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Acidification of paper-based relics is a common problem, leading to their degradation and eventual loss.
Paper deacidification is highly dependent on a limited variety of alkaline materials, and the develop-
ment of new materials that are safe, efficient and easy-to-prepare is highly demanded to ensure a high
level of safety and effective protection of paper-based relic. This study proposes the introduction of lay-
ered double hydroxide (LDH) and its calcined product, mixed metal oxide (layered double oxide (LDO)),
as innovative protective materials for the deacidification of paper with varying levels of acidity. The re-
sults demonstrate that treatment with Mg-Al LDH/LDO can effectively modify the pH of acidic paper
(e.g., pH ~ 4.0-6.4) to a neutral or weakly basic state, maintaining this desirable pH range even under
long-term accelerated aging condition. Remarkably, LDH proves to be well-suited for the protection of
slightly acidified paper (e.g., pH > 5.5), while LDO serves as an especially option for the deacidification
of severely acidified paper (e.g., pH < 5.5). During aqueous deacidification, due to the memory effect of
the LDH-based materials, LDO is converted to rehydrated LDH, which creates a mild and appropriate al-
kaline retention in the paper, avoiding damage caused by strong alkalinity such as cellulose degradation
and pigment fading during subsequent long-term natural preservation of the paper. Furthermore, Mg-Al
LDH/LDO materials also exhibit flame-retardant and bacteriostatic properties. This opens up opportunities

for the safe, efficient and multifunctional protection of acidified paper-based relics.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Paper has been an essential part of human civilization as a
writing/printing medium for recording information and inherit-
ing culture. However, it is prone to aging degradation and even
destroy over time [1,2], and thus great efforts should be made
for the protection of paper and paper-based cultural relics en-
suring their transfer to future generations. China’s 14 Five-Year
Plan has explicitly called for the strengthening of the protec-
tion, research, and utilization of cultural relics, creating new op-
portunities for the application of science and technology in the
preservation of paper-based cultural relics. It is well known that
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acid-catalyzed hydrolysis of cellulose macromolecules is the most
fatal cause of paper degradation, in which the cleavage of f—1,4-
glycosidic bond leads to depolymerization of cellulose chains and
consequently shortens the longevity of paper [3-5]. Liquid-phase
deacidification, considered one of the most effective and widely
applied methods, involves immersing paper in deacidifying agent
to neutralize existing free acids and deposit alkaline substances
in the fibers for the newly generated acids during subsequent ag-
ing [6]. Until now, several kinds of alkaline materials have been
used for paper deacidification, such as amines, alkaline compounds
of calcium and magnesium, etc., based on the principle of min-
imum intervention required for paper deacidification [7-9]. In
addition, composite materials have been applied for multifunc-
tional protection of paper-based materials, e.g., simultaneous use
of calcium hydroxide (Ca(OH),) and methyl cellulose for mass
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deacidification and strengthening of newspaper [10], magnesium
oxide/Ca(OH), /epoxypropyl trimethyl ammonium chloride compos-
ites for deacidification, strengthening and antifungal of book [11],
layer-by-layer assembly of chitosan and montmorillonite for fire
retardant on Xuan paper [12]. Indeed, developing safe, efficient,
and versatile deacidifying materials is crucial. Moreover, it should
be noted that the inappropriate alkalinity of deacidifying mate-
rials may have adverse effects on paper and writings/drawings,
such as secondary degradation pathways (e.g., alkaline degradation
[13] and autoxidation [14], photosensitive reaction [15]) and dis-
coloration of pigments. Accordingly, there is a strong desire to dis-
cover deacidifying materials with suitable and adjustable alkalin-
ity, along with large surface area, economic cost and non-toxicity
for paper multifunctional protection to long-term safety and effi-
ciency.

Layered double hydroxide (LDH) represents a class of ionic
lamellar materials, with a general formula of [M?*{ M3+
y(OH) P*+(A"-),y-zH,0), where M2+, M3+, and A" denote
divalent cations, trivalent cations and anions, respectively [16].
Their unique chemical structure and properties, such as tunability
of composition and structure, good thermal stability, resistance to
pH variation and flame-retardant properties, have enabled their
widespread applications as catalysts [17], flame retardants [18],
drug carriers [19], and adsorbents [20]. In addition, LDH has a
similar basicity to its constituent divalent metal hydroxide. After
calcination in air, LDH transforms into mixed metal oxide, known
as layered double oxide (LDO), which offers additional basic sites.
Remarkably, LDO can subsequently be rehydrated, restoring its
structure partially to LDH with an ordered layered structure, a
phenomenon referred to as the "memory effect” [21]. This char-
acteristic not only modifies the structure of LDH-based material
but also imparts it with adjustable alkalinity. Furthermore, simple
synthetic methods are available to regulate the alkalinity of such
layered materials by adjusting their thickness and composition via
surfactant-assistance [22,23]. All of these features make LDH-based
material a promising candidate for the safe deacidification and
multi-protection (e.g., flame retardant) of paper-based relics.

