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Abstract

A novel polymethyl methacrylate/boehmite nanocomposite with remarkably enhanced adsorption performance of Cu(Il) was
synthesized from AI(NO;); - 9H,O using a facile sol-gel method. The effects of boehmite content, contact time and morphol-
ogy of hybrid (pH of synthesis) as the main parameters on removal efficiency and removal capability of hybrid on copper ions
have been explored. Composites contained between 0.7 and Swt% boehmite content and those with dissimilar morphology
prepared with different pH values showed different adsorption behavior. Batch adsorption experiments show that the adsorp-
tion performance of the hybrids was enhanced with increased boehmite and contact time. The highest removal efficiency
and adsorption capability were achieved when the hybrid was prepared at pH 8 with associated increased catalytic activity.
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Highlights

e PMMA/aluminum oxyhydroxide hybrids act as a good Cu adsorbent
e The absorption behavior depends on hybrid morphology
¢ The higher surface area of hybrids provides a great capability to absorb Cu ions in aqueous media
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Introduction

The pollution of water via toxic heavy metals through the
evacuation of industrial wastewater is a global environ-
mental issue [1]. Growing industrialization has resulted in
the discharge of toxic heavy metals, such as copper, lead,
arsenic, cadmium, and chromium [2—4] into water. Since
heavy metals generally tend to accumulate in living organ-
isms over time, their toxicity may result in many hazardous
circumstances such as damage to blood composition, lungs,
kidneys, liver, and other vital organs. Copper has been iden-
tified as a contaminant due to its prevalent existence and
toxic effect upon the environment. It catalyzes the develop-
ment of highly reactive oxygen species, which leads to lipid
peroxidation and the lack of the compact form of glutathione
which rises the methemoglobin content [5]. Additional Cut?
in the human body has been related to severe health prob-
lems such as cellular or main organ disease [6]. To reduce
or avoid major toxic effects on ecosystems, it is desirable
to develop and improve highly selective and efficient tools
to remove/recover metal ions from natural and waste water
which has become an imperative problem [7].

Studies have been made to create the economic and effi-
cient adsorbents for heavy metal ion removal [8—10]. The
Al-based nanostructures containing aluminum oxide, alu-
minum hydroxide, and aluminum oxyhydroxide have been
broadly investigated due to their outstanding physicochemi-
cal features for Cu(Il) removal [11, 12]. The different chemi-
cal features of AIOOH surface facilitate many applications
in advanced catalysts [13] and heavy metal adsorbents [14].
Boehmite has many acidic sites on its surface which facilitate
copper complexes adsorption in different aqueous media.
However, these materials have some problems of agglom-
eration, complex separation procedure, and costly recovery
methods. Polymethyl methacrylate (PMMA) has been com-
monly utilized as an adaptable polymer due to its exclusive
benefits, such as excellent optical transparency, good solvent
resistance, low cost, low density, chemical resistance, and
good physicomechanical properties [15—17]. These proper-
ties enable PMMA to use in many practical applications, for
example, optical and supercapacitor, medicine, automobile
industries, and hydrogen storage materials [18, 19]. How-
ever, PMMA has some disadvantages of a brittle texture,
low thermal and mechanical stability and inadequate surface
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hardness, for example, the addition of metal oxide materi-
als to the polymer matrix results in increased activity of the
polymer and its thermal and mechanical functions.

Recently, the organic/inorganic hybrid materials with
proper chemical diversity and mechanical stability for
adsorption uses have attracted a great deal of attention.
There are some methods to synthesize polymer-based nano-
composites such as physical mixing, in situ polymerization,
and sol—gel-based routes and changes in the mixing ratios
of components. In physical mixing, the two components
are synthesized first and then mixed physically to increase
relative homogeneity; however, disadvantages of an inap-
propriate scale of mixing and lack of strong bonding may
occur. In situ polymerization uses the surface-modified
nanoparticles which interact with an organic phase during
polymerization and whose size determines the mixing ratios.
The creation of PMMA and boehmite nanohybrids via the
one-pot process (sol—gel-based) results in the formation of
numerous chemically dynamic sites which are adsorbent in
their fine structures. It is noteworthy that the sol-gel pro-
cess is capable of forming the fine structures by starting the
reactions directly from relevant precursors which facilitate
the homogeneous mixing of organic and inorganic ingre-
dients [20]. Adsorption is considered a smart method that
permits flexibility in scheme and operation, regeneration of
the adsorbent by appropriate desorption process, and it is
highly effective and more economic.

