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Abstract: One of the challenges in the preparation of poly(methyl methacrylate) (PMMA) is to 
develop new catalytic systems with improved efficiency. A hybrid iron oxide silver catalyst holds 
promise in solving this issue. Catalysts were prepared at room temperature by a two-step technique. 
First, iron oxide nanoparticles were prepared by the reduction of FeCl3 using sodium borohydride 
(NaBH4) at room temperature. Second, magnetic nanoparticles doped with a series of Ag 
nanoparticles (Ag, Ag/3 –amino propyltriethoxysilane (APTES) and Ag/poly(ethyleneimine) (PEI)). 
The prepared catalysts were characterized using X-ray diffraction (XRD), transmission electron 
microscopy (TEM), dynamic light scattering (DLS), scanning electron microscopy/energy dispersive 
X-ray spectroscopy (SEM/EDX), and Fourier-transform infrared spectroscopy (FTIR). The catalytic 
activity of Fe, Ag/Fe, PEI–Ag/Fe, and APTES–Ag/Fe in methyl methacrylate (MMA) polymerization 
was investigated in the presence of O2, N2, NaHSO3, and benzoyl peroxide in bulk or solution 
conditions. The produced polymer was characterized by gel permeation chromatography (GPC) 
and proton nuclear magnetic resonance spectroscopy (1HNMR). The structures of PEI–Ag/Fe and 
APTES–Ag/Fe are assumed. The conversion efficiency was 100%, 100%, 97.6%, and 99.1% using Fe, 
Ag/Fe, PEI–Ag/Fe, and APTES–Ag/Fe catalysts at the optimum conditions, respectively. Hybrid 
iron oxide silver nanoparticles are promising catalysts for PMMA preparation. 

Keywords: hybrid structure catalysts; iron/silver/organic; PMMA; polymerization 
 

1. Introduction 

Polymethyl methacrylate (PMMA) is a thermoplastic that is transparent with resistance to UV 
and has been used in a wide range of fields and applications. PMMA is versatile and is used in 
automotive, construction, electronics, and medical applications [1–5]. One of the challenges in the 
preparation of PMMA is the efficiency of conversion [6,7]. Polymerization of MMA has been achieved 
by different techniques such as bulk and solution polymerization, and different mechanisms such as 
free radical, living free radical, anionic, and redox mechanisms [8–14]. In the presence of two 
metallocenes, the rate of the MMA polymerization at the initial stages of conversion (5%–10%) 
increases strongly, as compared with that of the benzoyl peroxide and the zirconocene–benzoyl 
peroxide systems [6]. The free radical copolymerization of methyl methacrylate/methacrylic acid 
(poly(MMA-co-MAA) copolymer) was investigated using benzoyl peroxide initiator and ferrocene 
as an accelerator at 60 °C. It was found that more yield with high conversion (84.78%) are obtained 
when copolymerization occurs in the presence of ferrocene [7]. Copper phthalocyanine (CuPc) 
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supported over bentonite is relatively more specific than Nickel phthalocyanine (NiPc) in the 
polymerization of MMA in terms of conversion yield (viz, 63.63% for CuPc and 46.55% for NiPc) [8]. 
Free radical polymerization systems mainly rely on the amine/peroxide redox reaction to generate 
the polymerization initiating radicals upon mixing of the two components [9–14]. Tertiary aromatic 
amines have been used with benzoyl peroxide (BPO) to form an effective initiation system in the free-
radical polymerization of acrylic resins, especially that of methyl methacrylate (MMA) [14]. The 
kinetics of the free radical bulk polymerization of methyl methacrylate (MMA) was studied using the 
benzoyl peroxide (BPO)/amine initiation system. It was found that the maximum rate occurs when 
the ratio of [BPO]/[amine] is approximately equal to 1.5 [9]. The demand for catalysts with particular 
