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Abstract: The preservation of stone and mortar elements in cultural heritage structures is increasingly challenged by environmental
degradation, pollution, and biological fouling. Photocatalytic coatings represent a promising approach for developing self-cleaning
and pollutant-degrading surfaces. In this study, a silver-modified ZnAl-layered double hydroxide (Ag@ZnAl-LDH) was synthesized
via coprecipitation and applied as a coating on mortar substrates. The structural and compositional characteristics of the prepared
materials were investigated using X-ray diffraction (XRD) and wavelength-dispersive X-ray fluorescence (WDXRF). The XRD
pattern confirmed the formation of a ZnAl-LDH phase (JCPDS 48-1022) with carbonate as the main interlayer anion, along with
additional reflections attributed to ZnO (JCPDS 99-0111) and silver-containing species. The photocatalytic activity was evaluated
through the degradation of methylene blue under natural illumination (700 W/m2), monitored via CIELAB colorimetric parameters.
The results demonstrated that Ag@ZnAI-LDH coatings promote the photodegradation of organic dyes, indicating potential for

developing functional, self-cleaning coatings for the protection of heritage materials.
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1. INTRODUCTION

The stone elements of buildings and heritage sites
located in the urban environments, are prone to
degradation from a host of factors, including water-
related damage, pollution, acid rains, the accumulation
of airborne particles, and biological fouling. These
processes not only alter the aesthetic appeal of these
structures but also compromise their structural integrity.
Multiple innovative mitigation strategies have been
explored to preserve these cultural monuments while
also enhancing their resilience, they often involve
treatments with consolidants or coatings that aim to
improve the material cohesion at the surface, limit the
water absorption while also repelling the formation of
microbiologic films. Novel strategies also involve the
use of materials with photocatalytic properties that
harnesses light to trigger chemical reactions that break
down pollutants and organic matter on the stone’s
surface. This self-cleaning mechanism helps maintain
both the aesthetic charm and structural health of heritage
sites [1], [2].

When a semiconductor material is exposed to photons
with energy equal to or greater than its band gap, it
generates photo-electrons (e”) and photo-holes (h'). As
the photocatalyst efficiently absorbs photons and adsorbs

reactants, these photogenerated e and h* can participate
in redox reactions, reducing and oxidizing pollutants
adsorbed on the photocatalyst’s surface [3], [4].

Notably, Materials such as modified layered double
hydroxides or LDH-based materials have shown
potential as photocatalysts [5], [6] in applications such as
dye removal from water [7], [8]. LDH are a class of
anionic with the formula
[M?" 1 M3**(OH):],"(A™),/»-mH20, and they are versatile
materials with wide range of applications linked to their
highly tunable properties. They can incorporate various
metallic cations (e.g., Mg, Zn*", Ce*", Al**, Fe*', or
Ti**) [9], enabling tailored bandgap and redox properties
for applications like pollutant degradation or dye
removal. Their hydroxyl-rich surfaces provide active
sites for reactant adsorption and hydroxyl radical
formation, enhancing photocatalytic efficiency [7], [10].

While naturally hydrophilic, LDHs can be modified with
organic compounds (e.g., dodecyl sulfate or
organosilanes) via anion exchange or surface grafting to
create hydrophobic surfaces, improving selectivity for
non-polar substrates [11]. However, hydrophobicity is
not inherent and requires deliberate modification. LDH
flexibility in cation composition and surface chemistry
makes them promising platforms [9-11].
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Lately, the increased interest in photocatalytic films have
led to a significant interest in measurements method
capable of assessing their effectiveness, one of the well-
known methods is the decomposition of stearic acid,
which is applied on the surfaces and simulates the
organic matter that tend to deposit on the walls [12].

However this method is slow and require dedicated
laboratory equipment, thus quicker and easier methods to
evaluate the photocatalytic activity of coatings have been
developed, and they involve the decomposition of
organic dyes, the most popular being methylene blue
(MB) where the catalytic performance can be correlated
with the change in color or by UV-VIS spectroscopy
[13], [14].

