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Abstract: Surface-modified ZnAl layered double hydroxides (LDHs) were prepared by reaction of
AgNO3, with both ZnAlCl (LDH1) and ZnAlCO3 exchanged on the surface with chloride anions
(LDH3). In this way, AgCl nanoparticles with crystalline domains ranging from 40 to 100 nm were
grown on the LDH surface. An additional sample was prepared by partial reduction of silver to
obtain Ag@AgCl-LDH (LDH2). The composites were tested as catalysts in Rhodamine B (RhB)
degradation, wherein LDH2 showed complete cleavage of RhB after 45 min of irradiation versus 70
min needed in the presence of AgCl. This time decreased to 35 min for LDH1 and 15 min for LDH3,
underlining the role of the AgCl dimensions and anion in the interlayer region. Studies on the reactive
species involved in the degradation process revealed that, for all catalysts, O2·

− was the main active
species, while, to some extent, holes contribute to the activity of the LDH3. Finally, the composites
showed high bactericidal activity, under irradiation, against Escherichia coli, comparable with that of
Gentamicin, the positive control. A synergic effect of silver released from the composites and the
production of reactive oxygen species was considered.
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1. Introduction

Environmental pollution, with particular attention to water contamination, is a global problem
that has led research towards the development of eco-sustainable technologies for environmental
remediation. Beside conventional methods, such as adsorption, ultrafiltration, and coagulation,
semiconductor-based photocatalysts have received great interest for their stability and efficiency in the
oxidation of organic pollutants, including dyes, pesticides and pharmaceuticals [1–3].

Semiconductors, such as TiO2 and ZnO, show high photocatalytic activity under UV light
(λ < 400 nm), with very limited use of sunlight (about 4%). To overcome this limitation and prepare
systems with efficient Vis light harvesting, several strategies have been developed, including non-metal
or metal doping of semiconductors and coupling of semiconductors with other materials [4–15].

As well as photo mineralization of organic contaminants, semiconductors possess antibacterial
activity due to the production of reactive oxygen species (ROS), such as hydroxyl (OH·), superoxide
(O2·

−) radicals and hydrogen peroxide (H2O2), which are generated upon light absorption [16,17].
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Among semiconductor-based photocatalysts, silver halides exhibit excellent photocatalytic
performance in the degradation of various organic substances. Moreover, it has been reported
that their efficiency can be enhanced when combined with other inorganic materials, acting as either a
support or as an active species in the generation of holes and electrons [18–20].

Among inorganic materials, layered double hydroxides (LDHs) represent an intriguing system
to support silver halides due to the ease of recovery and preparation. LDHs have a general formula
[M(II)1−xM(III)x(OH)2](An−)x/n·H2O, where M(II) (M = Mg, Zn, Cu, Ni, Co, etc.) and M(III) (M = Al,
Ga, Cr, Mn, In, Fe, etc) are divalent and trivalent metals; x is the molar fraction of the trivalent metal
(mol M(III)/(mol M(III) + mol(M(II)), which ranges between 0.2 and 0.4 and determines the charge
density of the lamellae, while An− is the counter anion located in the interlayer gallery [21]. In this
context, the preparation of composites constituted by layered double hydroxides and silver/silver
halides (Ag/AgX, X = Br, Cl, I) has been explored by Fan et al. [22]. In their study, Co–Ni LDH
intercalated with bromide was treated with silver nitrate to precipitate silver bromide and then partially
reduced to form the system Ag/AgBr. The resulting composite Ag/AgBr/Co–Ni–NO3 LDH showed
enhanced visible-light photocatalytic activity for photodegradation of methyl orange, Rhodamine B
(RhB), and phenol.

Ag/AgCl/Zn–Cr LDHs were prepared by Sun et al. [23] and used as photocatalysts in RhB
degradation. The composite showed enhanced visible-light photocatalytic abilities for degradation of
organic pollutants in comparison with Ag/AgCl and Zn–Cr LDH.

At the same time our group [24] prepared, with a similar synthetic procedure, composites of
Ag/AgCl/ZnAl with good antimicrobial properties against both gram positive and gram negative
bacteria and fungi; however, to the best of our knowledge, no photocatalytic activity has been
investigated with these composites.

In the present investigation, we report the use of both the chloride and carbonate intercalated ZnAl
LDH as support for AgCl nanoparticles (NPs) and their performance as catalysts in RhB degradation.
Zn(II) was chosen as the bivalent metal because of the ease of preparation of ZnAl LDH and for its
high stability in solution. The effect of the dimension of AgCl NPs, the intercalated anion and the
pre-reduction of silver to form Ag@AgCl heterojunction on the photocatalytic process was investigated.
The catalysts showed superior performance in comparison with pure AgCl and the degradation of
RhB was faster with composites having the smallest AgCl particles and carbonate as the counter anion.
Moreover, studies on the recyclability and reactive species involved in the degradation process of RhB
were performed. Finally, the anti-bacterial activity of the composites against Escherichia coli was also
investigated under irradiation and dark conditions, which showed that the light enhanced the ability
of the composites to kill bacteria.

