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ABSTRACT. Vernonia oil is a naturally epoxidized triglyceride oil extracted from the seed of Vernonia
galamensis, a native plant in East Africa. After hydrolysis to vernolic acid (VA) and derivatization, vernolic acid
methyl ester (VAME) is synthesized and used to functionalize ordered mesoporous materials (OMM). AI-MCM-41
with Si/Al ratio of 15, pure silica SBA-15 and periodic mesoporous organosilica (PMO) are employed as supports
exploring the different surface properties. Following optimization of the VAME/OMM ratios, selected samples, i.e.
those with 13% VAME, were impregnated with AgNO; in NaBH, to obtain Ag-nanoparticles. The final AgVAME-
OMM potential catalysts were characterized by transmission electron microscopy, observing an efficient loading of
Ag nanoparticles in pure silica SBA-15 with VAME with 500 m? specific surface area and 6 nm pore size.

KEY WORDS: Vernolic acid methyl ester, Vernonia oil, Functionalization, Ordered mesoporous materials,
Catalysis

INTRODUCTION

Since the first ordered mesoporous materials (OMMs) were discovered nearly thirty years ago,
many novel approaches have been successfully implemented in designing the synthesis and
modification of a large number of silica and non-silica materials with the aim of tuning their
constitutional and morphological properties. OMMs have found practical applications in catalysis,
gas separation and adsorption techniques, medicine, in the electronics industry and other related
fields [1]. Therefore, changing their constitutional and morphological properties will result in
increasing their activities and selectivity through the functionalization of their large surface areas
(> 1000 m*g") and internal frameworks [2].

Functionalization of OMMs is usually performed via grafting or post-modification methods
with inorganic/organic components, i.e. acids, bases, metallic nanoparticles, organometallic
complexes and composite materials [3]. The functionalization of mesoporous materials increases
their hydrophobicity and hydrothermal stability. In this regard, several attempts have been
undertaken on the surface modification of mesoporous silica using long alkyl chains of fatty acids
such as oleic acid and its derivatives [4]. Functionalized mesoporous materials have shown to
have potential applications as hard templates to control the shape and size of metal nanoparticles
that can be used as catalysts [5] and in biomedicine for drug delivery systems [6].

As reported in the literature, a facile synthesis of oleic acid and imidazole containing ligands
conjugated to fatty acids chains between oleic acid and 2-mercaptoimidazole and condensation
between (4)5-imidazoledithiocarboxylic and 9,10-epoxystearic acids were used as surface ligands
for stabilization of nanocrystals and metal nanoparticles for catalytic applications [3, 7-9].
Vernonia oil is a bio-renewable feedstock extracted from the seeds of Vernonia galamensis, a
plant native to East Africa [10]. The extract contains a significant concentration (approx. 40%) of
naturally epoxidised triglyceride oils. This natural functionality would allow for more facile
exploitation of vernolic acid in possible future applications as opposed to other commonly-used
fatty acids such as oleic acid, which generally must be epoxidised before undergoing further
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reactions [11]. Oils of this type are particularly useful as cross-linking agents in environmentally
benign, solvent-free powder coatings and bonded structural materials. Of more interest, in a sense
of chemistry research, is the application of these materials as building blocks for the preparation
of biodegradable hydrophobic plastics including polyhydroxy alkanoates (PHAs), which exhibit
high performance barrier properties. Moreover, derivatives of vernonia oil offer great potentials
in pharmaceuticals (topical medical preparations) [12, 13].

In the course of our work, a vernolate starch ester has been synthesized via the enzymatic
esterification of cassava starch in a mixture of organic solvent and ionic liquid (IL) as reaction
medium as well as Novozyme 435 as the catalyst. The IL based medium imparts high solubility
and significant activity of the enzyme [14]. In the optimized reaction conditions, a degree of
substitution (DS) of 0.95 was achieved, at a reaction temperature of 40 °C within 72 h, which
indicates that the enzymatic reaction might be specific towards the hydroxyl groups of the starch
backbone. The development of drug delivery systems (DDS) using hyperbranched biopolymers
(HBP) has recently made huge progress and in this regard, vernonia oil based HBPs have several
advantages over other epoxidized vegetable oils produced industrially and it is believed that
vernonia oil will continue to be a very attractive raw material for many applications [15].