Since silver-modified LDH materials such as silver-
decorated ZnAl-layered double hydroxide show potential
as bacteriostatic materials and theoretically such
materials present potential as photocatalysts, in our
current work, we studied the photocatalytic properties of
a silver modified ZnAl layered double hydroxide applied
on mortar surface in the decomposition of methylene
blue dye.

2. EXPERIMENTAL PART

The LDH material used was prepared by a
coprecipitation technique adapted from [15] starting
from the metallic nitrate salts and NaOH + Na,COs as a
precipitating agent. The two solutions were added to a
beaker drop by drop while the pH was maintained close
to a value of 9-10. The precipitate obtained was aged
overnight at 80 °C, cooled to room temperature than
filtered and dried in an oven for 8 hours at 80 °C. Its
physical-chemical properties were evaluated by X-ray
diffraction on powder and X-RAY fluorescence. In order
to be applied on the stone surface, the LDH material was
grounded in a fine powder, dispersed in distilled water
(1g/L) and sonicated in order to finely disperse the
particles.

Kinetic stability of the consolidant dispersion in water
was measured by performing a turbidimetric analysis
with an UV-VIS spectrophotometer (T60, PG
Instruments Ltd., Lutterworth, UK). The change in
absorbance was measured in time, over a 300 minutes
interval (A = 630 nm at 25 °C) using glass cuvettes with
1 cm optical path. The kinetic stability was calculated
using formula (1) [16].
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Powder X-ray diffraction (XRD) for the prepared LDH
materials was recorded wusing a Rigaku X-ray
diffractometer with Cu-Ka radiation wavelength equal to
0.15406 nm, operating at 40 kV and 30 mA. The
measurements were recorded in the angular range 5-80
2theta at a scan rate of 2° min’!

In order to verify the chemical composition of the
prepared materials, wavelength dispersive X-ray
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fluorescence spectroscopy (WDXRF) was used, with a
Rigaku ZSX Primus II spectrometer equipped with an X-
ray tube with Rh anode, power 4.0 kW, with front
window Be (30 m thick). With the samples being
pelleted under vacuum

The substrate chosen was mortar bricks made with
quartz sand: gypsum: water of 3:1:0.75 (weight ratio).

To evaluate the photocatalytic activity of silver-modified
layered double hydroxide (LDH), we prepared various
formulations as outlined in Table 1. For each
formulation, two sets of specimens were created: one set
was exposed to natural light (I =700 W/m?) for durations
ranging from 65 to 200 hours, while the other set was
kept in the dark. Methylene blue degradation was
assessed by monitoring the evolution of CIELAB
parameters (L*, a*, b*) over time.

Colorimetric  analysis using a Konica Minolta
colorimeter, Croma-meter CR-410. Ten measurements
were performed for each sample, with D65 illuminant
and a 2° observer angle.

Solar irradiance was measured in lux using an Extech
EasyView 33 light meter and converted to W/m? using a
conversion factor of 136 lux per W/m? for natural
sunlight, yielding an average irradiance of 700 W/m?.

To improve coating adhesion and simulate realistic
protective treatments used in heritage conservation,
selected specimens were coated with an acrylic primer.

The acrylic layer acted as a binder reducing powder
detachment during exposure. The inclusion of both
coated and uncoated specimens enabled comparative
evaluation of the photocatalytic efficiency and the effect
of the acrylic medium on dye degradation under natural
light exposure.