2. Results and Discussion

2.1. Characterization of Catalysts

ZnAl LDH containing either carbonate or chloride anions was prepared in a single step by a
modified urea method [25]. The XRD spectra of the prepared ZnAlCl and ZnAlCO3 showed the
typical patterns (Figure S1). LDHs containing different anions, analyzed by field emission scanning
electron microscopy (FE-SEM), exhibit different morphologies: ZnAlCO3 is constituted of hexagonal
microcrystals assembled to form a sand-rose morphology with a main dimension of about 2 µm,
while ZnAlCl consists of flat hexagonal microcrystals of diameter 2–5 µm and thickness of 200–300 nm.
The distinct LDH morphologies are shown in Figure 1.
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Figure 1. FE-SEM images of ZnAlCO3 (a) and ZnAlCl (b).

The synthetized LDHs were used as supports of AgCl nanoparticles using a method developed in
a previous work [24], from which the basic principles will be recalled here. The method consisted of the
addition of a silver nitrate solution to an aqueous dispersion of ZnAlCl. The presence of chloride anions
provoked AgCl precipitation on the LDH surface, while the charge balance of LDH was assured by the
nitrate anions. A sample named LDH1 was prepared starting from ZnAlCl; the addition of AgNO3 to a
ZnAlCl dispersion containing NaBH4 (as reducing agent) gave a sample called LDH2. A sample called
LDH3 was prepared starting from ZnAlCO3, which was quickly washed with HCl 10−3 M in order to
exchange the carbonate anions present on the lamella surface with chloride anions while the interlayer
region remained unchanged (see experimental). In this work, no significant variations on the metal
content were found, proving that the HCl treatment did not leach the LDH structure. The diffraction
patterns of the prepared samples are reported in Figure 2 and show, besides the typical reflections of
the LDH phase, additional reflections ascribable to AgCl. In particular, the peaks labeled with the
dashed lines were assigned to the crystallographic planes (111), (200), (220), (311) and (222) of the
cubic phase of AgCl by comparison with a reference spectrum (PDF number: 85-1355). The interlayer
distance of LDH1 and LDH3 was unchanged with respect to the starting material, suggesting that the
exchange of the interlayer carbonate or chloride anions with nitrate was absent or very low; in the
latter case, the formation of solid solutions in which the nitrate anions are solubilized in the chloride or
carbonate phase could be supposed. Differently, in the sample LDH2, the reflection at 8.9 Å, typical of
the nitrate phase of LDH, indicated that a large amount of interlayer chloride anions were substituted
by nitrate anions (Figure 2b). In this case, the presence of sodium borohydride in the ZnAlCl dispersion
can favor the ion exchange between BH4

− and Cl− [26]. When the AgNO3 is added, a part of the silver
cations is reduced by the intercalated BH4

− and the positive charges of the lamellae are neutralized by
nitrate anions of the silver salt. The formation of metallic silver was confirmed by the presence of the
crystallographic planes (111) and (200) of its cubic phase in the XRD pattern.

Table 1 reports the amount of silver in the samples, expressed as weight percentage, and the
diameter of the AgCl NPs calculated by applying the Debye-Scherrer equation to the (111) and (200)
reflections of the silver chloride cubic phase. The synthetic method used to obtain the composites
seemed to affect the dimensions of the AgCl NPs that ranged from 40 to 100 nm. The smallest AgCl
NPs were obtained starting from the LDH containing only the chloride anion on the surface.
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Figure 2. XRD of LDH1 (a), LDH2 (b) and LDH3 (c). The spectral regions, from 25 to 70 2θ◦, have been
magnified ten times to highlight the AgCl reflections labeled with dashed lines (PDF number: 85-1355).
* reflections (111) e (200) of the cubic phase of metallic silver.

Table 1. Weight percentage of silver and diameter of AgCl of the indicated samples. FWHM: Full
width at half maximum.

Sample Ag (w/w %) 2θ (◦) FWHM (◦)
AgCl Diameter (nm)

Calculated 1 Measured 2 ± SD

LDH1 12.1
27.812 0.138 95.2

94.8 ± 2832.224 0.131 104.4

LDH2 6.3
27.793 0.162 79.2

65.5 ± 1632.202 0.161 75.2

LDH3 4.9
27.753 0.261 39.2

64.0 ± 1832.160 0.224 48.1
1 By the Debye-Scherrer equation for the Bragg reflections (111) and (200) of the AgCl cubic phase; 2 Measured by
FE-SEM considering 150 nanoparticles.

Figure 3 shows the FE-SEM images of the composites. The composites are characterized by the
presence of nanoparticles ascribable to AgCl on the surface of the LDH crystals, which in turn retain
the original morphology: flat hexagonal and sand-rose crystals for the chloride and carbonate forms of
LDH, respectively. AgCl size distribution, obtained by measuring 150 particles, is also reported in
Figure 3, while the mean diameters are indicated in Table 1. The mean diameters of LDH1 and LDH2
were in good agreement with the values obtained by XRD; conversely, LDH3 showed larger particles
than the calculated value of the crystal domains, suggesting a polycrystalline character of the particles.