In this work, we synthesize the PMMA/boehmite hybrids
through sol-gel single-source approach using methyl
methacrylate and aluminum nitrate as precursors to reach
high homogeneity with many active sites for Cu(Il) cap-
ture from aqueous media. The time of interaction and the
effect of hybrid morphology on the adsorption efficiency
are discussed.

Materials and methods

Aluminum nitrate nonahydrate, methyl methacrylate, ammo-
nium persulfate (APS), sodium dodecyl sulfate (SDS),
3-methacryloxy propyl trimethoxy silane, copper(Il) nitrate,
and ammonia solution (37%) all from Merck were used with-
out further purification.
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Synthesis of PMMA/boehmite nanocomposite

The PMMA/AIOOH nanohybrids were prepared via a fac-
ile sol—gel single-source method starting directly from rel-
evant precursors at different pH according to the procedure
described in previous work [20]. First, 2.82 g methyl meth-
acrylate (MMA) added to 0.065 g 3-methacryloxy propyl
trimethoxy silane and mixed with the solution of 0.3 g sur-
factant SDS in 60 ml deionized water to form micelles. The
pH was adjusted using ammonia solution to the anticipated
value. The solution was then shifted to the 3-necked round-
bottom glass reactor which is prepared with a thermometer
and N, inlet to remove O,. Then, reaching the temperature
to 80 °C, 4 ml APS 0.15M was added to the reactor to start
the polymerization. Finally, 20 ml aluminum nitrate solution
0.025 M was added, dropwise, to the reactor with strong stir-
ring as BO precursor. PMMA/boehmite nano-hybrids with

Adsorption experiments

The prepared colloidal particles were washed three times
with hot deionized water and ethanol to remove the soluble
ingredients and then dried in an oven at 60 °C for 24 h to
lose the physical water. The copper solution of 1000 mg/1
was prepared by dissolving copper nitrate in deionized
water and the required concentration obtained by diluting
at ambient conditions. The experiment was conducted in a
conical flask through the addition of the hybrid powder into
copper-containing water. The obtained mixture was stirred at
300 rpm with the contact time varied from 15 to 90 min. The
hybrid was removed by centrifugation and filtered through
a filter membrane. The removal efficiency and adsorption
capacity are based on the different concentrations of solu-
tions as follows:
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Scheme 1 A representation of the overall procedure from precursor to ion removal experiment
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where C; and C, are the initial and final (steady-state) con-
centrations of Cu(Il), respectively; m (g) is the hybrid mass,
and V (L) is the volume of solution.

Results and discussion
Preparation of hybrid

The overall procedures to produce PMMA/boehmite hybrid
nanoparticles via the sol-gel method are illustrated sche-
matically in Scheme 1. Good dispersion of boehmite nano-
particles in the polymer matrix, while preventing particle
agglomeration can also help to introduce new levels of inter-
facial phase. Because the absorption of copper ions occurs
in certain sites of the hybrid, such as hydroxyl groups, it can
be seen that the proper dispersion of boehmite particles in
the polymer is of great importance and performing chemical
reactions from the precursors can increase the possibility of
achieving homogeneous structures.

The effect of pH on the microstructure of hybrids

The FTIR spectra of samples including pristine PMMA and
hybrids are demonstrated in Fig. 1. Since the adsorption
peak at 1636 cm~! cannot be seen, the C=C double bond
has been changed to the single bond in both monomer and
silane. The asymmetric and symmetric stretching vibrations
of the methylene and methyl species in 2850-3050 cm™"' are
identified [21] and show intensities growing with samples
containing more silane (more BO). On the other hand, the
increasing trend in adsorption at 2958 cm~! [22] can be
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Fig. 1 FTIR spectra of pristine PMMA and hybrids
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clarified with more involvement of silane coupling agents
with raising the BO content.

