zn?* modifications effec-
tively increased the molecular weight of peptides, confirming the
cross-linking function of these modifiers (Fig. 2(b)). Additionally,


move_f0005
move_f0010

G. Wang, Z. Liu, B. Zhang et al.

Engineering 63 (2026) 268-277

1.4 - [l Dry shear strength

[ Wet shear strength

-
N

-
o

»
©

=
[

©
~

Shear strength (MPa)

T 1S @
0 v«
%Q &‘3 &'Z}(\ Q
< > %Q’b ('gQ(b Q’b %Q’b ‘beb & <
F P P P &

(@)

50000 , 200
i
© T R
& 40000} L 11578 Ligp ©
s ! g
= 5567.0! s
> i =
S ! o
g - 2
& 30000} : d120 &
[0] ] =
kS ' ks
%) L %)
= | =
3 20000} ! dso 3
o 1 o
= : =
]
10000} i J40
1
NIRRT OO 0
RN -
S S S S b ' 0
O I A IR

(©)

Fig. 1. (a) Shear strength of three-layer plywood using adhesive with different preparation under curing condition of 8 min at 120 °C, (b) influence of curing condition on the
three-layer plywood shear strength using SSPa-Tan-Zn adhesive, and the elasticity and rupture modulus of seven-layer plywood using SSPa-Tan-Zn adhesive under curing
condition of 8 min at 140 °C, the dash line representing the corresponding values in Chinese national standard GB/T 9846-2015.
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Fig. 2. (a) FT-IR spectrum, (b) molecular weight range distribution, (c) solid '*C NMR spectrum, (d) XPS spectrum, and (e) pH of various samples.

13C NMR analysis revealed structural variations in carbon environ-
ments (Fig. 2(c)). Following alkaline-modification, the signal inten-
sities associated with carbonyl groups (170-180 ppm), a-carbons
(45-65 ppm), and B-carbons (25-35 ppm) increased, suggesting
that alkaline treatment physically disrupted protein aggregates,
thereby exposing more functional groups for bonding. Upon the
addition of Tan, a new peak appeared at 145 ppm, corresponding
to diphenolic structures [36]. Concurrently, the intensity of aro-
matic carbon signals (125-130 ppm) was enhanced, reflecting
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the incorporation of polyphenolic structures into SSPa [37]. The
C 1s spectrum from XPS analysis confirmed that, after the addition
of Tan, the proportion of the peak near 286.54 eV increased from
27.6% to 46.7%, attributed to the formation of hydrogen and cova-
lent bonds between polyphenol groups in Tan and amide groups in
SSPa (Fig. 2(d)) [38]. Both the full XPS spectrum (Fig. S11 in Appen-
dix A) and the O 1s spectrum (Fig. 2(d)) showed a distinct peak
near 532.3 eV in SSPa-Tan-Zn, indicating the formation of chelation
bonds and confirming the coordination reaction between Zn** and
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polyphenol groups [39,40]. The pH of SSPp was initially 3.3 due to
acidic precipitation. Although alkaline-Tan-ZnCl, modification
maintained a relatively low pH (Fig. 2(e)), the adhesive’s physical
properties were significantly enhanced. These chemical structure
variations were believed to underlie the differing physical perfor-
mances of the four adhesives.

As shown in Fig. 3(a), although alkaline-modification did not
enhance adhesive strength, it significantly increased viscosity by
12.5 times. This was attributed to the disruption of aggregated
SSP particles and the unfolding of coil structures, which exposed
more amide functional groups under neutral conditions. The
improved fluidity facilitated uniform adhesive spreading during
plywood fabrication, a key factor in process efficiency [39]. Subse-
quent Tan modification slightly lowered the pH without compro-
mising viscosity. Hydrolytic stability assays revealed that alkaline
treatment reduced residual mass retention from 72.9% (SSPp) to
43.1% (SSPa), indicating partial protein hydrolysis (Fig. 3(b)). How-
ever, functionalization with Tan and Zn?* restored residual mass
retention to 58.9%-84.9%, highlighting their role in stabilizing
hydrolyzed SSP through crosslinking. Moisture absorption capacity
reflected the adhesive’s interaction with water and served as a key
indicator of its structural stability. A higher absorption rate indi-
cated increased hydrophilicity and reduced resistance to water
immersion [41]. As shown in Fig. 3(c), the moisture absorption rate
of SSPp was only 13.1%, due to its low solubility. Alkaline-
modification significantly increased this value to 28.8%, indicating
enhanced hydrophilicity. This result was consistent with the lower
wet shear strength of SSPa compared to SSPp. The combined addi-
tion of Tan and Zn?" subsequently reduced the moisture absorption
rate to 17.2%. Consequently, the combination of alkaline-