The optical properties of the composites were studied by collecting UV–Vis reflectance spectra and
comparing them with that of pure AgCl. As shown in Figure 4, the samples displayed the characteristic
absorption of the AgCl below 400 nm, in addition to the absorption band of LDH under 300 nm.
In the LDH1 and LDH3 spectra, only the AgCl absorption was detectable, indicating that no Ag NPs
were formed. The broad band in the Vis region of the LDH2 spectrum was ascribed to the surface
plasmon resonance (SPR) of the silver nanoparticles [27], in agreement with the XRD. The observed SPR
covered a wide range of wavelengths due to the contribution of Ag NPs with a broad size distribution
and Ag NP aggregates. Moreover, it was found to be centered at 440 nm, indicating the presence of
Ag NPs with a diameter of about 30 nm [28] according to the crystalline domain calculated by the
Debye-Scherrer equation.
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Figure 3. FE-SEM images and size distribution and population of AgCl on layered double hydroxides
(LDHs) for: LDH1 (a–c); LDH2 (d–f); and LDH3 (g–i).

Figure 4. UV–Vis absorption spectra in Kubelka-Munk units of LDH1 (black line), LDH2 (red line),
LDH3 (blue line) and AgCl (green line).

2.2. Photodegradation Experiments

The catalytic performance of the composites was investigated using photodegradation of
Rhodamine B (RhB), a model dye, in aqueous solution under irradiation with a halogen lamp
emitting radiation with λ > 350 nm. Table 2 reports the amount of catalyst per mL of RhB solution
used in different experiments and the estimated half-life (t1/2) of RhB.
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Table 2. Amount of catalyst and silver per mL of RhB 10−5 M and estimated half-life (t1/2) of RhB.

Sample Ag (w/w %) mg Sample/mL RhB mg Ag/mL RhB RhB t1/2 (min)

AgCl 75.3 0.2 0.15 22
LDH1 12.1 1.24 0.15 12
LDH1 12.1 2.48 0.30 <5
LDH2 6.3 2.38 0.15 9
LDH3 4.9 3.06 0.15 <5

To prove the synergic contribution of LDH and silver chloride, control experiments were performed
as well. Degradation did not occur in the experiments without the photocatalyst. By using bare ZnAlCl
and ZnAlCO3, only modest catalytic activity was observed, even when physically mixed with AgCl
(see Table S1 and Figure S2).

Pure AgCl particles did show some activity in the photodegradation of RhB. The tested silver
chloride was precipitated in the same conditions used to prepare the AgCl/LDH composite and the solid
obtained was characterized by crystals of dimension 1–2 µm (Figure S3). The temporal evolution of the
spectral changes of RhB in the presence of pure AgCl is reported in Figure 5A. The absorption spectrum
of pure RhB shows a band centered at 554 nm, which decreases after contact with the catalyst in the dark
due to adsorption of the dye on the solid surface (spectra at 0 min in Figure 5A). During irradiation,
the absorbance of the major absorption band gradually decreases and the position of its maximum
moves toward the blue region; the maximum shifts from 554 nm (N,N,N’,N’-tetraethylated Rhodamine
molecule, RhB) to 498 nm (Rhodamine) [29–32] and the RhB degradation is completed after 80 min
irradiation. The blue shift suggests that the degradation of RhB occurs in a stepwise manner in which
the ethyl groups are gradually removed to form the de-ethylated species of RhB, which are then
cleaved completely.

Figure 5. Photodegradation of 10−5 M Rhodamine B (RhB) solution by AgCl. (A) Temporal evolution
of UV–Vis spectra; (B) relative concentration of RhB (a), de-ethylated species (b), and cleaved species
(c).

In order to get information about the contribution of de-ethylation and cleavage processes during
RhB photodegradation, the relative concentration of the de-ethylated species and RhB (calculated
as reported in the experimental section) was plotted as a function of irradiation time, as depicted in
Figure 5B. As shown in the figure, the concentration of RhB decreases over time, approaching zero after
50 min of irradiation, while the concentration of the de-ethylated species increases up to the maximum
value after about 30 min. Then, cleavage of the chromophore group occurs, consuming the de-ethylated
species and causing its concentration to decrease and approach zero at 70 min. On the basis of these
findings, it can be stated that the degradation process starts mainly with RhB de-ethylation, which is
followed by cleavage of the de-ethylated species.
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This RhB photodegradation process has been observed in earlier studies [33–36] and seems to
depend on the adsorption modes of RhB on the surface of the catalyst. Generally, AgCl particles are
negatively charged due to an excess of chloride anions on the surface; accordingly, RhB molecules are
adsorbed on the AgCl surface through positively charged diethylamino groups. The reactive oxygen
species, produced near the adsorbed RhB, preferentially attack the nearer organic groups, which are
the amino groups in this case, thereby leading to de-ethylation.