Recently, JuriSova reported that changing the alkalinity of hy-
drotalcites by varying the Mg:Al ratio and dispersing them in
ternary solutions (perfluoroheptane/isopropanol/water) were used
for paper deacidification, and the results showed that the pH of
acidic paper (pH~4) could be increased to the range of 4.6-7 [24].
Based on the memory effect of LDH-based materials, herein, we re-
port a novel application of Mg-Al LDH and Mg-Al LDO for deacid-
ification of paper with varying levels of acidity (Scheme 1). Mg-Al
LDH was synthesized by simple hydrothermal method, and then
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Scheme 1. Schematic illustration of Mg-Al LDH and Mg-Al LDO for paper protec-
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Fig. 1. (a;, a;) SEM and TEM images of Mg-Al LDH. (b;, b,) SEM and TEM images
of Mg-Al LDO. Inset of (ay, by) SAED patterns of the corresponding materials. (c)
XRD patterns and (d) FT-IR spectra of Mg-Al LDH and Mg-Al LDO.

calcined at 500°C in air to obtain Mg-Al LDO. Handmade bamboo
paper (BP) with a wide range of acidity and dry-heat accelerated
aging test were used to evaluate the effectiveness of liquid-phase
deacidification of Mg-Al LDH and LDO. The results indicate that
LDH is suitable for the protection of mildly acidified paper (e.g.,
pH > 5.5), whereas LDO is effective for deacidifying severely acidi-
fied paper (e.g., pH < 5.5), and that during aqueous deacidification,
LDO creates a mild and appropriate alkaline retention in the pa-
per through its conversion to rehydrated LDH due to the memory
effect. Moreover, Mg-Al LDH/LDO also demonstrates good flame re-
tardancy, bacterial resistance and protection against color fading.
The scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images (Figs. 1a; and a,) show the hexag-
onal shape with several micrometers in size of the as-synthesized
Mg-Al LDH nanoflakes. Inset in Fig. 1a, is the corresponding se-
lected area electron diffraction (SAED) pattern where the hexago-
nally arranged spots can be indexed to the 110 crystalline plane
family of Mg-Al LDH. Strong X-ray diffraction (XRD, Fig. 1c) peaks
corresponding to (003) and (006) faces demonstrate the excellent
layered feature and fine crystallinity of Mg-Al LDH (JCPDS No. 70-
2151) [25]. A series of (012), (015), (018) and (110) peaks prove that
Mg-Al LDH has hexagonal lattice with rhombohedral 3R symme-
try due to CO32~ intercalation [26]. The present of CO32~ in the
interlayer is further confirmed by the Fourier transform infrared
spectroscopy (FT-IR) spectrum (Fig. 1d), where the absorption peak
at 1400 cm! is attributed to the interlayer CO32~ anions. After
calcination at 500°C, the hydrotalcite Mg-Al LDH structure under-
goes transformation through the elimination of carbonate anions
and water molecules, ultimately leading to the formation of Mg-
Al LDO [27]. XRD analysis (Fig. 1c) reveals the appearance of two
broad diffraction peaks at (200) and (220), which can be attributed
to MgO in Mg-Al LDO. Meanwhile, other peaks related to Al,05
disappear due to the transformation of Al into the lattice of MgO
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Fig. 2. SEM images of (a) Mg-Al LDH-BP, and (b) Mg-Al LDO-BP, EDS mapping of
(c) Mg-Al LDH-BP and (d) Mg-Al LDO-BP.

during the calcination processes [28]. FT-IR analysis (Fig. 1d) fur-
ther illustrates these findings, revealing shifts in the bands corre-
sponding to the lattice vibrations of Mg-O and Al-O in Mg-Al LDO
towards lower wavenumbers. After calcination, the LDO retains the
good hexagonal shape with dimensions in several micrometers, but
its structure becomes loose (Figs. 1b; and b,). Meanwhile, the re-
sults calculated from the N, sorption isotherm (Fig. S1 in Support-
ing information) show that the Brunauer-Emmett-Teller (BET) sur-
face area of Mg-Al LDO is measured to be 283.2 m?/g, which is
significantly larger than that of Mg-Al LDH (47.2 m2/g). Moreover,
Mg-Al LDO exhibits an obvious pore structure with a pore size of
1.3 nm resulting from the structural destruction inside the hydro-
talcite Mg-Al LDH during calcination in air. ICP-AES analysis shows
similar values of the molar ratio of Mg2t/AI3+ in Mg-Al LDH and
LDO (Table S1 in Supporting information).