Table 1: experimental set-ups

first substrate second third
substrate substrate
1 blanc / /
2 LDH dispersion / /
3 MB / /
4 acryl primer / /
5 LDH dispersion | acryl primer /
6 MB acryl primer /
7 LDH dispersion MB acryl primer
8 MB displ;ggion acryl primer

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the Ag@ZnAl-LDH
sample. The well-defined diffraction peaks at 20 = 11.6°,
23.4°, 33.8°, 34.6°, 37.3°, 39.2°, 46.9°, 60.2°, and 61.4°
can be indexed to the (003), (006), (101), (012), (104),
(015), (018), (110), and (113) planes, respectively, which
are characteristic of the ZnAIl-LDH structure (JCPDS
No. 48-1022) containing carbonate as the interlayer
anion [5], [17]. In addition, the reflections at 20 = 10.3°
and 20.6° can also be attributed to the (003) and (006)
planes of the LDH structure but suggest the presence of
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another compensating anion, likely nitrate (NOs™). The
extra diffraction lines observed in the pattern correspond
to ZnO in the wurtzite phase (JCPDS No. 99-0111) [18],
along with several weak reflections attributed to various
silver-containing species.

intensity (a.u.)

2 theta (degrees)
Figure 1. X-ray diffractogram of the LDH material

The crystallite size was calculated according to Debye-
Scherrer equation (2) on the stacking direction using the
diffraction lines characteristic to (003) planes.

D = 1.081/ ((20)rwim * cosB) (2)

Where A is the wavelength of the Cu-Ka radiation and is
equal to 0.15406 nm.

The cell parameters, particle size and chemical
composition determined by X-ray fluorescence
spectroscopy are exhibited in table 2.

Table 2. Cell parameters, crystallite size and chemical
composition of the prepared LDH

cell
D parameters
(nm) A) chemical composition wt.% Molar ratios
a c Al Zn Ag Zn/Al | Ag/M
29.2 | 3.071 | 22.63 | 10.6734 | 57.3517 | 7.5099 | 2.23 | 0.051

The kinetic stability of the material dispersion shows
(figure 3) relatively good values of more than 50 % after
300 minutes, this shows a good stability and a good
dispersability in distilled water even at the relatively
high values of crystallite sizes
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Figure 2. Kinetic stability of Ag-ZnAl-LDH dispersed in
distilled water
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The visual evaluation of the samples can be seen in
figure 3, as expected, the samples kept in the dark shown
minuscule change in color with changes in total
chromatic parameters DE<(0.5 showing that no
considerable changes occur in the absence of light.

Additionally, the irradiated samples without methylene
blue showed also minute changes in chromatic
parameters, showing that applying the LDH dispersion
and primer will not modify the surface aestetic
parameters or suffer considerable transformation under
solar radiation, The total changes in chromatic
parameters (L,a.b) are shown in table 3. The "Total
change" (AL, Aa, Ab) represents the difference between
the initial and 200-hour values, indicating the extent of
color change, which correlates with MB decomposition.

A larger absolute change in these parameters suggests
greater decomposition of MB.

Initial values of parameters a (negative value — green)
and b (negative value — blue) shows that the initial
samples posseses a greenish - blueish colour that as
observed in figure 3 fades after irradiation with varying
degrees depending on their composition.

- R __
" Blanc <o) S

\

.

3| plied pri
blane+ LDH dispefsion +
.-1 primer |

Lo PRIAEE

wlene blue
. applied

1B + LDH disp

primer

rag

DH disp. + MB
;, primer

Figure 3. Irradiated specimens vs specimens kept
in dark, visual evaluation
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Table 3. Chromatic parameters in the samples after various exposure to solar radiation

Time
Sample Parameter ital 0h 160 200h Total change
L 74.16 76.2075 76.8625 76.9075 -2.7475 AL
MB a -8.55 -7.2675 -6.0175 -5.435 -3.115 Aa
b -4.89 -3.5625 -2.66 -2.3275 -2.5625 Ab
L 72.1125 73.5025 74.0525 74.32 -2.2075 AL
dlr/s[f-:iol;gnlir a -5.5525 -3.7375 -2.83 -2.51 -3.0425 Aa
b -6.3625 -4.5075 -3.16 -2.57 -3.7925 Ab
LDH L 73.3175 73.3675 74.16 74.3625 -1.045 AL
disp.+MB-+primer a -5.4675 -3.63 -2.73 -2.3825 -3.085 Aa
b -4.235 -3.545 -2.1175 -1.64 -2.595 Ab
L 73.3725 74.4675 74.9925 75.375 -2.0025 AL
MB+primer a -6.68 -4.6575 -3.515 -3.09 -3.59 Aa
b -5.5525 -4.93 -3.6825 -3.2025 -2.35 Ab

