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Abstract In this study, we report the pore expansion
effect of gelatin, a common amphoteric biological protein,
on the hexagonal mesoporous silica materials. Tetraethyl
orthosilicate (TEOS) was used as silica source and the
nonionic surfactant P123 (EO,oPO,,EO,) as template. The
microstructure characters of products were investigated by
low-angle X-ray diffraction (LAXRD), transmission elec-
tron microscope (TEM), and N, adsorption—desorption
measurements. The results show that the products prepared
with gelatin have the mild expansion ratios of 29-39% and
5-22% in pore diameter and pore volume, respectively. The
specific surface area of products ranges from 445 to
590 m? g~ '. Moreover, it is revealed that the presence of
gelatin did not change the intact 2D-hexagonal mesoporous
structure of materials. The ultraviolet—visible absorption
spectroscopy (UV-Vis) analysis indicates that there is an
interaction between the oxygen atoms of P123 and gelatin
molecules. The pore expansion may be because the gelatin
can interact with the hydrophilic sides of P123 micelles via
hydrogen bonds interaction, which is different from the
reported pore expansion mechanisms for other systems.

Introduction

Ordered mesoporous silica materials have widespread
potential applications in fields such as chemical catalysis
[1], drug delivery, [2] and selective separation [3] due to
their controllable pore sizes and regular structures.

L. Wang - X. Liu - X. Wang (X)) - X. Yang - L. Lu

Key Laboratory for Soft Chemistry and Functional Materials,
Nanjing University of Science and Technology, Ministry of
Education, Nanjing 210094, China

e-mail: njustw@gmail.com

@ Springer

Generally surfactants, either ionic or nonionic ones, are of
great help in directing the pores formation during the
synthesis of these materials. One typical example is the
application of nonionic amphiphilic triblock copolymers
surfactant P123 (EO,oPO;0EO,q) as template to the prep-
aration of SBA-15 [4-8], which is characterized by its
strong structural regularity, thick pore walls, and notable
hydrothermal stability [9]. It should be noted that one big
problem for the mesoporous materials is the difficulty in
manipulation of the pore sizes. Nevertheless the pore sizes
are of great essential in selective separation of biological
macromolecules, proteins, or ions and so on [3, 10]. Up to
now, the main reported strategies to control the pore sizes
can be carried out by either using the swelling agents or
double surfactant approach [11]. The pore expansion
mechanisms for the former are mainly based on the fact
that the hydrophobic chains of surfactants can interact
with the whole swelling agent molecules such as benzene,
1,3,5-trimethylbenzene [12], and decane [13]. The latter
enhances the pore size through the self-organization into
concentric cylinders inside the pore channels of the double
surfactant due to the favorable hydrophobic interactions
between their hydrocarbon chains. Besides, Sorensen et al.
[14] have studied the porous expansion of polypropylene
glycol in F127 (EO;osPO70EOp¢) templates system.
However, no study on the application of amphoteric mac-
romolecular protein on expanding porous structure has
been reported at present.

In the past, lots of studies on the properties and utili-
zations of gelatin, a denatured polypeptide obtained from
acid-treated or alkali-treated collagen [15], have been
undertaken in alimentary, pharmaceutic, and biological
researches [16-21]. Gelatin has a heterogeneous distribu-
tion of at least 18 amino acids, which contains mainly
glycine (about 27%), praline and hydroxyproline (about
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25%), glutamic acid (about 10%), arginine (about 8%),
alanine (about 9%), aspartic acid (about 6%), and other
amino acids (about 10%) [22-24]. When the temperature is
above 37 °C, gelatin usually is considered to be a linear
random-coil polymer in aqueous solution [24-27]. It is well
known that gelatin—surfactants interactions are wide
existing, no matter the latter being ionic or nonionic ones
[28]. Gelatin was often used with various surfactants to
improve stability, lower surface tension, and modify rhe-
ological properties of the final products [29]. For instance,
the electrostatic adsorption of gelatin-anionic surfactant
has been successfully utilized to prepare the zirconia
nanodisks [30].

Herein, we made an attempt to use gelatin as swelling
agent for adjusting the pore size of mesoporous materials.
In this article, 2D-hexagonal ordered mesoporous silica
materials were prepared with P123 (EO,oPO,oEO,,) tem-
plate in a reproducible non-hydrothermal method. It is
found that gelatin expands the pore diameters and pore
volumes of materials in a milder scope, meanwhile the
mesoporous structure also remains intact. Furthermore, the
pore expansion mechanism of gelatin was also discussed in
this article.