We then performed kinetic experiments with the composites LDH1, LDH2 and LDH3 in the same
conditions used for AgCl (mg Ag/mL RhB = 0.15). The temporal evolution of the RhB absorption band
under irradiation (Figure 6A–C) showed that the performance of LDH1, LDH2 and LDH3 was better
than that of the pure AgCl, bleaching the RhB solution in 35, 45 and 15 min, respectively.

Figure 6. Photodegradation of 10−5 M RhB solution by LDH1, LDH2 and LDH3 catalysts (mg Ag/mL
RhB = 0.15). Temporal evolution of UV–Vis spectra of LDH1 (A), LDH2 (B) and LDH3 (C); relative
concentration of RhB (a), de-ethylated species (b), and cleaved species (c) in the presence of LDH1 (D),
LDH2 (E).

Figure 6A shows that the wavelength of the absorption maximum (λmax) is always centered at
554 nm, indicating that, in the discoloration mechanism, the cleavage process is predominant in the
presence of LDH1. Conversely, in the kinetic experiment performed with LDH2, a distinct blue-shift of
the λmax to 539 nm occurred after 35 min of irradiation (Figure 6B). In this case, the contribution of the
de-ethylation process in the whole degradation procedure seems more consistent than for the previous
catalyst. In order to get more quantitative information about the contribution of the de-ethylation and
cleavage processes, the relative concentrations of the RhB, de-ethylated and cleaved species (calculated
as reported in the experimental section) were plotted as a function of irradiation time in Figure 6D–E
for the experiments with LDH1 and LDH2. It can be observed that RhB degradation shows about the
same time dependence with both catalysts and that de-ethylation and cleavage occur concomitantly,
resulting in more efficient photodegradation processes in comparison with the process catalyzed by
pure AgCl. Specifically, de-ethylation prevails over cleavage only during the first few minutes, while
the concentration of cleaved species becomes significantly larger than that of de-ethylated species
already after about 15 min. Moreover, cleavage is faster with LDH1 so that the concentration of
de-ethylated species is always larger with LDH2.

The lack of enough experimental data for the composite LDH3 did not allow us to obtain a
concentration trend for the species formed during photodegradation; however, it is possible to compare
the data obtained after five minutes since the irradiation started with the corresponding data obtained
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with LDH1 and LDH2. The percentage of de-ethylated species in LDH3 (22.5%) was close to that of
LDH1 (18%) and LDH2 (25%) catalysts, while the contribution of cleavage to the degradation process
was very high (36%) in comparison to the other catalysts (7% for LDH1 and 12% for LDH2), lowering
the RhB concentration to 42% of its initial value.

Although the present data did not allow us to establish whether de-ethylation and cleavage with
LDH-based catalysts were consecutive or parallel reactions, it is clear that, in comparison with pure
AgCl, the presence of ZnAl LDHs made cleavage much more competitive with respect to de-ethylation
in the photodegradation process of RhB. Moreover, the presence of ZnAl LDHs appears to speed up the
degradation kinetics of RhB, as shown by the RhB half-life (t1/2, Table 2), obtained from interpolation
of the relative concentration data of RhB. The RhB t1/2 was halved in the presence of LDH1 and LDH2
compared with pure AgCl (12 and 9 min versus 22 min, respectively) and was lower than 5 min when
LDH3 was used.

The LDH1 and LDH3 catalysts were recovered after the photocatalysis experiments and
were analyzed with XRD (Figure 7), revealing a small reflection assignable to metallic silver.
This demonstrated that a part of the silver ions underwent a reduction during the irradiation,
forming the Ag@AgCl heterojunction.

Figure 7. XRD of LDH3 (a) and LDH1 (b) after the photocatalytic experiments. The spectral regions
from 25 to 70 2θ◦ have been magnified ten times. AgCl (dashed lines), Ag (*).

The superior performance of the AgCl/LDH composites compared to pure AgCl may be attributed
to the peculiar characteristics of the composites:

(i) RhB can be adsorbed on the composites through either positive amino groups or carboxylic
groups interacting with the negative surface of AgCl or the positive surface of LDH, respectively.
The orientation of RhB with the carboxylic groups on the surface of the catalyst favors the attack on the
chromophore structure (cleavage) by the reactive species formed on the surface of the catalyst [33].
Conversely, as described above, the adsorption of RhB with the amino groups favors the de-ethylation
process. These two different adsorption modes may explain the simultaneous occurrence of the two
degradation pathways of the dye.

(ii) The dimensions of AgCl particles grown on the LDH surface are in the nanometric scale,
ranging from 40 to 100 nm, more than an order of magnitude smaller than pure AgCl (about 1 µm).
Generally, the smaller the particle, the higher the photocatalytic activity due to the increase in the
number of active sites [37].