In this work, we report the use of vernolic acid methyl ester (VAME) for surface modification
of three types of ordered mesoporous materials, i.e. AI-MCM-41, SBA-15 and periodic
mesoporous organosilica (PMO), which are subsequently used for immobilization of silver
nanoparticles (Ag-NPs) due to its potential for catalytic applications, for instance in the
photocatalytic degradation of dyes produced in the textile industry.

EXPERIMENTAL

Extraction and purification of vernonia oil: Hydrolysis to vernolic acid and derivatization to
vernolic acid methyl ester (VAME)

Vernonia galamensis seeds have high oil content of 40-42%, which can be obtained via the
conventional solvent extraction method as described hereunder. V. galamensis seeds were first
sun-dried, cleaned and cooled in a refrigerator, heated in an oven for about 1 hour at 363 K for
lipase deactivation, and ground in a coffee mill grinder. Powdered seeds of V. galamensis were
extracted with n-hexane as a solvent for three hours using a Soxhlet extraction system. The crude
vernonia oil (CVO) was filtered, kept overnight in a refrigerator and decanted to separate the oil
from the solid residue and then the solvent was removed using a rotary evaporator. After the
extraction of crude vernonia oil, non-triacylglycerol components were removed from the crude
oil by solid phase extraction (SPE). In this procedure, 10-20 g of CVO was dissolved in 10-20
mL n-hexane and mixed with 35% w/w activated carbon introduced from the top of 60 g packed
silica gel. Three different fractions were collected by elution with n-hexane (50-60 mL, fraction
1), 1:1 v/v of n-hexane/diethyl ether (60 mL, fraction 2) and methanol (40 mL, fraction 3),
respectively to get glycerides and non-glycerides separated. This was followed by deacidification
by solvent extraction with n-hexane/ diethyl ether. The purity of the purified vernonia oil (VO)
was checked by TLC, 'H and *C-NMR as well as FT-IR analyses.

For the hydrolysis of VO, 50 mL methanol and 0.125 mol (5 g) sodium hydroxide were placed
in a 250 mL round-bottom flask with a magnetic stirrer bar. The flask was fitted with a condenser
and the mixture was heated to reflux while stirring for about 30 min until complete dissolution of
the sodium hydroxide. 5.53 mmol (5.12 g) vernonia oil was added to the flask. The resulting
brownish solution was refluxed with continuous stirring for about 30 min. The solution was then
immediately transferred to a beaker and allowed to form a semi-solid product on cooling. About
100 g of ice and 50 mL of water were added. The cold mixture was filtered under a reduced
pressure to obtain a white solid soap. The soap was transferred into a beaker and mixed with 100
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g ice and 100 mL water, acidified with 4 mL glacial acetic acid. The acidified mixture was
immediately filtered under reduced pressure, followed by hexane extraction (100 mL). After the
removal of the aqueous phase and drying over magnesium sulfate, the excess solvent was removed
under reduced pressure. Purification of the vernolic acid was accomplished by recrystallisation
from hexane at 195 K. After filtration under reduced pressure, the vernolic acid was rinsed with
cold hexane. The pure vernolic acid, a yellow solid that melts with a yield of about 60% at room
temperature was obtained.

Extraction of vernonia oil Vernonia seed

1  Clean, heated 90°C and powdered

2 Soxhlet extraction n-hexane

3 Removal of n-hexane by rotary
evaporator

Crude vernonia

Purification of vernonia oil
1 Bleaching: Activated Charcoal (5-
8%) 60 °C, 1h
2 Degumming: 2.5-5 g H20 60-70 °C,
1h
3 Neutralization: 0.1M NaOH 40°C
1h; dil. NaOH RT 30 min

Neutralized vernonia oil

Hydrolysis
1. Saponification by NaOH in MeOH OYW\/\:/\_/\A/
2. Acidification by glacial acetic acid at 00 A0
low T o N
3. Dissolution in n-hexane, separation TVW\_/\_/\N

o]
by separatory funnel v °

Vernolic acid

Derivatization
1. 25mL of HCl in MeOH oy
2. Refluxing 30 min 3
3. Separation and washing with
saturated NaCl

o

Vernolic acid methvl ester

]

Figure 1. Process flow for the extraction and purification of vernonia oil: Hydrolysis to vernolic
acid (VA), and derivatization to vernolic acid methyl ester (VAME).