and specific physicochemical properties is constantly increasing. The integration of the unique 
properties of inorganic and organic nanoparticles in the same structure results in new properties that 
can be used in various applications. Hybrid inorganic/organic nanoparticles have gained particular 
attention because of fundamental scientific interest in various cutting-edge technological applications 
of these species, including their use in sensors [15], nanomedicine [16], antibacterial activity [17,18], 
magnetic resonance imaging (MRI) [19], hyperthermia [20], and catalysis [21,22]. It is widely known 
that the presence of a second co-metal can improve the properties of the catalytic system [23]. 
Catalysts based on magnetic silver nanoparticles have been attempted for the design of hybrid 
nanostructures that combine the physical and chemical properties of each component [23]. The 
catalyst with magnetic character provides: 1) easier separation of catalyst samples from the solution 
using an external magnet, 2) recovery of properties with cost-effectiveness, 3) re-dispersal under 
magnetic field, and 4) non-toxicity [24,25]. The presence of silver nanoparticles in the magnetic 
catalyst structure increases its catalytic activity as a heterogeneous catalyst [26,27]. Catalysts with the 
enhanced chemical and physical properties make the hybrid nanostructures suitable research targets 
in different applications [28–32]. The catalytic oxidation of volatile organic compounds (VOCs) has 
been carried out using the nanostructure catalyst of Fe–Ag–ZSM-5 [28]. Fe@Ag nanoparticle with 
calcium alginate beads was prepared for the reduction of nitrophenols [29]. Ag@Fe2O3 catalyst was 
prepared for the removal of 2-propanol [30]. Ag/Fe2O3 activity in the low-temperature oxidation of 
CO was studied [31]. Also, the catalytic application of Ag–Fe2O3–carbon nanocomposites was 
investigated [32]. Nanocomposites based on hybrid iron oxide silver have recently emerged as 
promising catalysts, where the shell not only protects the core from oxidation but also facilitates 
surface modification and functionalization to overcome problems caused by oxidation and 
aggregation of iron oxide nanoparticles (IONPs) [29,30]. Many methods have been used to prepare 
magnetic silver nanoparticles, such as hydrothermal decomposition [33], thermal decomposition [34], 
and two-step chemical method [35]. The efficiency of generation of the polymerization initiating 
radicals in MMA polymerization depending on the ratio of amine/peroxide has been studied [9–14]. 
In our study, APTES and PEI were used as sources of mono and multi amine groups, respectively. In 
the MMA polymerization reaction, naked magnetic silver nanoparticles and those coated with 
APTES and PEI were investigated to measure their efficiency in generating the polymerization 
initiating radicals. To the best of our knowledge, catalyst based on magnetic nanoparticles doped by 
silver has not yet been prepared at room temperature for bulk and solution polymerization of MMA. 
In this work, magnetic nanoparticles doped by silver catalysts were prepared in an open system at 
room temperature through the two-step reduction technique. The prepared samples of synthesized 
Fe, Ag/Fe, APTES–Ag/Fe, and PEI–Ag/Fe nanoparticles were analyzed by X-ray diffraction (XRD), 
transmission electron microscopy (TEM), dynamic light scattering (DLS), scanning electron 
microscopy/energy dispersive X-ray spectroscopy (SEM/EDX), and Fourier-transform infrared 
spectroscopy (FTIR). Their catalytic efficiency was investigated as a new family of nanocomposites 
that may be appropriate for MMA polymerization. 
  