A comparison among the photoactivity of AgCl/LDH composites is useful to select the best
catalyst and to get insight into the main factors contributing to the design of an efficient catalyst.
LDH3’s superior activity may be explained considering the dimensions of AgCl grown on the LDH
surface. The diameter of crystalline domains of AgCl particles in LDH3 is 2.3 times smaller than AgCl
particles in LDH1 so that, for an equal amount of AgCl, the total surface of AgCl particles in LDH3 is
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about 2.3 times larger; this is reflected in the higher number of catalytic sites in LDH3. For proof of the
effect of number catalytic sites on photocatalytic performance, a catalytic test with increased LDH1
content was performed (mg Ag/mL RhB = 0.30). The performance of LDH1 increased considerably,
bleaching the RhB solution in 15 min, similar to the performance observed for LDH3 (see UV–Vis
spectra in Figure S4).

It was interesting to observe that, when the LDH1 concentration was doubled (mg Ag/mL RhB
= 0.30), the percentage of RhB after 5 min of irradiation (41.9%, Table 3) was about the same as that
found for LDH3 (41.6%) with mg Ag/mL RhB = 0.15. However, the percentage of de-ethylated species
(38.8%) in LDH1 was larger than that of LDH3 (22.5%), so that the contribution of cleavage in LDH1
was smaller (19.3%) in comparison with LDH3 (35.9%).

Table 3. RhB, de-ethylation, cleavage percentage and ratio between the percentage of cleaved and
de-ethylated species after 5 min since start of irradiation for LDH1 (mg Ag/mL RhB = 0.30) and LDH3
(mg Ag/mL RhB = 0.15).

Run
% RhB % De-Ethylated % Cleavage % Cleav/% De-eth

LDH1 LDH3 LDH1 LDH3 LDH1 LDH3 LDH1 LDH3

I 41.9 41.6 38.8 22.5 19.3 35.9 0.50 1.6
II 43.5 24.4 31.9 17.8 24.6 57.8 0.77 3.2
III 17.2 8.2 54.3 25.0 28.5 66.8 0.52 2.7

2.3. Recyclability of the Catalysts

The stability and possibility of recovering and reusing a catalyst is a crucial factor in practical
applications. The AgCl/LDH composites are easily recuperated by centrifugation thanks to the
micrometric dimension of the LDHs that efficiently support the nanometric AgCl. Tests of recyclability
were carried out with LDH1 (mg Ag/mL RhB = 0.30) and LDH3 (mg Ag/mL RhB = 0.15) catalysts and
the relative concentration of RhB in solution was plotted as function of irradiation time (Figure 8).
The catalysts showed very good stability and even improved efficiency until the third run of catalysis.
Moreover, the percentage of de-ethylated and cleaved species after five min irradiation (Table 3)
confirmed that cleavage was favored by LDH3, with the ratio between the percentage of cleaved and
de-ethylated species being in the range 0.50–0.77 for LDH1 and 1.6–2.7 for LDH3.

Figure 8. Cycling runs in the photodegradation of RhB in the presence of LDH1 (mg Ag/mL RhB =

0.30; red circle) and LDH3 (mg Ag/mL RhB = 0.15; black triangle).

2.4. Mechanism of Photocatalytic Degradation

The identification of the reactive species involved in the degradation process of RhB allowed us to
get insight into the reaction mechanism in the presence of our catalysts. To this end, experiments of
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photodegradation in the presence of radical scavengers, including benzoquinone (BQ) for the superoxide
radical anion (O2·

−), isopropanol (IPA) for the hydroxyl radical (OH·) and ethylenediaminetetraacetic
acid disodium salt (Na2-EDTA) for the positively charged vacancy or hole (h+), were carried out.
Figure 9 shows that the photoactivity of all of the catalysts was dramatically suppressed in the presence
of BQ, indicating the superoxide anion was the main active species in the photochemical process.

Figure 9. Photodegradation tests of RhB with different quenchers in the presence of the
indicated catalysts.

On the other hand, photodegradation in the presence of LDH3 was hindered by EDTA, although
to a lesser degree than BQ, indicating that h+ may also be involved in the process.

According to the literature, the superoxide anion can mainly be formed through a photosensitized
mechanism [38–40], wherein the first step is the absorption of light by the dye to induce an intramolecular
π–π transition. Once RhB is excited, it transfers its electron to the inorganic matrix, forming an RhB
radical cation [41]. More specifically, the electron is expected to be accommodated in the conduction
band (CB) of AgCl, for which the redox potential vs. normal hydrogen electrode (NHE) (−0.09 V [42]) is
higher than that of ZnAl LDH (−2.0 V [43]). Subsequently, it can be transferred to an oxygen molecule
adsorbed on AgCl to form the superoxide anion O2·

−, due to the higher potential of the O2/O2·
− redox

couple (−0.046 V vs. NHE [42]). The superoxide anion can also diffuse along the LDH surface through
an interchange reaction with the LDH anions and, finally, react with the radical cation of the dye
(adsorbed either on AgCl or LDH), provoking degradation of the dye.

As mentioned in Section 2.2, the position of the dye that is preferentially attacked by O2·
− is the

group of the dye interacting with the surface of the catalyst; i.e., the carboxylic group or the amino
group for dye adsorption on LDH or AgCl, respectively.