The liquid-phase method was employed for the deacidification
of paper, in which acidified bamboo paper (BP) was immersed in
0.5 wt% Mg-Al LDH (referred to as Mg-Al LDH-BP) and Mg-Al LDO
(referred to as Mg-Al LDO-BP) aqueous suspension, respectively.
The SEM images of Mg-Al LDH-BP (Fig. 2a) and Mg-Al LDO-BP (Fig.
2b) illustrate that LDH and LDO are distributed on the fiber sur-
face and have penetrated into the gaps within the paper fibers
without damaging the microfiber morphology. Additionally, the el-
ement composition results demonstrate the main composition of
C and O elements, accompanied by the distribution of Mg and Al
on the fibers (Figs. 2c and d). To illustrate the penetration of Mg-
Al LDH and LDO within the fibers, a simple test was conducted by
sticking a piece of tape onto the treated paper surface and sub-
sequently pulling it off. The results (Fig. S2a and b in Support-
ing information) reveal that even after being taped twice, residues
of Mg-Al LDH/LDO remain evenly distributed on the paper fibers.
This occurrence is probably attributed to the electrostatic interac-
tion arising from the positively charged Mg-Al LDH/LDO nanoflakes
during the dip-treating process onto the paper, facilitating their au-
tomatic adsorption onto the cellulose surface. This adsorption phe-
nomenon is further supported by the zeta potential measurements
of Mg-Al LDH and LDO nanoflakes (Fig. S3a in Supporting informa-
tion). Moreover, the cross-section SEM images of the paper fibers
(Fig. S2c in Supporting information) provide clear evidence that,
following the deacidification treatment, the Mg-Al LDH/LDO mate-
rials effectively permeate through the entire layer of paper fibers,
thus demonstrating the uniformity of the interaction between Mg-
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Fig. 3. pH values of BP and treated BP before and after accelerated aging for differ-
ent times.

Al LDH/LDO and fibers as a whole, rather than being restricted
merely to the surface. Additionally, these residues are not visible to
the naked eye and have no impact on the appearance of paper. This
is further supported by the results from CIE-Lab* system (Table S2
in Supporting information), which reveal only a negligible differ-
ence in discoloration (with little change in L, a*, b*) between BP
before and after deacidification. Meanwhile, XRD analysis indicates
that the crystallinity index (Crl) of BP, Mg-Al LDH-BP, and Mg-Al
LDO-BP remained relatively stable at approximately 65%, 64%, and
62%, respectively, as calculated by the XRD peak height method
(Fig. S3b in Supporting information) [29].

The BP acidifies during long-term natural storage and exhibits
a low pH value of 4.5 (Fig. 3). Although washing with H,O can
raise the pH value of BP (H,0-BP) to 5.4, further deacidification is
required to achieve a safe pH level for the paper. After deacidifi-
cation with Mg-Al LDH and LDO, the pH values of treated BP are
increased to 6.1 and 7.8, respectively. For evaluating the long-term
deacidification performance of the protective materials, an artifi-
cial dry-heat accelerated aging process is commonly used. After
28 days of aging, the BP shows a decline in pH from 4.5 to 3.9,
while H,0-BP exhibits a decrease from 5.4 to 4.2. Remarkably, Mg-
Al LDH-BP and Mg-Al LDO-BP exhibit the well-maintained pH val-
ues of 5.5 and 6.8 after aging for 28 days, respectively. The use
of Mg-Al LDH and LDO effectively prevents the paper from un-
dergoing significant pH decrease over time, providing long-lasting
protection against acid-induced cellulose degradation. Quantitative
analysis of the amount of alkaline reserve in Mg-Al LDH and Mg-Al
LDO treated BP reveals values of 0.49 and 0.93 mmol [OH"]/g, re-
spectively, which are in accordance with the suggested value [13].