Preparation of vernolic acid methyl ester (VAME) was performed by esterification of vernolic
acid [16, 17]. First, methanolic hydrochloride acid solution was prepared by adding 2.5 mL of
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acetyl chloride to 50 mL of methanol in an ice bath and the mixture was left closed for 15 min.
Vernolic acid was esterified in the absence of diethyl ether. After cooling, the refluxed solution
was transferred into a separatory funnel and mixed with 10-15 mL saturated NaCl solution. It was
then washed twice with 10 mL diethyl ether, and the lower phase was discarded. Finally, the
diethyl ether phase was washed with 5-10 mL saturated NaCl solution and dried with 0.5 g sodium
sulfate for 30 min, which was then separated from the solvent under vacuum drying. The entire
process is summarized in Figure 1.

Surface modification of OMMs with VAME

Different proportions of VAME and OMM were tested in order to optimize the final composite.
In a typical procedure, n-hexane and VAME were mixed with stirring, and then an appropriate
amount of OMM was added. The mixture was heated under stirring at 60 °C for 4 h. The solution
was filtered and the precipitate was rinsed thoroughly with ethanol and deionized water. The
precipitate was kept in a vacuum desiccator for 24 h. the samples were labeled as VAME-OMM-
n, where “n” corresponds to increasing VAME/VAME+OMM(g).

Loading of Ag on VAME-OMMSs

After optimization of the VAME/OMM ratios, selected samples, i.e. only those with 13% VAME,
were impregnated with Ag nanoparticles. The procedure was adapted from the literature [ 18, 19].
Hence, 0.15 g of VAME-OMMSs were suspended in 15 mL of DMF solution of 1.2 g AgNOs. The
mixture was equilibrated by stirring for 12 h. Freshly prepared DMF solution of 120 mg of NaBH4
in 15 mL DMF was added to the mixture dropwise at a reduced temperature (3—5 °C) with constant
stirring. The addition of NaBHj is followed by UV Vis spectroscopy to follow the formation of
silver nanoparticles. The mixture was then further stirred for 2 h. Then it was filtered, washed
with acetone, vacuum dried and labeled as AgVAME-OMM.

Characterization of the materials

X-ray diffraction (XRD) patterns were collected with a X'Pert Pro PANalytical diffractometer
(CuKa radiation, A = 0.15406 nm). Thermogravimetric analysis (TGA) was performed using a
Perkin-Elmer TGA7 instrument, with a heating rate of 20 °C/min under air flow. Nitrogen
adsorption-desorption isotherms were measured in a Micromeritics ASAP 2420 physisorption
analyzer and the samples were degassed at 350 °C and 150 °C in the case of the loaded samples,
for 16 h prior to data collection. Specific surface area was estimated by BET method,
external/micropore surface area by t-plot method, and pore size distribution (PSD) by BJH
method. Transmission Electronic Microscopy (TEM) images were registered with a JEOL 2100F
instrument operating at 200 kV. The samples were gently crushed, and mounted directly on a
holey carbon Cu-grid.

RESULTS AND DISCUSSION

Results on vernonia oil hydrolysis to vernolic acid and derivatization to vernolic acid methyl ester

(VAME).

Vernonia oil was first obtained by extraction of crude vernonia oil (40% yield) and then the crude
vernonia oil was purified into deep golden yellow neutral vernonia oil via conventional methods
(bleaching, degumming and neutralization) as described in the Experimental section and
summarized in Figure 1. The final purified vernonia oil was fully characterized by 'H and '*C
NMR as well as FT-IR spectroscopy resulting in the identification of the major functional groups:
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the ester, the double bond and the epoxy of the triglyceride structure [15]. Further hydrolysis
allows obtaining the vernolic Acid which was also easily identified by 'H and 1*C NMR. Figure
2 shows the spectra and Table 1 collects the main peaks with the corresponding identifications.
The presence of hydroxyl proton (-OH) confirmed the success of the hydrolysis of vernonia oil.