Moreover, due the presence of metallic silver in all the LDH samples, an SPR-mediated charge
transfer process should be considered alongside the dye photosensitized mechanism [44]. Silver
plasmonic nanoparticles, in direct contact with the AgCl surface, act as a dye sensitizer, absorbing
resonant photons that generate electron-hole pairs in Ag nanocrystals. The surface of AgCl particles is
negatively charged due the presence of terminal Cl− ions, thereby polarizing the electronic distribution
of Ag NPs and moving the plasmon-excited electrons on the surface of the Ag NPs far from the Ag/AgCl
interface and the holes to the surface of the AgCl NPs [18,45,46]. The photogenerated electrons are
trapped by O2 to form O2

·−, leading to dye degradation.
Finally, considering that AgCl has an indirect band gap of 3.25 eV [47], electron–hole pairs can be

generated by the absorption of photons with λ in the range 350–382 nm. This process, which is clearly
not relevant for RhB degradation in the presence LDH1, could become significant for LDH3 because it
has been reported that the carbonate anion reduces electron–hole recombination [48].

2.5. Antibacterial Activity of Catalysts

In a previous work [24], we found that AgCl/LDH composites exhibited very good antimicrobial
activity against bacteria and fungi. Here, it was of interest to test the antibacterial activity of the
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best catalysts, LDH1 and LDH3, against Escherichia coli, a typical water contaminant. Table 4 shows
the minimum inhibitory concentration required to inhibit the growth of 90% of bacteria (MIC90);
gentamicin and LDH were used as negative and positive controls, respectively.

Table 4. Antibacterial activity (MIC90) of LDH1 and LDH3 catalysts.

Sample MIC90 (µg·ml−1)

LDH1 9.45
LDH3 3.83
LDH >10000

Gentamicin <0.12

The samples showed good antibacterial activity, even if they were lower than that of the positive
control, gentamicin. The best antibacterial activity was expressed by LDH3, in agreement with the
lower dimensions of the AgCl NPs, which correspond to greater surface area and thereby promote
better contact with the bacteria [49].

Kinetic experiments of the antibacterial activity of LDH1 and LDH3 in the dark and under
irradiation (λ > 350 nm) were performed at the concentrations of MIC90 (Table 4). The time–kill curves,
reported in Figure 10, showed that the number of live bacteria was already considerably reduced
after 60 min in the presence of LDH1 and LDH3 under irradiation. It is noteworthy that the curves
were superimposable with those of gentamicin in the dark, suggesting that the antibacterial activity of
the catalysts under irradiation were comparable to those of the positive control. On the other hand,
no reduction in bacteria was observed until 180 min for the catalysts in the dark or for the bacteria
cultures both irradiated and in the dark in the absence of the catalysts. The high antibacterial activity
of the catalysts under irradiation for a very short time can be explained by the formation of Ag clusters
on AgCl (Figure 7) and the production of reactive oxygen species (ROS), such as O2·

−, also observed in
the photodegradation of RhB. The antibacterial activity of the composites is significantly enhanced due
to a synergic effect of ROS and silver ions [50,51].

Figure 10. Time-kill curves of LDH1 (A) and LDH3 (B) composites against E. coli. Cells were untreated
in the dark (−�−) and under irradiation (−�−); treated with the MIC of LDH1 or LDH3 in the
dark (− × −) and under irradiation (−N−); treated with gentamicin in the dark (−�−) for different
time periods.

3. Materials and Methods

3.1. Chemicals

Rhodamine B chloride was supplied by Aldrich (Milano, Italy). All other chemicals were C. Erba
RP-ACS products (Milano, Italy). Reagents and solvents were of reagent grade and were used without
further purification. Muller Hinton Broth (MHB) and Muller Hinton Agar (MHA) were provided by
Biolife (Milan, Italy).
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3.2. Catalysts Synthesis

Layered double hydroxides with formula [Zn0.67Al0.33(OH)2](Cl)0.33·0.6H2O (ZnAlCl) and
[Zn0.67Al0.33(OH)2](CO3)0.165·0.6H2O (ZnAlCO3) were prepared as reported in Ref. [27,52], respectively.
To begin with, 32 mL of 0.05 M AgNO3 aqueous solution was added dropwise to a dispersion of 2 g
of ZnAlCl in 160 mL of de-ionized water under stirring. The suspension was kept under stirring for
24 hrs. The solid (hereafter LDH1) was recovered by centrifugation (15,000 rpm for 15 min) and was
washed two times with de-ionized water. Finally, LDH1 was dried in a desiccator, over P4O10. All the
operations were conducted in the dark. A sample, named LDH2, was prepared as described above
with the exception of the addition of 32 mL of 0.05 M NaBH4 to the ZnAlCl dispersion, before the
reaction with silver nitrate. An additional sample, named LDH3, was prepared starting from ZnAlCO3.
Firstly, 2 g of ZnAlCO3 was dispersed in de-ionized water, filtered and then quickly washed with
20 mL of 10−3 M HCl. The recovered solid was dried over P4O10 and treated with AgNO3, as was the
LDH1 sample.