Experimental
Materials

Type A gelatin is derived from porcine skin through acid
treatment, whose pH value and isoelectric point (IEP) in
water are around 5 and 8, respectively [31]. According to a
previous report [32], there are five ingredients in the gel-
atin: op, o, f, y, and y, chains. The average molecular
weight of gelatin is 0.9 x 10°. Its average carbon, nitrogen,
and hydrogen contents are 40.91, 14.57, and 6.91 wt%,
respectively (Elementar Vario MICRO, Germany). Plu-
ronic P123 (Mav 5800) was purchased from Aldrich. The
other chemicals were obtained from Shanghai Chemical
Reagents. All the chemicals were analytical grade and were
used without further purification.

Synthesis

In our synthesis, 1.0 g (0.172 mmol) of P123 and different
amounts of gelatin (0.1, 0.2, 0.3, 0.5, 0.7, and 1.0 g) were
dissolved in 22.5 g of deionized water and stirred for
30 min. A quantity of 15 g (4 M) of hydrochloric acid (HCI)
was added to the solution and stirred for 1 h. Then, 2.225 g
(10.680 mmol) of tetraethyl orthosilicate (TEOS) was added
and stirred for another 24 h. The whole synthesis was carried
out at 38 °C. The molar ratio in the mixture was
P123:TEOS:carbon of gelatin:HCl:H,O = 1:62:20-200:

290:7267. The mixture was filtered, washed with deionized
water, dried at room temperature, and calcined at 600 °C for
6 h with the heating rate of 1 °C min~"'. The products pre-
pared with different molar ratios of carbon in gelatin to
P123, 0, 20, 40, 60, 100, 140, and 200, were labeled as neat-
P1237 2O'MGe]atin:P1237 4O'MGe]atin:P1237 60'MGelatin:P]23s
100-Mgelatin:p123> 140-Mgelatin:p123, and 200-Mgeiatin:p123,
respectively. For the sake of completeness, the product
prepared with neat gelatin (1.0 g) was also obtained, labeled
as neat-Gelatin.

Characterization

Thermogravimetric measurements were performed on a
thermal analyzer of SDT Q600 V8.0 Build 95. Low-angle
X-ray diffraction (LAXRD) patterns were obtained on a
Rigaku D/MAX-2500 PC using Cu Ku radiation. Trans-
mission electron microscope (TEM) pictures were col-
lected on a JEM-2100 (JEOL) electron microscope. N,
adsorption—desorption isotherms at 77 K were obtained on
a Micromeritics ASAP 2010 apparatus. The samples were
degassed at 250 °C overnight before measure. Pore size
distributions and pore volumes were determined by the
Barret-Joyner—Halenda (BJH) method. Ultraviolet—visible
absorption spectroscopy (UV-Vis) was performed on a
UV-Vis 1201 spectrophotometer (Beijing Ruili Analytical
Instrument Corp, China).

Results
Thermal analysis

The TG-DTA curves of the as-prepared 200-Mgejatin:p123
are shown in Fig. 1. In the TG plot, an evident mass loss
was recorded in the temperature range of 200—450 °C due
to the decomposition of organic species. No pronounced
loss of weight can be observed with the elevated temper-
ature. Correspondingly, the DTA curve shows a remarkable
exothermic peak at 214 °C. A flat after around 550 °C in
the TG plot indicates the complete thermal decomposition.
Therefore, 600 °C was selected as the calcination temper-
ature to ensure the complete removal of organic species.

LAXRD patterns and TEM micrographs

Figure 2 shows the LAXRD patterns of neat-P123, neat-
Gelatin, and a series products prepared with P123 and
gelatin. Previous research confirmed that gelatin can be
used as template to prepare the mesoporous silica materials
via the multiple hydrogen bonds’ interaction between the
amide groups on gelatin and the silanol groups on silicate
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species [33]. No diffraction peak in the LAXRD pattern of
neat-Gelatin demonstrates a possible disordered porous
structure, which is identical with the reported result [33].
Except for neat-Gelatin, each pattern exhibits an intense
(100) diffraction peaks and two weak (110) and (200) ones,
which is characteristic for a 2D-hexagonal phase [34].
Compared to the neat-P123, it is obvious that the 26 angles
of (100) diffraction of other products moved toward the
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Fig. 1 TG-DTA curves of as-prepared 200-Mgelatin:p123

smaller values, indicating the increased pore—pore corre-
lation distance [35]. The corresponding d;o values of these
products calculated by Bragg Equation d = 4/2Sin0 [36]
are listed in Table 1. However, the peak intensity does not
decrease when the gelatin amount increases, suggesting
that the materials still possess a high structural ordering.