Vernolic acid methyl ester (VAME) was synthesized according to procedure reported in the
literature [16, 17] via acid catalyzed esterification reaction starting from the VA. The resulted
compounds were purified by column chromatographic separation based on TLC purity test
obtaining a recovery yield of VAME of 45%. NMR studies, 'H and '*C NMR were used to follow
the esterification process, the plots are included in Figure 2 and the main peak assignments are
collected in Table 1. "H NMR spectrum of VAME could identify the presence of major functional
groups. The integral peak areas of double bond, epoxy and methyl functional groups of VAME
are 1, 0.83 and 1.67, respectively compared to 1, 1, and 1.5 of their theoretical values for VAME.
The epoxy group has undergone partial ring opening, due to partial epoxy ring opening by HCl
catalyst that in turn introduces chloro and hydroxo substituent, respectively. This is also the main
reason of intensity reduction in the epoxy protons signal. Similarly, the *C NMR spectrum shows
the main functional groups of the methyl ester as the data indexed in Table 1. Apart from the given
data the new peaks appear at 67.41-67.88 and 73.44 ppm, respectively. This may be due to the
hydroxo and chloro substituents resulted from partial ring opening of epoxy group whose intensity
is diminished.

(a) (b)
i ‘ ‘ | H . ‘I
N
VA
VAME
VAME
. L I

10 5 0 200 150 100 50 0
3 (ppm) 3 (ppm)

Figure 2: (a) "H NMR spectra of vernolic acid (VA) and vernolic acid methyl ester (VAME) (8
ppm, 400 MHz, CDCI). (b) 3C NMR spectra of vernolic acid (VA) and vernolic acid
methyl ester (VAME) (8 ppm, 400 MHz, CDCls).

Results on surface modificatiom of AI-MCM-41, SBA-15 and PMO with vernolic acid methyl ester
(VAME).

Surface modification was done with vernolic acid methyl ester (VAME) so as to introduce surface
ligands with increased hydrophobicity to further immobilize silver metal nanoparticles [20].

In a first set of experiments, several ratios were tested in order to optimize the relationship
between the ammount of VAME and the porosity in the final composite. The best ratio for VAME
loading would be the one that allows surface modification of the OMM while avoiding pore
blocking or complete loss of pore volume. At the same time, the nature of the pore wall of the
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OMM will determine an optimum surface chemistry for efficient loading of silver. Acid OMM,
Al-MCM-41 with Si/Al ratio of 15 with mild Lewis acidity offers anchoring sites for Ag [21].
Pure silica SBA-15 was chosen due to the larger pore size (> 8 nm) and the presence of silanol
groups on the surface for potential anchoring [22]. Finally, a periodic organosilica formed with
ethylene groups in the pore wall was chosen as an hydrophobic support in wich the adsorption of
the vernolic acid methyl ester may be favored by simple hydrophobic interactions [23].

Table 1. Data of 'H and '*C NMR spectra of vernolic acid (VA) and vernolic acid methyl ester (VAME).

Type of proton 'H NMR | & (ppm) | Type of Carbon ®*C NMR | & (ppm)
Vemolic acid (VA)

Hydroxylic (-OH) 9.17-9.20 Carbonyl (O=C) 179.83-179.96
Olefinic (-CH=CH-) 5.33-5.49 Olefinic (CH=CH) 123.93-132.26
Epoxy (-O-C-H) 2.74-2.95 Epoxy (O-C-H) 56.31-56.92
Methylene olefinic (-CH2-CH=CH- 2.02-2.32 Methylene chain (CHz2)n 22.67-34.62
CH»-)
Methylene chain (CH2)n 1.25-1.61 Methyl (CH3) 13.81
Methyl (CHs) 0.87

vernolic acid methyl ester (vame)
Olefinic (-CH=CH-) 5.20-5.40 Vernonyl Carbonyl (O=C) | 174.05
Methoxy (-OCH3) 3.65-3.66 Olefinic (CH=CH) 124.39-132.92
Epoxy (-O-C-H) 2.61-2.76 Epoxy (O-C-H) 57.86
Methylene (-CH2-CH=CH-CH>-) 2.04-2.31 Methoxy (-OCHs) 51.26
Methylene (-CHa2)a 1.25-1.30 Methylene (CH2)n 22.4-33.39
Methyl (CH3) 0.89 Methyl (CH3) 13.88

In an attempt to quantify the loaded VAME in the OMM:s and determine its thermal stability,
the composites were characterized by thermogravimetric analysis (TGA/DTG). Table 2 collects
the different ratios of VAME versus OMMs as well as the different weight losses and Figure 3
plots the TGA/DTG curves of the three series.

Table 2. VAME loaded samples using several ratios in the three supports: AI-MCM-41, SBA-15 and PMO.