Pure AgCl was precipitated from 0.05 M AgNO3 aqueous solution by adding 0.5 M HCl (Cl/Ag
molar ratio = 30). The solid was recovered by centrifugation and washed with 10−3 M HCl, dried over
P4O10 and used as a reference material.

3.3. Instrumental Procedures

The samples were characterized by inductively coupled plasma-optical emission spectrometers
(ICP-OES), X-ray powder diffraction (XRD), a transmission electron microscope (TEM), a scanning
electron microscope (SEM) and a UV–Vis spectrophotometer.

XRD patterns were recorded by a Philips X’PERT PRO MPD diffractometer (PANalytical, Royston,
UK) operating at 40 kV and 40 mA, with a step size 0.0170 2θ degree, and step scan 20 s, using Cu Kα
radiation and an X’Celerator detector. The diameter of the AgCl NPs were calculated applying the
Debye-Scherrer equation D = (0.9 × λ)/(δ × cosθ) (λ = incident ray wavelength: 1.54050 Å; δ = FWHM
correct for instrumental broadening considering the width of LaB6 standard profile; θ = diffraction
angle) to the (111) and (200) reflections of the silver chloride cubic phase.

Metal analyses were performed with a ICP-OES spectrometer (Varian 700-ES series, Santa Clara,
CA, USA). Firstly, 20 mg of ZnAl LDH was dissolved in concentrated HNO3 and de-ionized water until
a final volume of 100 mL. The solution, properly diluted, was analyzed by ICP. The sample containing
silver was treated with ammonia (1 mL of ammonia for 10 mg of sample) for 12 hrs. The dispersion
was diluted with 50 mL of de-ionized water and the solution, separated by filtration, was analyzed
by ICP.

The morphology of the samples was investigated with a transmission electron microscope (TEM,
Philips 208, Eindhoven, Nederland) and with a scanning electron microscope (FE-SEM, FEG LEO
1525). For the TEM images, a small drop of the aqueous dispersion was deposited on a copper grid
precoated with a Formvar film and then evaporated in air at room temperature. FE-SEM micrographs
were collected after depositing the dry samples on a stub and sputter coating with chromium for 20 s.

Absorption spectra of the samples were recorded by a Varian (Cary 4000) spectrophotometer
(Santa Clara, CA, USA), equipped with a 150 mm integration sphere, for which a barium sulphate
tablet was used as a reference. The recorded spectra were analyzed with the Kubelka-Munk equation
in order to make the comparison possible.

3.4. Photodegradation Experiments

The catalytic activity of LDH1, LDH2 and LDH3 was tested by following the photodegradation
of the dye Rhodamine B (RhB). A weighted amount of catalyst was suspended in a 25 mL aqueous
solution of RhB 10−5 M. The mixture was equilibrated in darkness for 30 min to ensure the adsorption
equilibrium of RhB on the catalyst. After this, the mixture was irradiated with a 105 W Osram halogen
lamp with a UV filter providing radiation with λ > 350 nm (UV light emitted by the lamp is less than
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2% of the visible light). The lamp was placed 7.5 cm from the dispersion surface and the irradiated
area was 16 cm2. From the dispersion, 3 mL of solution was withdrawn at regular time intervals and
centrifuged (15,000 rpm for 15 min) to remove the solid portion. The recovered solution was analyzed
by UV–Vis spectrometry. Table 2 reports the amount of catalyst used in the catalytic tests. The results
of the photocatalytic experiments are reported as relative concentration of RhB, de-ethylated and
cleaved species, calculated as described in one of our recent papers [20]. The cleaved species adsorbed
in the UV region, while RhB and its de-ethylated species in the 450–600 nm region. Therefore, only
RhB (λmax= 554 nm) and the de-ethylated species (N,N,N’-tri-ethylated Rhodamine λmax = 539 nm;
N,N’-di-ethylated Rhodamine λmax = 522 nm; N-ethylated Rhodamine, λmax = 510 nm; and Rhodamine
λmax = 498 nm) contribute to the absorbance at time t (Aλ(t)) in the Vis region [29]. Aλ(t) can be
written as:

Aλ(t) = d
5∑

i=1

εi,λCi(t), (1)

where: d = path length of the light beam; εi,λ = molar extinction coefficient of the i species at the
wavelength λ: i = 1 for RhB, i = 2 for N,N,N’-triethylated Rh, i = 3 for N,N’-diethylated Rh, i = 4 for
N-ethylated Rh and i = 5 for Rh. Ci(t) = concentration of the i at time t.