Catalysts 2020, 10, 422 3 of 16 

 

2. Results and Discussion 

2.1. Catalyst Preparation 

In this work, magnetic nanoparticles doped by silver catalyst based on Ag/Fe, APTES–Ag/Fe , 
and PEI–Ag/Fe were prepared in an open system at room temperature using the two step reduction 
technique, as shown in Figure 1. First, the iron oxide nanoparticles were prepared by the reduction 
of FeCl3 using sodium borohydride (NaBH4) at room temperature. Second, magnetic nanoparticles 
doped with a series of Ag nanoparticles (Ag, Ag/3–amino propyltriethoxysilane (APTES), and 
Ag/poly(ethyleneimine) (PEI)). 

 
Figure 1. Illustrated scheme for the preparation of catalysts Ag/Fe, 3-amino propyltriethoxysilane 
(APTES)-Ag/Fe, and poly(ethyleneimine) (PEI)–Ag/Fe by a two-step reduction process. 

2.2. Catalyst Characterization 

2.2.1. XRD 
The phase identification of the prepared nanoparticles was investigated using XRD. Figure 2 

displays the XRD patterns of: (a) iron oxide nanoparticles (Fe), (b) silver/iron (Ag/Fe), (c) APTES–
Ag/Fe , and (d) PEI–Ag/Fe. Figure 2a shows the XRD patterns of the prepared nanoparticles. The two 
weak peaks visible at the 2θ of 45° and 35° indicate the presence of both zero-valent iron and iron 
oxide crystalline phases, respectively [36]. Formation of iron oxide nanoparticles occurs as a result of 
using water in the medium without an inert gas and using water in the washing of the produced 
nanoparticles. ZVI nanoparticles naturally oxidize upon reaction with water and oxygen and form 
an iron oxide layer on the surface, which has been noticed and confirmed previously [36–39]. 
Recently, Mukhtar et al. stated that with the increase of reaction time in water from 0 to 360 min, the 
oxide layer thickness increases from 2.5 to 10 nm. The composition and phase of the oxide layer 
formed on an iron core depends on the distance from the inner Fe core to the outer oxide layers, i.e., 
usually there is a progression from zero valent Fe → FeO → Fe3O4 → Fe2O3. Although, for room 
temperature oxidation, a very thin oxide layer is formed, which makes it hard to differentiate the 
spatial variation of oxide shells [39]. Figure 2b shows that four characteristic peaks appeared at 2θ 
values of 38°, 44°, 64°, and 77°, which correspond respectively to the (111), (200), (220), and (311) 
lattice planes of the face-centered cubic phase (FCC) of Ag, (JCPDS No. 03-0931) [17]. Silver lattice 
plane (200) mostly overlapped with the Fe lattice plane (110) in the Ag/Fe spectrum. In Figure 2c, the 
intensity of Ag lines decreased due to the assembling of APTES–Ag with Fe. This observation may 
indicate the dispersion and interaction of Ag nanoparticles with APTES molecules. In the spectrum 
of PEI–Ag/Fe, shown in Figure 2d, shifting in peak position towards lower 2θ of 35.41°and 63.29 with 
decreasing intensities of peaks is caused by the presence of PEI molecules in the structure of magnetic 
nanoparticles (MNPs) [40]. 
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Figure 2. X-ray diffraction (XRD) patterns of: (a) synthesized Fe, (b) Ag/Fe, (c) APTES–Ag/Fe , and (d) 
PEI–Ag/Fe. 

2.2.2. Scanning Electron Microscope and EDX 

The morphology of the prepared Fe, Ag/Fe, APTES–Ag/Fe, and PEI–Ag/Fe nanoparticles and 
their elemental analysis were investigated using SEM and EDX, and are shown in Figure 3. SEM of 
Fe shows spinal and plate-like morphology and its EDX show the presence of Fe and O. The EDX of 
Ag/Fe confirms the presence of Fe, Ag, and O. On the other hand, its SEM shows ordered and 
homogeneous aggregates like roses. Each one appearing as agglomerated nanoplates (mostly Ag 
around Fe nanoparticles). Also EDX analysis of APTES–Ag/Fe and PEI–Ag/Fe confirm the presence 
of Fe, Ag, and O in both samples. The morphology of PEI–Ag/Fe appears as large agglomerated 
particles, which is further confirmed with TEM and DLS. 
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Figure 3. Scanning electron microscopy (SEM) micrographs and the elemental analysis using energy 
dispersive X-ray spectroscopy (EDX) of (a) synthesized Fe, (b) Ag/Fe, (c) APTES–Ag/Fe, and (d) PEI–
Ag/Fe. 
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2.2.3. TEM 
The transmission electron microscope (TEM) images of Ag/Fe, APTES–Ag/Fe, and PEI–Ag/Fe 

nanoparticles are shown in Figure 4. It shows the magnetic nanoparticles doped by silver with a 
particle size of ~20 nm. It was observed that the presence of APTES-Ag decreases the aggregation 
between the prepared nanoparticles. APTES–Ag/Fe shows less aggregation, which is further 
confirmed by narrow size distribution observed using DLS. In contrast, PEI–Ag/Fe shows high 
aggregation, which is further confirmed by a wide size distribution observed using DLS. 

 
Figure 4. The transmission electron microscopy (TEM) micrographs of (a) Ag/Fe, (b) APTES–Ag/Fe, 
and (c) PEI–Ag/Fe. 

2.2.4. The Hydrodynamic Size of Catalyst Samples 

The hydrodynamic sizes of Fe, Ag/Fe, APTES–Ag/Fe , and PEI–Ag/Fe were measured using the 
Dynamic Light Scattering (DLS) technique, as shown in Figure 5a–d, respectively. DLS revealed that 
the prepared iron oxide nanoparticles have an average particle size of 39 nm with a narrow 
distribution. This value was increased by the addition of Ag nanoparticles and the assembling of 
APTES–Ag and PEI–Ag on to the Fe surface, as shown in Figure 5b–d. The mean hydrodynamic sizes 
were 195.8 nm, 295.3 nm, and 283.5 nm for Ag/Fe, APTES–Ag/Fe , and PEI–Ag/Fe, respectively. These 
results concur with the SEM photos that show agglomerated nanocomposite particles in each sample. 

