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KEYWORDS Abstract A new nanohybrid compound was formed by the concurrent insertion of 2,4-dichloro-
Layered double hydroxide; phenoxy acetate (DPA) used as herbicides and 4-chlorophenoxy acetate (CPA) as plant growth reg-
2,4-Dichlorophenoxy acetic ulator, the two guest anions into the interlamellar space of the host Zn/Al layered double hydroxide
acid; (LDH) using co-precipitation or spontaneous self-assembly method. Two different basal spacings of
4-Chlorophenoxy acetic acid; 2.54 and 1.97 nm were detected by PXRD of the nanohybrid accounting for the presence of two
Controlled release; distinct intercalated phases. Direct insertion mass spectroscopy (DIMS) analyses confirm that both
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intercalated with DPA, CPA and with mixed biphase DPA and CPA
were designated as DPA-Zn/Al, CPA-Zn/Al and DCPA-Zn/Al,
respectively; FTIR, fourier transform infrared; TGA/DTG, thermal
gravimetric and differential thermal gravimetric analysis.
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Nanohybrid

anions are intercalated to give a biphasic well ordered nanohybrid material. The study of the release

properties shows that both ions were released, but with different rates. This opens up the possibility
of using such a biphasic nanohybrid for controlled release of more than one active anionic agent at

different controlled rates.

© 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Layered double hydroxide (LDH), also called anionic clays, re-
ceived considerable attention lately due to their potential
applications in various areas of science and technology. LDHs
are composed of brucite-like layers (Mg(OH),) containing
M>" and M** cations in an octahedral arrangement. Their
general formula is [M%;(M_‘z+ (OH),I** AZ;I‘mHzo, where
M2t = Mg>", Ni**, zZn®", Cu*", Co*", etc, M*" =
APY, Ga’", Fe’", Cr®™, etc.; A is an exchangeable anion,
and the value of x ranges between 0.2 and 0.33. The partial
replacement of M>* by M>" cation generates an excess of
positive charge in the layers that is counterbalanced by anions
located in the interlayer domains (Chao et al., 2000). A large
variety of guest organic species in their anionic form such as
drugs (Kwak et al., 2004), pesticides (Hu et al., 2007), dyes
(Tian et al., 2007), can be incorporated into the interlayer
space giving rise to host—guest hybrid materials useful for a
controlled release formulation of 4-chlorophenoxy acetic acid
as single molecular release from the layered double hydroxide
(Hussein et al., 2007). The author shows the release of an indi-
vidual anion(4CPA) intercalated with Zn/Al LDH; our work
concerned two anions intercalated simultaneously. A wide
range of applications has been particularly found in the field
of health. Pharmaceutical products such as folic acid, fuchsin,
antihypertensive and anti-inflammatory drugs have been thus
intercalated (Hussein et al., 2005a; Wang et al., 2005b; Qin
et al., 2008; Hussein et al., 2004) all of these references ex-
plained a single anion release. Host LDH is also useful as a
nonviral vector (Ambrogi et al., 2001), or for DNA and
ATP storage due to the high stability of these biological species
in the interlamellae (Sasai et al., 1998). Another relevant appli-
cation for the development of eco-friendly processes, concerns
the adsorption and the controlled release of herbicides and pes-
ticides (Malherbe et al., 1998; Cardoso and Valim, 2006).

Several methods are available to synthesize the organic
molecules/LDH assemblies, i.e. co-precipitation, direct anionic
exchange and reconstruction of the mixed oxide, which allow
tuning of their properties and particularly controlled release
(Pavlovic et al., 2005; Xu et al., 2006; Ledley, 1995; Kriven
et al., 2004; Choy et al., 2000). The latter will indeed depend
on the guest-host interactions, the local environment of the
guest species, and the affinity of the incoming and outgoing an-
ions. Moreover, parameters such as pH and composition of the
host LDH are also crucial.