Engineering 63 (2026) 268-277

Tan-Zn with both excellent viscosity and water resistance, thereby
exhibiting the highest adhesive strength. TGA further demon-
strated that the stepwise chemical modification progressively
enhanced the thermal stability of SSPp (Fig. 3(d)). The DTG curve
indicated that SSPa showed a significantly higher weight loss
below 100 °C compared to the other samples, likely due to the
evaporation of low-molecular-weight substances produced during
alkaline treatment. Additionally, two major peaks were observed in
the DTG curves, corresponding to potential chemical reactions. The
first peak, appearing at 190-200 °C in SSPp, SSPa, and SSPa-Tan,
suggested the thermal cleavage of hydrogen bonds, covalent
bonds, and electrostatic interactions within macromolecular struc-
tures such as peptides [42]. For SSPa-Tan-Zn, the first DTG peak
appeared at a higher temperature of 240-250 °C, highlighting the
role of coordination reactions in enhancing the thermal stability
of the adhesive. The second major DTG peak occurred at 290-
310 °C. In contrast to the first peak, this second peak was associ-
ated with the breakdown of more robust structural components,
including protein backbone degradation and the rupture of strong
covalent bonds. Within this temperature range, a notable reduc-
tion in the weight loss rate was observed following the addition
of Tan. Specifically, the peak value decreased from 0.36 to 0.38 per-
centage per degree centigrade (%-°C™!) for SSPp and SSPa to 0.30-
0.33 %-°C”! for SSPa-Tan and SSPa-Tan-Zn (Fig. 3(d)). These find-
ings implied that the polyphenol groups in Tan played a cross-
linking role by forming covalent and hydrogen bonds with the
amide or carbonyl groups in SSP, as well as participating in coordi-
nation reactions with Zn?* ions acting as central atoms in organic
complexes. Through these interactions, the protein skeleton was
better preserved at elevated temperatures. DSC analysis further

modification and subsequent chemical reassembly endowed SSP- supported these proposed reactions. Following alkaline-
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modification, an endothermic peak appeared at 224 °C (Fig. 3(e)),
corresponding to the disruption effects of the alkali. Subsequent
doping with Tan and coordination with Zn?* reassembled the pro-
tein structure, thereby restoring its thermal stability.

Protein-based adhesives are inherently susceptible to microbial
degradation, which compromises both storage stability and perfor-
mance [43]. In this study, mildew-resistance experiments revealed
that SSPp exhibited poor resistance, showing visible fungal infec-
tion within 4 days (indicated by the white circle in Fig. 3(f)). Alka-
line modification further accelerated mold growth, likely due to a
more favorable pH environment and the exposure of unfolded
organic structures that facilitated fungal attachment. In contrast,
modification with Tan and Zn?* effectively extended the onset of
mold infection to 10-12 days. This improvement was attributed
not only to the inherent antifungal properties of Tan and Zn?*
but also to the enhanced resistance to biodegradation resulting
from the robust bonds formed through cross-linking and coordina-
tion reactions. Nevertheless, minor fungal colonies appeared by
12-14 days in the SSPa-Tan-Zn sample. Despite the known antifun-
gal efficacy of Tan and Zn?*, this relatively weaker resistance—com-
pared to other protein-based adhesives—was likely due to the low
dosage of these compounds [44]. Additionally, the high moisture
content in the sample may have promoted fungal growth, although
such conditions are unlikely under real-world plywood application
scenarios.