DLS provides statistical representative data about the hydrodynamic size of nanomaterials 
(hydrodynamic radius on an ensemble average). However, the interpretation of DLS data involves 
the interplay of a few parameters, such as the size, concentration, shape, polydispersity, and surface 
properties of the MNPs [41–44]. If the sample is too dilute, there may not be enough scattering events 
to make a proper measurement. On the other hand, if the sample is too concentrated, then multiple 
scattering can occur. Moreover, at high concentrations, the particles might not be freely mobile with 
the spatial displacement driven solely by Brownian motion. The displacements may be strongly 
influenced by particle interactions. This scenario is especially true in case of MNPs with interparticle 
magnetic dipole–dipole interactions. Although DLS can sometimes measure anisotropic 
nanostructures, it generally assumes spherical shaped particles. Overall, the real-time screening of 
NPs by DLS provides important insights into their aggregation process as it quantitatively measures 
the size of the particle clusters thus formed. 
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Figure 5. The particle size distribution measured using Dynamic Light Scattering (DLS) of (a) 
synthesized Fe, (b) Ag/Fe (c), APTES–Ag/Fe, and (d) PEI–Ag/Fe. 

2.2.5. FT–IR 

Functional groups on the surface of the magnetic nanoparticles doped by silver were detected 
by FT–IR in Figure 6. The absorption peak near to 500 cm−1 confirms the presence of a Fe–O bond, 
which related to the iron oxide nanoparticles. The peak closes to 800 cm−1 is due to Si–O and implies 
the presence of APTES. The absorption contribution from the free –NH2 group of APTES observed at 
3400 cm−1. The absorption bands near to 3400 and 1100 cm−1 account for the vibration bands of NH2 
and C–N respectively were given to PEI. The determined peaks point to the existence of APTES and 
PEI on the surface of nanoparticles. 
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Figure 6. Fourier-transform infrared spectroscopy (FT–IR) of (a) synthesized Fe, (b) Ag/Fe, (c) 
APTES–Ag/Fe, and (d) PEI–Ag/Fe. 

2.3. The Catalytic Activity of Different Catalyst Samples in MMA Polymerization 

Table 1 displays the conversion percentage (Conv.%) of PMMA using different catalyst samples 
under different conditions: (A) Bulk polymerization in O2 or N2 atmosphere for 5 h with and without 
NaHSO3, and (B) solution polymerization in acetonitrile (AcN) with and without benzoyl peroxide 
(B.P) in O2 atmosphere (Catalyst/B.P ratio is 3/1 and 4/1) after reaction times of 3 and 5 h, respectively, 
with a reaction temperature of 80 °C.  

A) All catalyst samples have nil activity in bulk polymerization of MMA in O2 atmosphere. This 
result indicates that O2 has an inhibition effect on these catalysts. According to Hurvois et al. 
[45], this may be due to the blocking of the active sites and prevention of the formation of active 
species. Also, it is nil in N2 atmosphere except for PEI–Ag/Fe sample that gave 4% PMMA as 
shown in Table 1. This result is mostly due to NH2 groups of PEI which undergo initiation by 
hydrogen transfer to MMA double bond (Cat-HNδ- … [δ+CH2-Cδ-(H δ+)(CH3)(COOCH3]-) and the 
polymerization proceeds by anionic mechanism [46,47]. Other catalyst samples are inactive 
without a cocatalyst or initiator at these conditions. On the other hand, the addition of NaHSO3 
initiated the bulk polymerization reaction in N2 atmosphere with all catalyst samples which 
proceeded mostly by the redox mechanism [48]. The conversion (%) was 1.5%, 16.7%, 40%, and 
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42.3% using Fe, Ag/Fe, PEI–Ag/Fe, and APTES–Ag/Fe, respectively. According to previous 
studies [8], HSO3- can work as a reducing agent, H-donor, a chain transfer agent, and a cocatalyst. 
Iron with/without silver as a transition metal forms a redox system with NaHSO3 according to 
different studies [48]. That is because HSO3- reduces the transition metal and produces SO3-· 
which starts the initiation and propagation steps of MMA as shown in equation (1): 

O O

( n 1
• • •

+⎯⎯⎯→ ⎯⎯⎯⎯→
 

- ( MMA) ( MMA)- + - -• nCore / shel l / organic) + HSO → SO + H O - S - O - ( MMA) O - S - O - ( MMA)3 3

 (1) 

Also, assembling of Ag on to the Fe surface enhances the redox process and the polymerization 
activity increases from 1.5% to 16.7% using Fe and Ag/Fe, respectively. This may indicate that AgNPs 
shell interacted with Fe nanoparticles due to the electron plasmon resonance of silver and the electron 
deficiency of Fe in the Ag/Fe sample. As a result, new stronger active sites and more free radicals are 
created, resulting in higher activity. These results reflect the high performance of Ag as a further 
activator in the presence of HSO3-. Also, the performance of catalyst samples increases by seeding of 
AgNPs on PEI or APTES and their assembling on to the Fe surface, and so the conv.% increases to 
40% and 42.7%, respectively, as shown in Table 1. It is concluded that in bulk polymerization of 
MMA, all catalyst samples are inhibited in oxygen but activated using NaHSO3. The results also 
reflect the high performance of Ag NPs as an activator or cocatalyst. 