Previous works showed that 4-chlorophenoxy acetic acid
(CPA) Hussein et al., 2007 and 2,4-dichlorophenoxy acetic
acid (DPA) Hussein et al., 2005a can be intercalated into
Zn-Al-LDH to give nanohybrids. The subsequent release of
CPA and DPA were studied. However, in several cases a con-
current controlled release of these two herbicides is necessary.
This was an incitement to study in this paper, the formation of
a new biphasic organic—inorganic nanohybrid material by

intercalation of both CPA and DPA guest entities into Zn-
Al-LDH inorganic host. The co-precipitation method previ-
ously found highly efficient for the intercalation of the CPA
or DPA species was preferably chosen. A study of the con-
trolled release properties of the biphasic hybrids was also per-
formed into an aqueous solution containing carbonate anions.

2. Materials and methods

2.1. Synthesis of the Zn| Al LDH and the nanohybrids with DPA
andfor CPA

All chemicals used in the synthesis were obtained from various
chemical suppliers and used without further purifications. All
solutions were prepared using decarbonated and deionized
water.

The formation of nanohybrids by intercalation into host
Zn/Al LDH of DPA or CPA, on one hand, or of these two an-
ions concurrently, on the other hand, was done by co-precipi-
tation method. 50 ml of a single or mixed anions solution in
ethanol (90%) of DPA (so many tests were done using differ-
ent concentrations from the two guests molecules, the best re-
sults found experimentally were with the concentrations of
0.16 M and CPA (0.4 M)) and a mixed aqueous solution of
Zn(NO3),'6H,0 (0.1 M) and (AI(NO3)3):9H,0 (0.033 M), con-
taining the required amounts having a Zn/Al molar ratio of 3,
were precipitated maintaining pH at around 7.5. This was
achieved by the slow addition of NaOH (2 M) under N, atmo-
sphere with continuous vigorous stirring. The slurry obtained
was aged for 18 h in an oil bath shaker at 70 °C. The resulting
precipitate was centrifuged, washed 4 times with deionized
water, and then dried in an oven at 70 °C overnight. Samples
were kept in sample bottles for further use and characteriza-
tions. The hybrids intercalated with DPA, CPA and with both
DPA and CPA were hereafter designated as DPA-Zn/Al,
CPA-Zn/Al and DCPA-Zn/Al, respectively.

Similar procedure was used to prepare a Zn/Al LDH by co-
precipitation of Zn(NO3),:6H,O (0.1 M) and AI(NO3);'9H,0
(0.033 M) (Zn/Al = 3) with NaOH (2 M) at constant pH 7.
Nitrates are the compensating anions of this Zn/Al LDH.

2.2. Characterizations

X-ray powder diffraction patterns (PXRD) were obtained with
a Shimadzu XRD-6000 powder diffractometer using Cu Kol
radiation (4 = 1.540562 A) at 40kV and 30mA, scan
rate = 0.5 min~".

Fourier transform infrared (FTIR) spectra were recorded
using a Perkin—Elmer 1750X spectrophotometer on KBr
pellets in the range of 4000400 cm™'. The elemental analysis
of the samples was performed by inductively coupled
plasma-atomic emission spectrophotometry (ICP-AES) using
a Perkin—Elmer spectrophotometer Optima 2000DV under
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standard conditions. A CHNS-932(LECO) analyzer was used
to determine the percentage of DPA and CPA. The TG/
DTG experiments were carried out with a Setaram TG-DSC-
11 apparatus with fully programmable heating and cooling
sequence sweep gas valve switching and data analysis. N, sorp-
tion experiments at 77 K were carried out with a Micromeritics
ASAP 2000 instrument. Specific surface areas were calculated
using the BET method. Shimadzu GC-MS-QP5050Z with
temperature program from 40-340°C, column inlet
pressure = 21 KPa, column flow 0.6 ml/min, linear veloc-
ity = 28.8 cm/s and split ratio = 14, for controlled release
and a Parkin—Elmer spectrometer lambda 35 were used.

2.3. Release studies in aqueous solution

The release of the two phenoxyacetic acids of both DPA and
CPA guest species, from the interlamellar domain of the bipha-
sic DCPA nanohybrid was studied adding 0.6 mg of the as-
prepared solid into 3.5ml of a 5x 10~* M aqueous solution
of sodium carbonate. The accumulated amount of species
released into the solution was measured at regular intervals
of time using UV-—Visible Parkin—Elmer spectrophotometer
lambda 35, at Anax = 226.7 and 229.4nm for CPA and
DPA, respectively. Carbonate anions act as the incoming
exchangeable anion to replace the guests inside the inorganic
Zn/Al LDH interlamellae.