X =VAME/ TGA weight loss (%) T>150°C
VAME-OMM-x (VAME+OMM) | T<150°C | 150-600°C | T>600°C | weight loss (%)
VAME-MCM-1 0.13 9.97 12.68* 6.14 18.82
VAME-MCM-2 0.18 11.08 9.44* 4.92 14.36
VAME-MCM-3 0.59 3.00 36.92* 12.25 49.17
VAME-MCM-4 0.78 3.34 36.61%* 12.55 49.16
VAME-SBA-1 0.13 5.73 5.90 0.96 6.86
VAME-SBA-2 0.18 5.03 3.86 1.25 5.11
VAME-SBA-3 0.59 1.18 33.04 1.62 34.66
VAME-SBA-4 0.78 1.80 40.63 1.16 41.79
VAME-PMO-1 0.13 9.27 12.02 6.23 11.98%%*
VAME-PMO-2 0.18 3.07 43.10 6.86 43.69%*
VAME-PMO-3 0.59 3.07 46.95 4.09 44.77%*
Parent PMO 6.27%*

* For the AI-MCM-41 series of samples, this range is 150 to 500 °C, where the derivative (DTG) shows the
end of the main weight loss as it can be observed in Figure 2(a). ** 6.27% corresponds to the organic groups
forming the walls of PMO. This value has been subtracted from the values of the PMO series.
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Figure 3. Thermogravimetric studies, TGA/DTG curves: (a) on AI-MCM-41 (Si/Al =15) series

labeled VAME-MCM-x; (b) pure silica SBA-15 series labeled as VAME-SBA-x; and
(c) organosilica PMO series VAME-PMO-x.
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In all the TGA curves, the weight loss observed below 150 °C corresponds to solvent or water
desorption remaining from the loading procedure. A mid range prominent weight loss is observed
in the three series up to 500 °C in the case of AI-MCM-41 and 600 °C in the SBA-15 and PMO
series. The weight loss above 500 or 600 °C can be affected by the desorption of water or organic
species derived form the decomposition of the supports. Nevertheless, this last step is included in
the estimation of VAME incorporation as the difference is not clear enough. Table 2 depicts a
column of the total weight loss above 150 °C employed to estimate the yield of VAME
incorporated compared to the initial VAME/(VAME+OMM) ratios.

For AI-MCM-41, the TGA/DTG curves analysis showed at a glance higher amount of weight
loss at T > 150 °C being efficiency of VAME loading the highest optimum value for 13% VAME
loading. The high value is probably due to the high weight loss of solvent in this sample that may
be loaded and released at T > 150 °C. In these cases, the third loss centered at T > 500 °C may not
only be due to the release of water due to silanol condensation but also indicative of some stronger
interactions of the VAME with the acid sites of the AI-MCM-41 since this third weight loss shows
increasing amount of organic substances as the ratio increases. The most possible interactions
between VAME and AI-MCM-41 may be the stronger polar interaction between carboxylic and
epoxy functional groups of VAME with acid sites of AI-MCM-41 that lead to much higher loading
[24].

In the case of SBA-15 and PMO, higher amount of VAME is expected to be loaded, due to
the larger pore sizes of SBA-15 and PMO. The derivatives in these cases are different than in the
Al-MCM-41 case, showing that a maximum weight loss (i.e. loading) is achieved around 400 °C,
with no weight loss centered at 600 °C. For VAME-SBA, the analysis of TGA/DTG curves shows
that there is an increasing total weight loss from aproximately 6 to 40 wt % at T > 150 °C
indicating a higher loading as the VAME/OMM ratio increases. Similarly, for VAME-PMO, the
loading is higher as the ratio increases with larger number in this case, ranging from 12 to almost
60 wt% probably due to the higher affinity given the hydrophobicity of PMO. In this case, there
is a small weight loss at T > 600 °C due to the decomposition of the bridging organic groups of
the PMO, which is approximated 6.27 wt% and that has been subtracted from all the modified
samples.

In summary, the method seems to be efficient in incroporating VAME regardless of the
surface chemistry and pore size of the OMM employed. Thus further studies are required using
N, adsorption/desorption isotherms to evaluate the optimum ratio for further silver nanoparticles
synthesis and catalytic application. The obtained isotherms are plotted in Figure 4 and the textural
properties are collected in Table 3.

Table 3. Textural properties obtained from N2 adsorption/desorption isotherms.