Table 1. The conversion% of PMMA using different catalyst samples at 80 °C and different conditions, 
Bulk polymerization in O2 andN2 atmosphere for 5 h with and without NaHSO3 and solution 
polymerization in AcN + B.P in O2 gas with catalyst/B.P ratio = 3/1 and 4 /1 after reaction times of 3 
and 5 h. 

Catalyst 
Samples 

Bulk,  
O2 

Bulk,  
N2 

Bulk, N2, 
NaHSO3 

1mL of 
(AcN+B.P), O2, 

Cat., 
Cat.: B.P (3:1), 

3 h 

1mL of 
(AcN+B.P), O2, 

Cat., 
Cat.: B.P (4:1), 3 

h 

1mL of 
(AcN+B.P), O2, 

Cat., 
Cat.: B.P (4:1), 5 

h 
Fe Nil Nil 1.5 34.0  45.2 88.6 

Ag/Fe Nil Nil 16.7 46.7  75.5 100.0 

PEI–Ag/Fe Nil 4.0 40.0 81.4  88.2 97.0 

APTES–Ag/Fe  Nil Nil 42.3 70.0  81.7 95.0 

B) Similar to the bulk process, the results of solution polymerization in AcN presented in Table 
1 indicate nil activity using all catalyst samples in O2 atmosphere. These results confirm the 
inhibition effect of oxygen with these catalyst samples at these conditions. In light of 
previous publications, we postulated that the studied catalyst samples may have the 
behavior of a ferrocene-benzoyl peroxide-oxygen system due to the effect of magnetic iron 
[49–53].So, benzoyl peroxide solution in acetonitrile (0.1 mL, 1% w/v) was added with 
different catalyst/ benzoyl peroxide ratios (Cat/B.P = 3/1 and 4/1) for 3 h in oxygen 
atmosphere at the same reaction temperature (80 °C). The Conv.% increased due to the 
addition of B.P with Cat./B.P ratio 3/1 and more improvement was obtained by increasing 
this ratio to 4/1, as shown in Table 1. Also, longer reaction time (5h) using the optimum ratio 
(4/1) produced higher polymer yields (88.6, 100, 97 and 95%) using the catalyst samples (Fe, 
Ag/Fe, PEI–Ag/Fe, and APTES–Ag/Fe ), respectively. Table 2 introduces the molecular 
weight distribution results w, n, and polydispersity index of PMMA which was 
produced using the studied benzoyl peroxide-oxygen catalyst system in the solution 
polymerization process at different Cat./B.P ratios after 3h at 80 °C. The results reveal that 
w and n values (from Table 2) and also the Conv.% (from Table 1) of PMMA was 
increased by increasing the Cat./B.P ratio from 3/1 to 4/1 with all catalyst samples except the 
Ag/Fe sample, with which the w and n decreased even though the conv.% increased 
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from 46.7 to 75.5%.It can be concluded that increasing the Cat/B.P ratio resulted in increases 
in the number of active sites, the decomposition of B.P and the number of free radicals. Also, 
the chain transferring rate increased mostly due to AgNPs in Ag/Fe sample relative to the 
propagation rate, this resulted in increased conv.% with decreased w and n while using 
the 4/1 ratio. The polydispersity index ranged between 2.19 and 2.96 indicating a broadly 
distributed polymer. 

Table 2. Gel permeation chromatography (GPC) analysis of poly(methyl methacrylate) (PMMA) 
produced by solution polymerization using Cat./B.P = 3/1 and 4/1 at 80 °C for 3 h in an oxygen 
atmosphere. 