3. Results and discussion

3.1. Structure and composition

PXRD of Zn/Al and of the three hybrid materials, i.e. DPA-
Zn/Al, CPA-Zn/Al and DCPA-Zn/Al are shown in Fig. 1.

All the materials show the characteristic PXRD patterns
corresponding to LDH whose reflections can be indexed in a
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Figure 1 PXRD patterns of LDH, DPA, CPA, CDPA biphasic
nanohybrid containing both 24D and 4CPA organic moieties
synthesized at Zn to Al initial molar ratio, R = 4 (easy plot).

hexagonal lattice with R-3m rhombohedral symmetry. The
(003) Bragg reflections for Zn/Al at 10.04 2@, corresponding
to an interlayer distance of 0.88 nm, are in agreement with
the presence of nitrates as compensating anions. The intercala-
tion of the organic anions in the interlamellae of the host Zn/
Al LDH is confirmed by the expansion of the dyg3 basal spac-
ing to 1.97 and 2.54 nm for CPA-Zn/Al and DPA-Zn/Al,
respectively. These values are in agreement with those previ-
ously reported (Hussein et al., 2007, 2005a). The intensity of
the 00/ peaks is rather similar in the host Zn/Al-LDH and
the monophasic hybrids (DPA-Zn/Al and CPA-Zn/Al), there-
fore exhibiting closer crystallinities. Besides, a nanohybrid
material with basal spacings of 2.54 and 1.99 nm was observed
in the case of DCPA-Zn/Al. This shows that this biphasic
nanohybrid is actually composed of 2 different types of interl-
amellae domains containing DPA and CPA anions, respec-
tively. This may be due to the formation of a mixture of two
phases which is thermodynamically more stable. Notably, for
each phase, up to five (00/) harmonics are observed. Moreover,
the crystallinity of DCPA-Zn/Al is greatly enhanced compara-
tively to the monophasic samples (CPA-Zn/Al and DPA-Zn/
Al). These features account for the higher stacking order of
the mixed biphasic nanocomposite. However, the formation
of a small amount of mixed phases containing in the same
interlamellae both DPA and CPA anions could not be totally
ruled out, as will be discussed later in the direct insertion mass
spectroscopy results.

Elemental analysis of DCPA-Zn/Al leads to a Zn/Al molar
ratio of 2.96, close to those of the precursors zinc and alumi-
num nitrate salts in the synthesis solution. The carbon content
of about 22.4% confirms the intercalation of the carbon-con-
taining guest molecules. However, this value is higher than that
expected (~17 wt%) assuming a theoretical composition
[Zng75s Alg.2s(OH)z] [DPAg 1875 CPAg 9625/ mH0 for DCPA-
Zn/Al if the initial NO; of Zn/Al were exchanged by the
DPA and CPA species with a molar ratio of CPA/DPA = 3
as in the synthesis solution. This suggests a CPA/DPA molar
ratio larger than 3 in the nanohybrid.

Further physico-chemical characterizations and controlled
release property will be then focused on the mixed biphasic
nanohybrid that is more stable thermodynamically due to
the originality of this material.

In order to confirm that DPA and CPA are actually both
intercalated into the LDH interlamellae, DIMS analyses of
DPA and CPA have been compared to that of DCPA-Zn/Al
(Fig. 2). The main peaks observed correspond to m/z values
of 128, 141, 186 in the case of CPA, and to m/z values of
162, 175, 220 in the case of DPA. Peaks corresponding to all
previous m/z values are observed in DCPA-Zn/Al accounting
for the presence of both anions in the interlamellar domain
of the nanohybrid. It is worth noting the higher intensity of
the peaks assigned to DPA than to CPA species, therefore sug-
gesting higher intercalation rate of the former in agreement
with the CPA/DPA molar ratio of 3 in the synthesis solution.