X =VAME/ SgET Pore volume Pore diameter

VAME-OMM-x (VAME+OMM) (mg) (em’g’) BIH (nm)
Al-MCM-41 799 1.40 3
VAME-MCM-1 0.13 656.6 1.20 2
VAME-MCM-2 0.18 794.4 1.32 -
VAME-MCM-3 0.59 49.1 0.58 -
VAME-MCM-4 0.78 443 0.52 -
SBA-15 609 1.00 8
VAME-SBA-1 0.13 502.2 0.90 6
VAME-SBA-2 0.18 460.1 0.85 6
VAME-SBA-3 0.59 157.2 0.30 -
VAME-SBA-4 0.78 75.2 0.16 -
PMO 882 1.00 7.1
VAME-PMO-1 0.13 588.1 0.68 6
VAME-PMO-2 0.18 15.4 0.08 -
VAME-PMO-3 0.59 15.5 0.09 -
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SBA-15 and (c) PMO.
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The isotherms follow type IV as per the IUPAC classification indicating uniform mesopores
that are not significantly changed in shape during the modification with VAME, except for the
loss of surface area and pore volume. The loading of VAME is obviously diminishing the
mesoporosity of the OMMs either by fully filling the channels or simply pore blocking the pore
volumes. For AI-MCM-41, as the precursor mass ratio increases from 0.13 to 0.78, the Sger
significantly decreased from 799.0 m?/g in the parent AI-MCM-41to 656.6 m*/g in VAME-MCM-
1 and to 49 m?g in VAME-MCM-3 indicating the total filling of the mesopores. VAME-MCM-
2 showed an exception to the trend remaining basically as the original AI-MCM-41. In the case
of the SBA-15 series, the relatively larger intial pore size and surface area allows for a larger
available surface area even at high VAME/(VAME+OMM) loadings. However, the BJH pore size
gives the clue to an optimum support, from § nm in the starting SBA-15 to 6 nm in either VAME-
SBA-1 or VAME-SBA-2. For PMO series there is a more dramatic decrement in porosity in
VAME-PMO-2 and 3, probably due to the higher affinity with VAME leading to pore blockage.
VAME-PMO-1 with significantly decreased the BET surface area of almost 300 m%*/g. Yet 6 nm
pore size seems to be a good choice for further work.

In summary, the modified materials with optimum 13% VAME loading with highest percent
yield of VAME incorporation while maintaining large pore size and surface area seem to be good
candidates for encapsulation of Ag nanoparticles with dimension less than the pore size of the
modified materials.

Results on Ag loading on VAME/OMM:s

Modified OMMs with 13% VAME loading were first impregnated and then reduced as detailed
in the Materials and Methods section yielding the final materials labeled: AGVAME-MCM-1,
AgVAME-SBA-1 and AgVAME-PMO-1.

(111)Ag

(200)Ag

(220)Ag

(200)AgO/Ag,0

Intensity (cps)
(220)Ag,0

| S ap—

AgVAME-MCM1

AgVAME-SBA1

_|AgVAME-PMO1

20 30 40 50 60 70
2-theta (degree)

Figure 5. High angle powder XRD of AgVAME-MCM-1 (magenta), AgVAME-SBA15-1 (blue),
AgVAME-PMO-1 (green).

The large angle powder X-ray diffraction patterns are plotted in Figure 5. Sharp and intense

peaks at 2-theta = 38, 45 and 65 could be indexed as Ag” species. Additional low intense peaks at

2-theta = 34, 40, 58 and 69 could be related to the formation of Ag,O and AgO stabilized species.
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These results are consistent with the results reported in literature [18, 19], yet the remaining
question is whether the Ag® nanoparticles have been efficienly grown inside the porous material,
and supported on the VAME. Transmission electron microscopy studies were carried out in order
to locate the metal particles and therefore understand if the confined space has played any role in
the Ag-impregnation. In the bright field TEM images, the mesopores will be observed due to the
contrast pore-wall density, however, the loading of VAME would not be visible due the very poor
scattering power of C-based materials [25].

On the other hand, Ag provides contrast due to its higher electron density, thus, in the images
silver particles will show as strong dark contrasts, whereas the mesoporous matrix will show as a
pore white- wall-grey contrast scheme. The oxidation state of the silver particles would not be
distinguised, therefore, the dark spots may correspond either to Ag’ or Ag-oxide particles.
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Figure 6. TEM images of the AI-MCM-41 and SBA-15 systems showing: (a) AgVAME-MCM-1
with the orientation parallel to the channels showing the hexagonal arrangement; (b)
AgVAME-MCM-1 with the orientation perpendicular to the channels axis. (c)
AgVAME-SBA-1 showing hexagonal arrangement; (d) AgVAME-SBA-1 showing the
channels with dark filling of Ag species along them.
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Figure 7. TEM images of the AgVAME-PMO-1 system: (a) low magnification showing large
agglomerates of metal particles outside the crystals, and (b) higher magnification
showing the channels with almost no pore filling dark contrast.