Catalyst 
Samples 

Fe 
 

3/1 

Fe 
 

4/1 

Ag/Fe 
 

3/1 

Ag/Fe 
 

4/1 

PEI–
Ag/Fe 

3/1 

PEI–
Ag/Fe 

4/1 

APTES–
Ag/Fe  

3/1 

APTES–
Ag/Fe  

4/1 
w X 10−3 174 190 266 239 262 233 176 195 
n X 10−3 66 86 107 100 89 95 66 74 
w /n 2.62 2.19 2.48 2.39 2.96 2.45 2.65 2.62 

Table 3 presents the Conv.%, molecular weight distribution results, tactospecificity%, β, and α 
values of PMMA prepared by solution polymerization at 80 °C for 3 h in an oxygen atmosphere using 
iron-based catalyst systems and benzoyl peroxide with catalyst/B.P ratio of 4/1. The weight average 
molecular weight (w) of PMMA increased from 190 × 10−3 to (239 and 233) × 10−3 using Fe, Ag/Fe, 
and PEI–Ag/Fe, and then decreased to 195 × 10−3 using APTES–Ag/Fe . The polydispersity index 
(w/n) was 2.19 using the Fe sample, which then increased to 2.39, 2.45, and 2.62 using other 
samples, as shown in Table 3. The polydispersity index values are higher than the range for a living 
polymerization process (w/n = 1.1–1.5), postulating broadly distributed polymer chains [49]. 
Besides, 1HNMR tactospecificity% (mm, rm, and rr), β and α values show a disappearing isotactic 
polymer and so β value is zero due to assembling of AgNPs in Ag/Fe sample, as shown in Table 3. 
These results confirm that the Ag/Fe catalyst may work with a different addition mechanism which 
results in the disappearance of the isotactic chain. The tactospecificity% of I(mm):H(rm):S(rr) shows 
that the syndiotactic polymer chains (rr) are higher than 50% in all the catalyst samples, thus 
indicating a free radical mechanism [8]. Also, β values (4[mm] [rr]/[mr]2) of the polymer produced by 
other assembled samples that contain AgNPs are close to 1, 1.18 (PEI–Ag/Fe), and 1.16 (APTES–
Ag/Fe) indicating that AgNPs form the most important active sites which result in a chain-end control 
mechanism. Using the all indicating no enantiomorphic site-control approach, the values of α 
(2[rr]/[mr]) are found to be far from 1. The building of PEI–Ag/Fe and APTES–Ag/Fe samples results 
in improvement of the Conv.% of PMMA of 97% and 95%, respectively, relative to Fe and Ag/Fe 
samples. APTES–Ag/Fe produced a lower number of active sites relative to PEI–Ag/Fe because 
PMMA has lower w and n and slightly lower Conv.%. 

Table 3. Results of methyl methacrylate solution polymerization at 80 °C for 3 h in an oxygen 
atmosphere using iron-based catalyst samples and benzoyl peroxide as cocatalyst (Cat./B.P = 4/1). The 
table shows the conversion%, the molecular weight distribution, and 1HNMR results of PMMA. 

Catalyst Samples 
 

 
Conv.% 

 
ww.10-3 

 
w/n 

Tactospecificity%  
β 

 
Α I(mm) H(rm) S(rr) 

Fe 45.2 190 2.19 8.7 29.0 62.3 2.57 4.3 
Ag/Fe 75.5 239 2.39 0.0 42.5 57.5 0.0 2.7 

PEI–Ag/Fe 88.2 233 2.45 9.2 39.8 51.0 1.18 2.6 
APTES-Ag/Fe 81.7 195 2.62 6.2 35.3 58.5 1.16 3.33 

The abovementioned results and other studies indicated that the presented catalyst samples 
mostly have ferrocene like mechanism [49–53]. To confirm this idea and to compare with previously 
studied ferrocene systems, the polymerization reaction was repeated with the last optimum 
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conditions (Cat./B.P = 4/1 and 5 h) but without oxygen. In this reaction, the conv.% increased to 100%, 
100%, 97.6%, and 99.1% using Fe, Ag/Fe, PEI–Ag/Fe, and APTES–Ag/Fe, respectively. The 
polymerization process was almost complete, which confirms the ability of Fe based samples to react 
with B.P and produce benzoate which catalyzes B.P decomposition to free radicals [50]. This resulted 
in accelerating the propagation nearly without termination. The polymerization process is mostly via 
free radical mechanism with/without oxygen. 

The role of the ferrocenium radical cation and the Cp2Fe+–O• radical in the initiation of methyl 
methacrylate polymerization in the absence and presence of oxygen was studied in [49]. They found 
that the polymerization of MMA proceeds in the presence of ferrocene and BP under both anaerobic 
and aerobic conditions and the rate is higher in the presence of oxygen. Also, the more efficient ratio 
of ferrocene/benzoyl peroxide is 4:1. The reactivity of ferrocenium cations with molecular oxygen in 
polar organic solvents was investigated in [45]. When the solvent is non-oxidizable, such as 
acetonitrile, the oxygen decomposes the active specie (ferrocenium cation) to ferrocene. However, in 
oxidizable solvents, such as dimethylformamide (DMF), the ferrocenium cation reversibly forms 
peroxy radical cations. Ferrocene-benzoyl peroxide system, which is mostly used in an inert 
environment, is capable of forming active species in the presence of oxygen as an initiator of vinyl 
monomer polymerization [52]. 