TGA/DTG profiles of Zn/Al and DCPA-Zn/Al nanohybrid
are shown in Figs. 3a and b. Regarding Zn/Al the TG profile
shows that the mass loss occurs in three different steps. The first
step gives rise to a DTG peak at 109 °C and corresponds to a
weight loss of 6.8% attributed to the removal of water mole-
cules physically adsorbed on the layers surfaces (Kooli et al.,
1997). The second step associated to a DTG peak at 239 °C
and corresponding to a weight loss of 15.7%, is attributed to
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the complete removal of the structural and interlayer water
molecules. A third DTG peak at 330 °C, corresponding to a
weight loss of 11.66%, can be assigned to the decomposition
of the intercalated nitrate anions.

Three decomposition steps are also observed in the TG pro-
file of DCPA-Zn/Al. However, they give rise to a very different
DTG profile than Zn/Al. The first decomposition step is
accompanied by two distinct DTG peaks in the region between
30-170 and 177-215 °C, with temperatures maximum at 122
and 166 °C, respectively. They are attributed to the removal
of two different weakly bonded water molecules. The peak at
314 °C, can be assigned to the concurrent decomposition of
the organic CPA and DPA anions, and the removal of water
provided by the hydroxyl groups of the brucite-like sheets.
Compared to Zn/Al, a new peak appears at 940 °C, which
can be assigned to the removal of the last carbonaceous resi-
dues formed by the decomposition of the organic anions. These
results concur with those reported earlier (Cavani et al., 1991).

Noteworthy, the total weight loss increases from 34% to
81% when going from Zn/Al to DCPA-Zn/Al. The former is
in agreement with the expected value of 35.5%. The latter is
also by far higher than that expected (~47.5%) assuming the
theoretical composition [Zng7s Algos(OH),] [DCNy. 1875
CPA 0625 mH,0 reported above. This shows that in addition
to intercalation, large amounts of guest organic entities are
probably adsorbed on the external surface of the sample.

The FTIR spectra of the host Zn/Al-LDH, the guest
CPA, DPA species, and of the biphasic DCPA-Zn/Al nano-
hybrid are compared in Fig. 4. The broad band of O-H
stretching at 3565cm™! in the Zn/AI-LDH is shifted to
3443 cm™! in the DCPA-Zn/Al nanohybrid showing the dif-
ferent interactions with the brucite-like layers of the NO;
and the organic guest entities. Two bands at 1736 and
1412 cm™" in DPA and CPA attributed to v, and v, vibra-
tions of the carboxylate group of DPA and CPA are shifted

Intensity(a.u)
O
T
>

565 601

4000 3000 2000 1000

-1
cm

Figure 4 FTIR spectra of LDH, 24D, 4CPA and the biphasic
nanohybrid, CDPA.

to lower wave numbers, i.e. 1604 cm™' in DCPA-Zn/Al con-
firming that the carboxyl groups are in a deprotonated form
after intercalation. The bands at 1486 and 1421 cm™' in
DCPA-Zn/Al are attributed to the C—C vibrations of the
aromatic rings, and those at 1334 and 1065 cm~! to the v,
and v, vibrations of the C—O-C bonds. The bands observed
in the 29262917 cm~' range are due to C-H stretching
vibrations. A weak band at 1383cm™' in the spectra of
DCPA-Zn/Al is due to a small amount of non exchanged
NOj; of the Zn/Al host LDH, though not detected in the
PXRD pattern of this nanohybrid (Fig. 1). The bands at
601 and 430 cm™! are attributed to the Al-OH and Zn-Al-
OH bending vibrations, respectively.

The nitrogen adsorption—desorption isotherms of DCPA-
Zn/Al was done after pretreatment of degassing at 150 °C.
This reveals a H3-type hysteresis loop in the IUPAC classi-
fication (Fig. 5a). There is no plateau at high P/P,, therefore
the adsorption isotherm cannot be regarded as Type IV. A
Type 1Ib designation has been proposed for this isotherm gi-
ven by aggregates of platy particles or adsorbents containing
slit-shaped pores (Rouquerol et al., 1999). This behavior is in
agreement with the lamellar structure of DCPA-Zn/Al. The
specific surface area reaches 21 m? g~!. The pore size distri-
bution was evaluated applying the B.J.H method to the
desorption branch of the isotherm. There is a bimodal pore
size distribution (Fig. 5b) with pores exhibiting average sizes
at around 5 and 9.2 nm with a total pore volume of around
0.039 cm® g~ '.
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Figure 5a  Type Il adsorption—desorption isotherm of nitrogen
gas at 77 K of biphasic nanohybrid.
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pore size distribution of biphasic nanohybrid.
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Figure 6  Fitting the data of simultaneous release of 4CPA from the DCPA-Zn/Al biphasic nanohybrid to zero order, first order, pseudo-
second order and Bashker diffusion equation, C; = initial concentration, C; = final concentration, C; = concentration at time (7),

x = C;/Cg, t = time in minutes.