One of the noteworthy properties of hydrotalcite is its memory
effect, in which LDO can be regenerated into LDH through rehydra-
tion. The resulting transformed LDH exhibits higher alkalinity than
its original LDH, attributed to the partial presence of oxides [21].
In order to verify whether LDO transforms to the LDH crystalline
phase through the memory effect while deacidifying in aqueous
solution, and to further examine the crystalline phase of the re-
served alkaline material on the paper, we intentionally increased
the concentration of Mg-Al LDO aqueous suspension to 3 wt% (re-
ferred to as 3 wt% Mg-Al LDO-BP). The XRD pattern (Fig. 4a) clearly
reveals the characteristic (003) diffraction peak of hexagonal Mg-
Al LDH in 3 wt% Mg-Al LDO-BP, suggesting that the alkaline mate-
rial retained in paper after LDO-deacidification is rehydrated LDH.
Moreover, Mg-Al LDO material was centrifuged after deacidification
and XRD tests were performed during its natural drying process to
detect the transformation of the crystal phase of LDO. As shown in
Fig. 4b, following a 15-min deacidification process, the wet residual
LDO obtained by centrifugation retains the XRD crystalline phase
of LDO, and after 6h of natural drying, LDO gradually transforms
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Fig. 4. (a) XRD patterns of Mg-Al LDH-BP and Mg-Al LDO-BP. (b) XRD patterns of
Mg-Al LDO during the natural drying process after deacidification.

into rehydrate LDH and nearly completes this transformation by
12h of drying. It also stabilizes as LDH phase at 24h of drying.
This indicates that Mg-Al LDO has converted to Mg-Al LDH during
the natural drying process due to the memory effect, preventing
the prolonged presence of highly alkaline materials that could re-
sult in alkaline damage, such as cellulose degradation and pigment
discoloration. Hence, the LDH series of deacidifying materials have
a wide range of applicability. In cases of heavily acidified paper, the
higher alkalinity of LDO can be employed, and the rehydrated LDH
with suitable alkalinity can be retained as the base. For slightly
acidified paper, LDH can be directly employed as the deacidifying
material. For example, Mg-Al LDH effectively raises the pH of pa-
per from 5.5 to 6.3, 6.0 to 6.7 and 6.4 to 7.3, respectively, while
Mg-Al LDO increases the pH of paper from 5.5 to 8.6 and from 6.0
to 8.8 (Fig. S4a in Supporting information). Moreover, Mg-Al LDO
is more suitable for heavily acidified paper, such as raising the pH
of BP from 4.3 to 7.7 and from 5.0 to 8.4, raising the pH of natu-
ral aged machine-made paper from 4.0 to 7.6 and from 5.1 to 8.5
(Fig. S4b in Supporting information). These results show the ver-
satility and applicability of both Mg-Al LDH and Mg-Al LDO as ef-
fective deacidifying materials for a wide range of acidic conditions
of paper, making them valuable tools in preserving and protect-
ing paper-based relics. Additionally, there are reports of Mg-Al LDH
dispersed in organic solvents for paper deacidification (raise pH of
acidic paper from 4/4.1 to 4.6-7.83), which further demonstrates
the wide solvent suitability of LDH-based materials [24,30,31].

It is well-known that paper made from natural plant fibers is
susceptible to fire damage. The inherent nonflammability and ther-
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mal stability make LDH the excellent fire-resistant materials and
ideal for shielding flammable paper objects [32]. As shown in Figs.
5a; and a3, the BP and Mg-Al LDO-BP burns to ash within 20 and
50s, respectively, and Mg-Al LDH-BP shows little change during
a 50s burning period (Fig. 5a,). The thermal stability test results
in Fig. S5 (Supporting information) further demonstrate that BP
turns yellow at 200°C and undergoes significant carbonization at
300°C for 30 min. In contrast, Mg-Al LDH-BP shows the least color
change when held at 300°C for 30 min compared with those of BP
and Mg-Al LDO-BP. This is attributed to the heat absorption dur-
ing LDH decomposition, which contributes to the improved ther-
mal stability of Mg-Al LDH-BP. Additionally, a stable and compact
char residue prevents the diffusion of flammable gas and heat, re-
sulting in effective flame retardancy, as supported by Figs. 5b;-bs
[33]. The lower total weight loss of 89.1% in Mg-Al LDH-BP than
that of BP (95.4%, Fig. 5¢) provide further confirmation of the ex-
cellent fire-resistance performance of Mg-Al LDH-protected paper
[34].