A comparison between ferrocene and our Fe-based system that we postulate as (Fe samples-
benzoyl peroxide) having a ferrocene mechanism is presented as follows: 1) Ferrocenium cation (the 
active species) decomposed to ferrocene in an oxygen atmosphere in the acetonitrile solvent, meaning 
that it is inhibited at these conditions and our Fe-based catalyst samples have nil activity in bulk and 
solution conditions [45]. 2) Ferrocene accelerates benzoyl peroxide decomposition producing free 
radicals that are necessary to initiate the reaction according to previous publications [49–53]. Our 
samples with benzoyl peroxide produce free radicals that improved the conv.%. 3) Ferrocene-benzoyl 
peroxide works with and without oxygen but in oxygen it is better [49]. Our Fe-based samples-
benzoyl peroxide worked with and without oxygen but without oxygen it was better. Finally, the 
optimum conditions for MMA polymerization using the studied catalyst samples are Cat./B.P = 4/1, 
for 5 h and without O2 in AcN solvent by solution technique. 

3. Experimental Work 

3.1. Materials 

Ferric chloride hexahydrate (FeCl3.6H2O), silver nitrate (AgNO3), sodium borohydride (NaBH4), 
3-aminopropyltriethoxysilane (APTES), poly(ethyleneimine) solution (PEI) ~50% in H2O (M.W. 
600,000-1,000,000), NaHSO3, benzoylperoxide, and methyl methacrylate (MMA) were all obtained 
from Sigma–Aldrich, Germany. 

3.2. Preparation of Iron Oxide Nanoparticles 

The iron oxide nanoparticles were prepared using the reduction process. 0.55 g of FeCl3·6H2O 
was dissolved in a mixture of ethanol 24 mL and deionized water (DI water) 6 mL at room 
temperature. NaBH4 (0.3783 g in 100 mL water) was added dropwise to the solution in an open 
system (without inert gas) with higher stirring using mechanical stirrer for 15 min. The final 
nanoparticles precipitate was filtered, washed with DI water, and then dried under vacuum and 
denoted as (Fe). 

3.3. Preparation of Catalysts Based on Magnetic Nanoparticle Doped by Silver 

Three types of catalysts based on magnetic nanoparticles doped by silver were prepared using 
the reduction method. 

• Unmodified catalyst based on silver/iron oxide was prepared by the addition of AgNO3 (0.170 g 
in 100 mL DI water) to the iron oxide nanoparticles (0.5 g), which were prepared in the first step. 
AgNO3 was reduced by the dropwise addition of NaHB4 (0.3783 g in 100 mL water) at room 
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temperature in an open system (without inert gas) with higher stirring using mechanical stirrer 
for 15 min. The final precipitate was filtered, washed with DI water, and then dried under 
vacuum. This sample was denoted as Ag/Fe. 

• Preparation of organic-silver/iron oxide catalyst based on APTES–Ag/Fe was carried out by the 
addition of AgNO3 solution (0.17 g in 100 mL DI water) and 4 g of APTES to the prepared iron 
nanoparticles (0.5 g). AgNO3 was reduced using the same abovementioned method. The final 
precipitates were filtered, washed with DI water, and then dried under vacuum. This sample 
was denoted as APTES–Ag/Fe. 

• Preparation of polymer-silver/iron oxide catalyst based on PEI–Ag/Fe was carried out by the 
addition of AgNO3 solution (0.17 g in 100 mL DI water) and 4 g of PEI to the prepared iron 
nanoparticles (0.5 g). AgNO3was reduced using the same abovementioned method. The final 
precipitates were filtered, washed with DI water, and then dried under vacuum. This sample 
was denoted as PEI–Ag/Fe. 

3.4. Catalyst Characterization 

Different techniques have been used for the characterization of the prepared catalyst samples. 
X-ray diffraction (XRD) of the nanoparticles was analyzed using an X-ray diffractometer (Rigaku, 
Japan) equipped with a copper X-ray tube and Cu KR radiation. Measurement was performed at a 
scan speed of 4°/min with a 2θ ranging from 4° to 80°. 