3.3. Adhesive-wood interlocking mechanism in plywood

Besides the intrinsic properties of the adhesive, interfacial inter-
actions between the adhesive and wood critically influenced the
bonding strength of plywood. SEM imaging of SSPa-Tan-Zn
revealed a distinct interfacial layer, 50-70 um in width, between
perpendicular wood veneers (Fig. 4(a)). Elemental mapping
showed nitrogen and zinc enrichment, along with decreased car-
bon and oxygen signals, confirming the adhesive-dominated com-
position of the interfacial layer (Fig. 4(a)). Since Zn is absent in
native wood, its presence in wood micropores indicated adhesive
penetration during the curing process. This penetration extended
the adhesive-wood interaction from a planar interface into a 3D
space (Fig. 4(b)). XuCT analysis further quantified the distribution
of bulk adhesive linking the wood layers and the adhesive that
penetrated the porous structure. In a 2 mm° volume of plywood
(Figs. 4(b-i)-(b-iv)), adhesive, wood, and pore spaces accounted
for 6.7%, 56.1%, and 37.2%, respectively (Fig. 4(b-vi)). A more
detailed analysis of the 6.7% adhesive content revealed that bulk
adhesive and penetrated adhesive accounted for 75.9% and 24.1%,
respectively (Fig. 4(b-v)). Within the 24.1% penetrated adhesive,
volumetric distribution across pore size ranges was 5.6%, 2.5%,
4.3% and 11.7% in the 10%-10°, 10°-10°, 10°-107, and 107-10®
um? pore volume intervals, respectively (Figs. 4(b-vii)-(b-xi)).
While most previous studies on protein-based adhesives focused
primarily on adhesion performance, they largely overlooked visu-
alization of the adhesive-wood interlocking microstructure [45].
The XpCT analysis in this study provided deeper insight into the
penetration behavior of SS-based adhesive into wood pores and
quantitatively evaluated the role of pressing during the curing pro-
cess in enhancing bonding strength [46,47]. FT-IR results further
elucidated the potential mechanisms by which curing facilitated
adhesive strength. Specifically, curing weakened the vibrational
peak corresponding to phenolic groups at 1350 cm™!, while inten-
sifying peaks at 1390 and 1040 cm™! (Fig. 4(c)). This shift may be
attributed to an esterification reaction initiated during curing pro-
cess, in which carboxyl groups on the peptide chains reacted with
hydroxyl groups on Tan and/or CA under elevated temperatures,
thereby reinforcing the adhesive network and enhancing its
hydrophobicity [33,48]. This enhancement in hydrophobicity con-
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tributed to increased adhesive strength. Simultaneously, the curing
process increased the B-sheet content of SSP from 34.5% to 45.6%
(Fig. 4(c)), while the proportions of a-helix and B-turn structures
showed a declining trend. These findings suggest that thermal cur-
ing promoted a structural transition in SSP from disordered to
more ordered conformations, which enhanced the interlocking
forces between the adhesive and wood panel [49]. Overall, in the
proposed paradigm, both CA and Tan functioned as cross-linking
agents at the wood-SSP interface, while the presence of Zn** facil-
itated additional coordination reactions that further strengthened
adhesive bonding.

The valorization process and associated mass flows for SS con-
version are illustrated in Fig. 5. Thermal-alkaline pretreatment
combined with CA precipitation ensured high apparent protein
recovery efficiency and simultaneously facilitated CA-induced
cross-linking reactions during curing. The observed increase in
the COD/protein ratio of the precipitate was likely due to co-
precipitation of organic compounds with CA. Additionally, this
harsh pretreatment fragmented macromolecular proteins into
low-molecular-weight peptides. These peptide fragments were
subsequently reassembled through a multi-step adhesive prepara-
tion process, including NaOH modification to expose reactive func-
tional groups, doping with Tan or CA, and the addition of Zn?* to
initiate cross-linking and coordination reactions. The curing pro-
cess further promoted adhesive penetration into wood pores and
reinforced interlocking forces by inducing the formation of a con-
densed, ordered structure at the adhesive-wood interface. In sum-
mary, 1 L of SS yielded 21.7 g of adhesive that met commercial
adhesive strength standards.