Considering the possible color changes or losses that certain
pigments or inks may experience in strongly alkaline solutions,
sometimes even being irreversible, two commonly used pigments,
Prussian blue (Fe4[Fe(CN)g]s, denoted as PB) and lead tetroxide
(Pb30Qy4, denoted as LT), were selected as the target objects for color
fading tests. The results of the aging experiment were evaluated
through color block contrast. As shown in Figs. 6a and b, the PB
pigments mixed with MgO were found to be the most suscep-
tible to fading, whereas the mixture of PB pigments with Mg-Al
LDH/LDO exhibited only slight lightening, which can be attributed
to the dilution effect of the white color of Mg-Al LDH/LDO. After
deacidification with MgO, the pH value of BP increases from 4.5
to 9.8 (Fig. 3), and it remains at a pH of 9.3 even after 14 days
of aging, potentially causing pigment discoloration due to the ex-
cessive pH level [35]. The corresponding CIE color coordinates (Ta-
ble S3 in Supporting information) provide a more accurate confir-
mation of the above observation. In addition, the protective solu-
tions of Mg-Al LDH and LDO were subsequently applied onto the
paintings. As shown in Fig. 6¢, no noticeable alterations, such as
pigment blotching or color fading, were observed in the paintings
following the application of the protective agents, in comparison
to the original artworks. To investigate the potential impact of the
Mg-Al LDH/LDO deacidifying materials on the writing performance
of the paper, the water contact angle (CAy,o) measurements were
performed (Fig. 6d). The contact angle of BP, Mg-Al LDH-BP and

—BP
—— Mg-Al LDH-BP
80
60
95.4%
401
204

400 600 800

Temperature (C)

200

Fig. 5. Fire-resistance tests. Combustion processes and change of (a;) BP, (a;) Mg-Al LDH-BP and (a;) Mg-Al LDO-BP. SEM images of (b;) BP, (b,) Mg-Al LDH-BP and (bs)

Mg-Al LDO-BP, after fire-resistance. (c) TGA of BP and Mg-Al LDH-BP.
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Fig. 6. The resistance experiments to alkaline materials of different pigments: pho-
tographs of (a) Prussian blue and (b) lead tetroxide, where pigments were mixed
with different protective materials aqueous suspension (blank, Mg-Al LDH, Mg-Al
LDO, MgO). (c) Images of the paintings before and after spaying Mg-Al LDH and
LDO. (d) Contact angles of water droplets on the surface of BP, Mg-Al LDH-BP and
Mg-Al LDO-BP.

Mg-Al LDO-BP is 79.8°, 98.8° and 99.6°, respectively, indicating that
the wettability and writing performance of the paper remain unaf-
fected by the treatment with a certain amount of Mg-Al LDH and
Mg-Al LDO.

Paper fibers are susceptible to bacterial contamination both
during usage and storage, which can subsequently result in the de-
terioration. It is crucial that deacidified paper possesses antimicro-
bial properties as well. To assess the antibacterial performance of
Mg-Al LDH and LDO materials, we focused on investigating their
inhibitory effects against representative bacteria, namely Staphylo-
coccus aureus (denoted as SA) and Escherichia coli (denoted as EC).
The petri dishes containing bacteria were incubated at 28°C, 75%
RH for 24h, and several round pieces of paper (0.5cm in diame-
ter) used in the experiment were previously sterilized. The diam-
eter of the inhibition zone for different bacteria, when exposed to
various bacteriostatic agents (Fig. S6 in Supporting information), il-
lustrates that cellulose paper itself lacks the ability to impede the
growth of bacteria. However, it becomes evident that paper speci-
mens treated with 1.0 wt% Mg-Al LDH (average inhibitory diameter
of 1.08 and 1.0cm for SA and EC, respectively) and 1.0 wt% Mg-Al
LDO (average inhibitory diameter of 1.05 and 1.2 cm for SA and EC,
respectively) exhibit a more potent antibacterial effect compared
to that of untreated paper.

In conclusion, a facile and safe approach for the effective pro-
tection of acidified paper is proposed. This method employs lay-
ered double hydroxide (LDH)-based nanomaterials as deacidify-
ing agents, characterized by their simplicity and safety in synthe-
sis and cost-effectiveness. Mg-Al LDH and its calcined derivative,
mixed metal oxide LDO, offer adjustable alkalinity, ensuring the
appropriate level of deacidification protection for paper with vary-
ing levels of acidity. For instance, when dealing with severely acid-
ified paper (e.g., pH < 5.5), LDO can serve as an effective deacidi-
fying agent. During the aqueous phase deacidification process, LDO
undergoes transformation into rehydrated LDH due to the memory
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effect, resulting in a mild and suitable alkaline retention within the
paper. Additionally, it is worth noting that Mg-Al LDH/LDO demon-
strate considerable flame retardancy, antibacterial capability and
resistance to pigment discoloration, further enhancing their utility
in multifunctional protection of acidified paper. This work opens
up new possibilities for designing safe and efficient alkaline mate-
rials in paper-based relics protection and preservation.
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