Microscopy images and elemental analysis of all catalyst samples were achieved by scanning 
electron microscopy (SEM) and energy dispersive X-Rays spectroscopy (EDX) using a Zeiss ULTRA 
Plus field-emission SEM equipped with a Schottky cathode. The images of catalyst samples were 
analyzed through Smart SEM software v5.05 (Zeiss, Germany) for imaging run at 1.5 kV.,  

Transmission electron microscopy images (TEM) were obtained using a JEOL JEM-1230 working 
at 120 kV with an attached CCD camera to investigate the nanostructure of the prepared catalyst 
samples. Dynamic Light Scattering (DLS) analysis was employed to measure the hydrodynamic 
diameters of nanoparticles aggregates in DI water using a Zetasizer Nano DLS unit (Malvern 
Instruments).Fourier transform infrared spectroscopy (FT–IR) was performed using the Tensor 27 
Infrared Spectrometer (Bruker, USA). 

3.5. Methyl Methacrylate Polymerization Reaction 

The catalytic activity of Fe, Ag/Fe, PEI- Ag/Fe and APTES–Ag/Fe was studied through bulk and 
solution polymerization of MMA. 

• Bulk polymerization was performed by injecting 1.4 g of freshly cleaned MMA and 0.03 g of the 
catalyst sample into the reaction test tube (capacity 20 mL). The efficiency of the catalyst samples 
is tested by: (1) the passing of dry and pure N2 to test the catalyst behavior only without an 
initiator; (2) passing pure and dry O2 gas to test the activity of the catalysts with oxygen as the 
initiator; and (3) passing of N2 with the addition of 0.1 mL of NaHSO3 saturated solution to test 
the catalyst activity in the presence of sodium hydrogen sulfite [8]. The reaction time was 5 h in 
all bulk experiments. 

• Solution polymerization was performed by adding 1.4 g MMA and 0.03 g catalyst in 1 mL of 
acetonitrile solvent (AcN). The catalytic activity of catalysts was evaluated by different 
experiments: (1) passing O2 as the initiator; (2) adding 1 mL of benzoyl peroxide (B.P) solution 
as the co-initiator plus passing oxygen; (3) using specific catalyst/benzoyl peroxide ratios of 3/1 
and 4/1 w/w, by respectively dissolving 0.075 or 0.1 g of benzoyl peroxide in 10 mL of AcN and 
taking 1 mL of the solution and adding it to the reaction mixture; and (4) the reaction time was 
varied as 3 and 5 h. 

The test tube was sealed off during all the bulk and solution experiments and placed at 80 °C in 
a thermo-stated water bath. Once the reaction time was complete, the reaction mixture tube was 
cooled to room temperature, carefully opened, and the PMMA was separated from the catalyst using 
a previously published method [8]. 
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PMMA conversion (Conv.%) = (weight of the produced polymer/weight of monomer) × 100. 

3.6. Characterization of Polymethyl Methacrylate 

Molecular weight distribution analysis of the produced polymer was carried out through gel 
permeation chromatography (GPC). The measurements were performed in toluene of HPLC grade 
with a rate of elution 0.7 mL/min at 40 °C. Monodisperse polystyrene standards were used as the 
reference to calculate the molecular weights of PMMA. Calculations were carried out using the 
Millennium 32 Chromatography Manager with the software for gel-permeation application. Proton 
nuclear magnetic resonance spectroscopy (1HNMR) was used for the tacticity analysis of PMMA 
which was done on a Bruker-300 MHz spectrometer with a superconducting magnet and a 5 mm 
dual-probe head. The internal reference was tetramethylsilane and CDCl3 was used as the solvent. 
The triads% (rr, mm, and rm) sequences were calculated using the following equation as an example: 
(rr) % = [the area under the peak of (rr) triads/the total area under the peaks of (rr + mr + mm)] × 100. 

4. Conclusions 

A series of catalysts based on magnetic nanoparticles doped by silver (Ag/Fe, PEI–Ag/Fe, and 
APTES–Ag/Fe) was prepared at room temperature using a two-step technique. The prepared 
nanoparticles were characterized by XRD, SEM/EDX, DLS, FT–IR, and TEM. Their activity was tested 
using bulk and solution polymerization conditions for MMA at 80 °C under different conditions. The 
produced polymer was characterized using GPC and 1HNMR. The optimum conditions thus 
determined are: catalyst/benzoyl peroxide ratio 4/1 at 80 °C for 5 h and without oxygen. The results 
indicated that the studied Fe-based catalysts have ferrocene like behavior in MMA polymerization. 
Oxygen inhibits the catalyst but NaHSO3, benzoyl peroxide and silver enhance the redox process and 
improve the Conv.% of PMMA. 
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