Figures 6 and 7 show representative images of the three systems. The images retained well-
ordered mesoporous channels arranged in a two dimensional hexagonal structure symmetry in all
cases. Figure 6(a) and Figure 6(c) allow observing the hexagonal channels arrangement in samples
AgVAME-MCM-1 and AgVAME-SBA-1, respectively. In this projection, the electron beam is
parallel to the channels showing the pore mouths of the channels, therefore, the dark spot observed
filling the mesopores in the honeycomb would correspond to Ag particles filling the channels and
projected in the plane of the image. However, this projection may lead to confusion on whether
the particles are actually inside filling the pores, or outside and simply on top of the particles
leading to the similar contrast effect. In order to clarify this question, the crystals have to be
observed in the projection perpendicular to the channels axis to observe the total length of the
channels and therefore, the contrast running along them. Figures 6(b) and 6(d) show this
projection for samples AgVAME-MCM-1 and AgVAME-SBA-1, respectively. It can be clearly
observed in this projection, that in the case of AgVAME-MCM-1 (Figure 6(b)) the majority of
the nanoparticles observed are located outside, on the surface of the large particles, although some
dark, elongated contrast are also observed in the middle part of the particles, probably indicating
that some silver has been efficiently loaded inside the channels. Anyhow, this elongated contrasts
due to the formation of Ag particles inside the channels are abundantly and clearly observed in
the case of AgVAME-SBA-1 in Figure 6(d). In this case, the surface of the large particles of the
mesoporous materials appears clean of silver nanoparticles. Obvisouly, the larger pore size
available in the case of SBA-15, even after surface modification with VAME, offers an optimum
surface for the immobilization of the Ag-nanoparticles. The particle size was shown
heterogeneous in both systems. Particle size calculated manually using ImageJ software ranges
from 2 nm to 40 nm for AgVAME-MCM-1 and the largest size is from 4 nm to 72 nm for
AgVAME-SBA-1. Finally, Figure 7 shows representative TEM images for the AgVAME-PMO-
1 system where all the silver was clearly aggregated outside the support, forming much larger
aggregates leading to conclude that despite the affinity of VAME for PMO support, the
combination yields a surface way too hydrophobic for the diffusion of AgNO3, leading to a most
probably, less efficient immobilization process.
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CONCLUSIONS

Derivatives of Vernonia oil are worth investigating as naturally epoxidized triglyceride oil
extracted from the seed of Vernonia galamensis. In this work, we have worked on the hydrolysis
to vernolic acid (VA) and derivatization to vernolic acid methyl esther (VAME) to functionalize
ordered mesoporous materials (OMM). The functionalization works efficiently in AI-MCM-41
with Si/Al ratio of 15, pure silica SBA-15 and periodic mesoporous organosilica (PMO) with an
optimum of 13% VAME loading that affords certain pore size to further immobilization of active
silver nanoparticles. Impregnation with AgNO; in NaBH4 to obtain Ag-nanoparticles was tested
in the three modified supports. The final AgVAME-OMM potential catalysts were characterized
by transmission electron microscopy, observing that i) AI-MCM-41 is functionalized with VAME
efficiently due to the Lewis acidity of the material, yet the Ag nanoparticles are present both inside
and outside, probably due to the small pore size; ii) an efficient loading of Ag nanoparticles in
pure silica SBA-15 with VAME allows observing only the formation of silver nanoparticles inside
the channels given the good textural properties of the modified support (500 m? specific surface
area and 6nm pore size); iii) due to the higher affinity between VAME and the hydrophobic walls
of PMO, the impregnation in VAME-PMO is not efficient at all, leading to the formation of large
Ag agglomerates outside, forming a physical mixture with the support. These observations are
corroborated in the preliminary photocatalytic test in the degradation of methyl orange in
simulated wastewater showing AgVAME-SBA-1 almost 100% discoloration within 8h, whereas
AgVAME-PMO-1 barely showed catalytic activity due to the lack of incorporation of Ag
nanoparticles.
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