Table 1 Release of CPA and DPA into three different media of (Sodium Carbonate, Sodium Phosphate and Sodium Chloride) using

three different concentrations.

Media Conc.(M) K (CPA) 2 (CPA) K (2,4-D) 2 (2,4-D)

Na,CO; 0.500 0.000600 1.000 0.001610 1.000
0.050 0.000600 1.000 0.001230 1.000
0.005 0.000013 0.998 0.000060 1.000

Na;PO, 0.500 0.000060 0.951 0.000017 0.983
0.050 0.000003 1.000 0.000017 0.999
0.005 0.000025 0.994 0.000017 0.998

NaCl 0.500 0.000003 0.999 0.000013 0.999
0.050 0.250000 0.998 0.000012 0.998
0.005 0.000002 0.999 0.000011 0.999

3.2. 2. Controlled release of DPA and CPA

The release profiles of DPA and CPA from DCPA-Zn/Al into
the aqueous solution of Na,CO; (5x 10~* M) are given in
Fig. 6. As a model of all the releases in different media both
profiles have the same general shape with a faster release during
200 min and equilibrium achieved in 700 min. The rapid release
suggests a large contribution of the ion exchange process with
the carbonate anions. Indeed the affinity of carbonate for
LDH is known to be very high. However DPA is released faster

and leads to a higher accumulated amount than CPA, accumu-
lated amounts released were 85.8 and 67% for DPA and CPA
respectively measured by using the formula of Beer—Lambert
law: A = a, b, c (where A is the absorbance, a is absorptivity,
b is the light passage length in cm, ¢ is concentration in ppm).
Calibration curve was done for each anion only at fixed wave-
length, using this calibration curve to calculate the amounts of
anion released from the LDH to the different solutions med-
ium, the following kinetic modules were attempted to fit the
data obtained from the release of DPA and CPA species. For
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this purpose zero-, first-, pseudo-second order and parabolic
diffusion equations ((1) — (4)) have been used:

(1) C = kt (where C is the concentration in ppm, k rate con-
stant and ¢ is time in inutes.

(2) —log(1-Cy) = logC. — k t (Cy is initial concentration
in ppm, k first order rate constant and 7 is time in
minutes).

3) t/C = l/kz-Ci + 1/Cqt (t is time in minutes, C; is the
concentrations at time ¢ in ppm, C. is the concentrations
released at equilibrium).

4) C/Ceq = k3 (Cy, Ceq are the concentrations in ppm at
time ¢ and at equilibrium time).

As shown in Fig. 6 and Table 1 the release of DPA and CPA
in three media sodium carbonate, sodium phosphate and so-
dium chloride, follows with good accuracy the pseudo-second
order model which gives the higher regression values.

The structure of the two molecules can account for their
different release rates, the greater size of DPA than 4CPA fac-
tor is not considered but the electron acceptor ability of the
two chlorides of DPA indeed decreases more the electron den-
sity localized on the carboxylate than one chloride of CPA,
may be this is more significant for the easier release of the for-
mer species. The order of release according to the medium of
incoming anions is CO;~ > PO; > CI".

4. Conclusion

This study shows that the formation of a new biphasic nano-
hybrid containing two different anions, 2,4-dichlorophenoxy
acetate and 4-chlorophenoxy acetate, can be accomplished
by the direct co-precipitation method. The guest species are
both intercalated into the Zn/Al-LDH thus giving a biphasic
well ordered nanohybrid material. A controlled and simulta-
neous release of the two active agents can be performed, but
at different rates. It is governed by a pseudo-second order ki-
netic. These results reveal the possibility of using biphasic
nanohybrids for controlled release of more than one herbicide
agent at the same time. This approach can probably find sev-
eral applications in future with other types of herbicides that
are able to give anionic species.
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