For each spectrum at time t, the values of the absorbance at λmax of the five species present in the
photocatalyzed solution were determined. The five experimental values of absorbance (Aλ(t)) were
expressed as in Equation (1) using the molar extinction coefficients for each wavelength (εi,λ), derived
from the Watanabe paper [29]. In this way, a system of five linear equations was obtained for which the
solution provided the five unknown concentrations. The solution of the system allows the calculation,
as a function of time, of the RhB relative concentration:

C1(t)/C1(0), (2)

where C1(0) is the concentration of RhB at t = 0 min.
The relative total concentration of the de-ethylated species is:

5∑
i=2

Ci(t)/C1(0), (3)

The relative concentration of the cleaved species is:

1 −
5∑

i=1

Ci(t)/C1(0), (4)

Experiments of dye photodegradation were performed, adding to the dye solution 10−5 M
quenchers with a concentration of 10−3 M. Di-sodium salt of ethylenediaminetetraacetic acid (EDTA),
2-propanol (IPA) and benzoquinone (BQ) were used as scavenger of holes (h+), hydroxyl radicals
(OH·) and superoxide radicals (O2·

−), respectively. The dye/quencher solutions were irradiated in the
presence of the catalysts, in the same conditions described above, for as long as necessary to decolor
the dye solution without quenchers.

3.5. Antimicrobial Performance Test

The antimicrobial activity was determined by the dilution susceptibility testing methods following
standard Clinical and Laboratory Standards Institute (CLSI) methods. The samples tested were LDH1
and LDH3; the silver content in the samples was 12.1 and 4.9% w/w, respectively. Quantitative analyses
were performed in triplicate for Escherichia coli DH5 alpha (ATCC 67878). Microbial inocula were
prepared by subculturing bacteria in Muller Hinton Broth (MHB) at 37 ◦C for 18 h and then diluted
to approximately 105–106 organisms per ml. Samples of 100 µL were serially diluted in 1:2 ratio in
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an appropriate medium MHB and placed in a 96-well tissue culture plate. The initial concentration
of compounds used was 10 mg/mL. Test microorganism aliquots of 10 µL were added to each well;
microplates were then incubated at 37 ◦C for 24 h. The results are reported as a minimum inhibitory
concentration required to inhibit the growth of 90% of microorganisms and normalized on the basis of
the total silver content.

3.6. Time-Kill Curve Experiments

To confirm the microbicidal activity of LDH1 and LDH3 composites, time-kill procedures were
performed for E. coli in the dark or irradiated with the lamp used in the photocatalytic experiments
placed 7 cm away from the plate surface. Cells sub-cultured in MHB at 37 ◦C for 18 h were centrifuged,
washed and resuspended at a concentration of 2 × 107 cells per ml, supplemented with LDH1 or LDH3
and incubated at 37 ◦C in the dark and under irradiation. The catalyst concentrations used in the test
were equivalent to the MIC. At predetermined time points (0, 10, 20, 30, 40, 50, 60, 120, 180 min) of
incubation, 100 µL aliquots were removed from the test solution and serial dilutions were performed.
Aliquots of 100 µL from each dilution were spread on the surface of Muller Hinton Agar (MHA) plates
and incubated at 37 ◦C for 48 h for the determination of CFU per ml. Gentamicin and ZnAlCl were
used as positive and negative control, respectively.

4. Conclusions

In this work, ZnAlCl and ZnAlCO3 were used as support for AgCl NPs and the composites
obtained were tested as catalysts in the photodegradation of RhB. The catalysts showed superior
performances with respect to pure AgCl, recyclability and even an improved efficiency until the third
run of catalysis. The high activity was attributed to the nanometric dimensions of AgCl grown on the
LDH surface (40–100 nm), compared to pure AgCl (about 1 µm). Studies on the relative concentration
of RhB, de-ethylated and cleaved species formed during the photodegradation process highlighted
that, in comparison with pure AgCl, the presence of ZnAl LDHs favors the cleavage process with
respect to the de-ethylation. This photodegradation pathway may be attributed to the adsorption of
RhB on the LDH surface by the carboxylic group, which exposes the chromophore structure to the
reactive species formed on the surface of the catalyst. Experiments on the reactive species involved
in the photodegradation process showed that for all of the catalysts, the O2·

− species was the main
active species involved in RhB degradation, with a non-negligible contribution of h+ for the LDH3
composite. A comparison among the catalysts showed that LDH3 was the most efficient catalyst for
the photodegradation of RhB, likely because it supports the smallest AgCl NPs and possesses in the
interlayer region carbonate anions that may reduce electron-hole recombination. Finally, the formation
of ROS during irradiation enhanced the antibacterial activity of LDH1 and LDH3 towards E. coli,
making it similar to that of gentamicin.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/10/120/s1,
Figure S1: XRD of ZnAl–CO3 and ZnAl–Cl, Figure S2: Degradation kinetics of RhB in the presence of ZnAlCl,
ZnAlCO3, ZnAlCl/AgCl and ZnAlCO3/AgCl physical mixture, Figure S3: SEM images of pure AgCl, Figure S4:
Photodegradation of 10−5 M RhB solution by LDH1 catalyst (mg Ag/mL RhB = 0.30). Temporal evolution of
UV–Vis spectra during the first run, second run and third run, Figure S5: Photodegradation of 10−5 M RhB
solution by LDH3 catalyst (mg Ag/mL RhB = 0.15). Temporal evolution of UV–Vis spectra during the first run,
second run and third run, Table S1: Amount of catalyst and silver per mL of RhB 10−5 M.
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