Carbonyl groups C=0 are kept constant during reactions
since they do not participate in the chemical fluctuations and
as verified from the peak at 1731 cm™! in all samples [23].
The fixed position of the carbonyl group results from the
absence of ionic bonding between boehmite hydroxyl groups
and polymer functional groups [24]. With increasing BO
content, the peaks at frequencies up to 1000 cm™' (481 cm™!
and 583 cm™!) increase which is due to more metal-oxygen
interactions. The clearly increasing trend in the intensity of
peaks at 3300-3800 cm~! with increasing BO indicates the
hydroxyl groups of BO in the hybrid. The Si—~O—Al bonds
(627 cm™!) cannot be seen for PMMA alone but are detected
for hybrids containing silane [25].

The TGA results of hybrids and PMMA are shown in
Fig. 2 for experiments carried out at ambient conditions
with three weight changes. The first weight loss mainly up
to 150 °C (negligible) may be associated with water and
oligomers remaining in the samples [20].

The other step is related to polymer backbone decomposi-
tion in the range of 300400 °C, while the last step is due to
transition alumina formation [26] from AIOOH starting at
450 °C due to the 2A100H = Al,O; + H,O reaction.

As indicated in Fig. 2, the samples with more BO seem
to be more thermally stable. The incorporation of more BO
into PMMA structure may protect the polymer from side
effects of heating. The maximum degradation temperature
of the hybrids shifts to higher temperatures as the amount of
BO is increased. The improvement of the thermal stability
by including AIOOH seems to be due to the variations of
polymer chain mobility [27] and a radical trapping effect of
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Fig.2 TGA thermograms of the pure PMMA and different hybrids
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Fig.3 FE-SEM images of hybrids prepared at different pH. a pH 7, b
pH 8, ¢ pH 9 and d TEM image of hybrid prepared at pH 8

BO and adsorption of polymer chains on filler surfaces via
the methoxycarbonyl groups.

Much research shows the correlation between the
morphology of hybrid and some physical and chemical
properties. The impact of the pH of the synthesis on the
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morphology of hybrid nanoparticles has been assessed by
means of field emission SEM (FE-SEM) (Fig. 3). As seen
clearly, cauliflower and semispherical particles are formed
under acidic and alkaline situations with a combined mor-
phology of both shown in the sample prepared at pH 8. Nor-
mally, in acidic conditions, the number of H3OJr moieties
increases consequently resulting in the dissolution of Al-
based species which in turn increases the rate of nucleation
with lowering of particles size and the mesh-like structure
of PMMA and AIOOH can be attained. Figure 3d shows the
TEM images of prepared hybrid synthesized at pH 8. The
study of organic—inorganic hybrids is significantly improved
by TEM. The contrast observed in images is attributed
mainly to density differences between the organic and inor-
ganic phases. In the hybrid materials studied, the organic and
inorganic phases are sufficiently different in density (about
100%) to create good inherent contrast in the TEM.

In alkaline conditions, for comparison, decreasing H3OJr
while increasing the OH™ concentration lowers the nuclea-
tion at the expense of increasing the growth of particle size.
Thus, fewer particles with larger size are formed than occurs
for acidic situations. The presence of negative ions in liquid
may cause relative stability of particles by repulsive forces
which in turn make hybrids as segregated particles with
fairly saturated AI** by hydroxyl groups [20].
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Scheme 2 Schematic illustration of the removal of copper(Il) by PMMA doped with boehmite hybrids
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Fig.4 a The removal efficiency of hybrids prepared at different pH. b The adsorption capacity of hybrid particles for copper ions removal at dif-
ferent pH. ¢ Removal efficiency of a hybrid at pH 8 and 45 min contact time. d Effect of pH of synthesis on removal efficiency of hybrids

Effect of contact time on removal efficiency
and adsorption capacity

The removal of Copper ion by means of PMMA/BO hybrids
was studied and the effect of two important parameters
including the prepared pH and contact time was monitored.
Scheme 2 is an illustration of copper ion adsorbed on the
hybrid. The removal efficiency of hybrid particles is plotted
in Fig. 4a. It is apparent that the pH in which samples are
prepared plays an important role to the adsorption capacity
of adsorbents due to its impact on the internal structure of
the hybrid which in turn affects the removal efficiency of
copper ions in aqueous media. Since PMMA has relatively

@ Springer

negligible porosity, the maximum removal efficiency is
achieved in pH 8 since the maximum pore volume and sur-
face area of boehmite occurred for this pH.