3.4. Implications and prospects

This study demonstrates the feasibility of using SSP as a feed-
stock for fully bio-based plywood adhesives. In addition to SSP
derived from waste biomass, all organic inputs in this system are
sustainably sourced, thereby eliminating dependence on
petroleum-based chemicals. This approach presents a practical
pathway for transitioning the plywood adhesive industry from lin-
ear, fossil fuel-dependent production to a circular bio-economy
model. From the perspective of SS management, although protein
recovery has been extensively explored using various strategies,
few studies have focused on optimizing conditions specifically
for downstream applications such as adhesive manufacturing.
In this work, a protein recovery protocol was established to
support upstream processing for adhesive preparation. All
steps—thermal-alkaline treatment, solid-liquid separation, and
dewatering—were mild and compatible with existing SS manage-
ment infrastructure. This compatibility enables cost-effective
retrofitting of current treatment facilities into bio-adhesive pro-
duction units with minimal capital and operational investment.
Notably, dialysis treatment is frequently reported in the literature
for protein purification. However, in practical applications, this
process would increase operational costs. In this study, we evalu-
ated the effect of dialysis on the adhesive properties of SSPa-
Tan-Zn following thermal-alkaline pretreatment. Although dialysis
increased the protein content in SSP from 74.9% to 88.7% (Fig. S12
in Appendix A), it did not enhance adhesive performance; instead,
the resulting shear strength slightly decreased (Fig. S13 in
Appendix A). One possible explanation is that residual inorganic
ions, such as Ca?* and Mg?*, may have contributed to chelation
with CA, thereby promoting beneficial cross-linking reactions
during curing. Given the high cost of dialysis membranes, omitting
this step improves economic feasibility without compromising
adhesive quality. Another key consideration is the economic
trade-off between additional chemical inputs and adhesive yield.
A holistic cost analysis, using commercial urea—formaldehyde
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Fig. 5. (a) Mechanisms in the processes of protein recovery from sewage sludge and protein-based fully bio-adhesive for plywood, and (b) the mass flow evaluation during

these processes.

resin as a reference, showed that the cost of chemical inputs
accounted for only 13% of the adhesive’s market price, indicating
the strong economic potential of SS-based adhesive production
(Table ST in Appendix A). Furthermore, there remains a significant
gap between the price of adhesives and that of the current main-
stream products derived from SS valorization. Using 1 kg of VS in
SS as the assessment unit, it was calculated that the proposed road-
map could yield adhesive worth 35.7 CNY, compared to approxi-
mately 0.8 CNY from biogas generated through SS anaerobic
digestion (Fig. S14 in Appendix A). From a carbon emission per-
spective, converting SS into adhesive offers a long-term carbon
sequestration benefit, depending on the lifespan of plywood (typ-
ically several decades). This indicates a negative-carbon potential,
in contrast to the near-zero-carbon potential of bioenergy tech-
nologies such as incineration and anaerobic digestion.

Despite the promising outcomes, several critical knowledge
gaps remain to be addressed in future work. First, a comprehen-
sive life cycle assessment is necessary to evaluate the environ-
mental footprint of the proposed scenario. In particular, the
valorization of byproducts generated during various treatment
processes—such as sediments from thermal-alkaline treatment
and supernatants after acid precipitation—should be considered.
Second, CA accounted for approximately 80% of the total chemical
input cost (Table S1). To reduce CA usage, future studies should
explore the potential for reusing CA residues present in the acid-
ified supernatant for subsequent precipitation steps. One possible
approach is to employ inorganic acids for protein precipitation,
followed by using citrate as a crosslinking agent with the precip-
itated protein prior to the curing process. Lastly, expanding the
application of the SSP-based adhesive beyond plywood to materi-
als such as metal, glass, and plastic should be considered in future
research. Although still in its early stages, this fully bio-based
adhesive synthesis framework demonstrates significant techno-
economic advantages and carbon-negative potential, positioning
it as a paradigm shift in SS management. By reducing reliance
on petrochemicals and aligning with the principles of a circular
bioeconomy, this approach offers a sustainable engineering path-
way from SS treatment to the production of valuable,
commercial-grade adhesives.
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4. Conclusions

Using sewage sludge as the feedstock, this study established a
novel approach for protein recovery under mild conditions, fol-
lowed by its conversion into a fully bio-based adhesive for ply-
wood applications. A thermal-alkaline pretreatment (pH = 12,
90 °C), followed by CA precipitation at pH = 3.0, effectively recov-
ered sewage sludge protein optimized for adhesive synthesis.
Alkaline-modification with 1 mol-L™! NaOH unfolded aggregated
peptide chains, thereby exposing reactive functional groups that
facilitated biomimetic crosslinking with Tan and Zn?*. These mod-
ifications promoted structural reassembly through covalent
(amide/ester bonds) and coordination (Zn?*-polyphenol com-
plexes) interactions, enhancing the adhesive’s hydrophobicity,
thermal stability, and resistance to mold. Under optimized curing
conditions, the wet shear strength of the developed plywood adhe-
sive exceeded the requirements of commercial standards. Com-
pared to existing sewage sludge valorization approaches focused
on bioenergy production, this new pathway demonstrated superior
carbon-negative potential and economic benefits. These outcomes
may broaden the scope of sewage sludge valorization and promote
its integration into a circular bioeconomy framework.
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