Considering Pseudo-First-Order Kinetics: Photocatalytic
degradation of dyes like MB typically follows the
Langmuir-Hinshelwood model, simplified to pseudo-
first-order kinetics at low concentrations [14], [19]:

In(Co/C)=kt 3)
Where:

Cy is the initial MB concentration (proportional to initial
b or AE = 0).

(C) is the MB concentration at time t (proportional to b).
(k) is the rate constant (h™).

(t) is the irradiation time (hours).

Since direct concentration data isn’t available, we’ll
assume that the b parameter (or AE) is linearly related to
MB concentration. Thus, we’ll use the value of b
parameter instead of concentration to obtain the the
apparent first-order rate constant table 4.

As shown in table 4, it is thus clear that the application
of Ag-ZnAl-LDH dispersion improve the rate of
methylene blue degradation both when used before the
dye and when used on stained surface

The rate constant however is lower for solid surfaces
compared to a liquid environment where the molecules
have additional degrees of liberty [14]. While given the
condition at the brick surface (pH neutral or slightly
basic) we can assume that the photocatalytic MB
degradation takes place via interaction with oxygen
vacancy (MB+h+— mineralized product) [20]. This is in
line with the known electronic properties of ZnAl-LDH
that are also promoted by the presence of ZnO and
poorly crystallized silver containing phases also present
on the ZnAI-LDH sheets, silver particle known to
stabilize the hole-electron pairs [5].
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Table 4. Rate constant for methylene blue degradation
based on b parameter from CIELAB measurements

Sample Rat?kcﬁf‘f)tant R (Fit Quality)
MB 0.0037 0.98
MB + LDH 0.0045 0.99
disp.+ primer
LDH disp. + MB 0.0047 0.92
+ primer
MB + primer 0.0027 0.99

4. CONCLUSIONS

This study investigated the photocatalytic performance
of silver-modified ZnAl-layered double hydroxide
(Ag@ZnAl-LDH) coatings applied on mortar surfaces
for the degradation of methylene blue (MB) under
natural light exposure. The following conclusions can be
drawn:

The Ag@ZnAl-LDH was successfully synthesized via a
coprecipitation  method, exhibiting characteristic
diffraction lines for LDH structure (JCPDS No. 48-1022)
with carbonate and nitrate as interlayer anions, alongside
minor ZnO and silver-containing phases. The material
demonstrated a crystallite size of 29.2 nm, good kinetic
stability in aqueous dispersion (>50% after 300 minutes),
and a chemical composition very close to the intended
values.

The degradation of MB follows pseudo-first-order
kinetics, with rate constants ranging from 0.0027 h™'
(MB + primer) to 0.0047 h' (LDH disp. + MB +
primer). The higher rate constants for LDH-containing
samples indicate that Ag@ZnAl-LDH enhances
photocatalytic efficiency, likely due to the synergistic
effects of ZnO and silver-containing phases stabilizing
electron-hole pairs and facilitating redox reactions via
oxygen vacancies. It is also noteworthy that the use of
the primer although usefull to stabilize the surface, seem
to inhibit the decomposition of methylene blue in the
absence of catalyst.
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The Ag@ZnAl-LDH coating demonstrates promise as a
multifunctional protective treatment for stone-based
heritage structures especially porous stone. Its
photocatalytic  activity effectively enhances the
decomposition of degrades organic dyes such as MB,
while its bacteriostatic potential (owing to silver
modification) and stability in aqueous dispersions make
it a versatile candidate for preserving both the structural
integrity and aesthetic appeal of cultural monuments in
urban environments.

Further development is necessary for obtaining more
effective photocatalytic materials.
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