According to Fig. 4a, removal efficiency reaches higher
values in pH 8. The adsorption capacity of copper ions by
hybrid is plotted vs. time of contact for hybrid prepared at
different pH in Fig. 4b. Then, the adsorption capacity in all
pH values increases as contact time increases. The adsorp-
tion capacity reached 10 mg of copper per gram of hybrid in
samples prepared at pH 8 and contact time of 90 min.

The results reveal that the adsorption process at rela-
tively fast kinetics as a result of the high level of reachable
active sites occurred on the different parts of hybrid which
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Fig.5 Nitrogen adsorption—desorption isotherms of nanopo-
rous hybrids. The inset shows BJH pore size distribution of 5%
boehmite @pHS, derived from the adsorption branch of the nitrogen
adsorption/desorption isotherm

facilitate the proper interaction between copper ions with
these sites.

Effect of boehmite content on removal efficiency

It is well known that boehmite as oxyhydroxide of aluminum
can be used in water applications [28, 29]. However, the use
of nanoscale particles can be more effective than traditional
ones because of their increased activity in the microstruc-
ture. The high surface area of boehmite is seen to have a
large capacity to absorb copper ions in aqueous media.

The removal efficiency of samples at pH 8 for samples
with different boehmite contents for 45 min exposure has
been shown in Fig. 4c. The hydroxyl groups of boehmite
particles are a good candidate for adsorbing copper ions in
aqueous solutions. The removal efficiency increases with
increasing boehmite and the number of hydroxyl groups
increases; consequently, the tendency of these groups is to
increase the absorption of copper ions in the medium.

As can be seen, the removal efficiency of hybrid increases
as boehmite increases. The values of removal efficiency at
different pH for the hybrid containing 5 wt% boehmite are
illustrated in Fig. 4d.

The internal structure of boehmite differs extensively by
adjusting the pH of synthesis. On the other side, the pH can
modify the microstructure of the hybrid, as well. The over-
all interaction of different parameters resulted in reaching
removal efficiency to the maximum value in pH 8. The pH
values 7 and 9 did not introduce sufficient porous structure to
the hybrid so that removal efficiency and adsorption capacity
are smaller than with pH 8. On the other hand, in pH 9, the

bayerite phase with less surface and porosity compared with
boehmite is enhanced.

The specific surface area of the hybrids was determined
by nitrogen adsorption—desorption measurements to increase
understanding of the sample porosities. The nitrogen adsorp-
tion—desorption isotherms (Fig. 5) attained via the reflux
method show the capillary condensation step. The isotherms
of the samples can be considered as type IV with a hysteresis
loop which specifies the nanoporous nature of the hybrids
[30]. The considered Brunauer—Emmett—Teller (BET) sur-
face area from the adsorption branch revealed that hybrids
prepared at pH 8 had the highest value of 21.17m?/g in
contrast with other hybrids. Also Fig. 5 (inset) shows that
the pore size distribution of the prepared hybrid at pH 8 has
the majority of the pores contained in the main region, (with
nanopores structure about 15-25 nm), whereas other hybrids
displayed a larger pore size about 50 nm. Higher surface area
and lower pore size lead to a growth in absorption capacity
and removal efficiency.

The results established that varying synthesis pH changed
the specific surface area and pore size distribution, which
was confirmed by the morphology presented in the SEM
images (Fig. 3).

Conclusions

The capability of PMMA/boehmite hybrid nanoparticles
for copper ion removal from aqueous mediums was shown.
The effects of pH of synthesis, boehmite content in hybrid,
and contact time on removal efficiency were explored. The
results showed the increasing trend in the removal capabil-
ity of hybrids towards copper with increasing contact time
and boehmite content. The maximum removal efficiency
was achieved for hybrids prepared at pH 8. The removal
efficiency increased from 36 to 60 mg/g by boehmite more
incorporation from 0.7% to Swt% in pH 8 and time 45 min.
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