As a representative, Fig. 3a and b provides the TEM
images of 20-Mgelatin-p123, Which exhibit a distinct ordered
hexagonal arrangement of pore entrance and an uniform
array of pore channel. Its pore diameter and wall thickness
are around 4-5 nm and 5-6 nm, respectively. On the other
hand, as predicted from LAXRD result, the disordered
wormlike mesostructure of neat-Gelatin can be observed
clearly in Fig. 3c and d. The disorder pore structure may
originate from the irregular and random structure of
gelatin.

N, adsorption—desorption studies

The N, adsorption—desorption isotherms results can offer
more detailed information about microstructure properties
and are shown in Fig. 4a. Each product displays the type IV
adsorption—desorption isotherms for mesoporous structure
according to the IUPAC classification [37]. The type HI

fgg‘_ﬂwwm hysteresis loop in the isotherms indicates the cylindrical or
100-Moo e rodlike geometry of the pores. The relative pressure value
—~ | 60-Minprzs at capillary condensation step in the adsorption isotherm
E ﬁ'lII -~ gg:moelmmma for all the products increases in the sequence neat-P123
-‘g\ /| e DA < 40-Mgelatinp123 & 60-Mgelatin:p123 < 100-Mgetatin:p123
g neat.Gelatin < 140-Mgelatin:p123 < 20-Mgetatin:p123. Therefore the pore
® size increases also in the same order. Figure 4b presents the
E corresponding pore diameter distributions of products. The
o == pore size of each product intensively distributes in a narrow
i scope of around 3-5 nm. One significant feature for the
. T —— | products prepared with gelatin is their enlarged pore sizes in
10 s 9 thztg R 25 3.0 relative to neat-P123. Furthermore, the increase of pore size
e follows the identical sequence as observed in N, adsorp-
Fig. 2 LAXRD patterns of products tion—desorption isotherms.
Table 1 Sample structural properties
Sample dioo (nm) a* (nm) Suer (m” g71) Ve (em’ g7 P* (nm) b* (nm) L
neat-P123 7.8 9.0 504 0.41 3.1 5.9 1
20-MgGelatin:P123 8.9 10.3 590 0.48 43 6.0 0.62
40-Mgelatin:p123 8.2 9.5 472 0.50 4.0 55 0.73
60-MgGelatin:P123 8.3 9.6 533 0.43 4.0 5.6 0.63
100-MGetatinp123 8.2 9.5 566 0.44 4.1 5.4 0.61
140-MGetatinp123 8.7 10.0 445 0.43 4.2 5.8 0.57
200-Metatinp123 8.2 9.5 514 0.41 4.1 5.4 0.57

a

a is the lattice parameter, a = 2d100/\/ 3; ®Sger is the Brunauer—Emmett—Teller (BET) surface area; V, is the BJH desorption average pore

volume; 9P is the average pore diameter; °b is the wall thickness, b = a — P; rLr is the relative pore length, L, = VpP(z/VOPz, Vo and Py are the
average pore volume and average pore diameter of sample neat-P123, respectively

@ Springer
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Fig. 3 TEM micrographs of

a 20-Mgelatin:p123 (front view),
b 20-Mgeiain:p123 (side view),
and ¢ neat-Gelatin (large scope
view), d neat-Gelatin (small
scope view)

Table 1 summarizes the textural characters of products,
which derived from the above LAXRD and N, adsorption—
desorption measurements. All the products prepared with
gelatin except one give mesoporous materials with the
increased pore diameters and pore volumes. In the presence
of gelatin, the increase rates of pore diameter and pore
volume are 29-39% and 5-22%, respectively. The Sggt of
products, which has no proportionate relation with the pore
size [38—40], distributes in the range of 445-590 m* g~'.
However, the pore size dose not improve markedly with the
growth of the amount of gelatin. This reason can be found
in the following mechanism discussion. Besides, the pore
sizes and wall thickness of product 20-Mgeatin:p123 agree
well with the above observations of TEM images.

It can be observed that, with an incremental of the
amount of gelatin, the average pore volume ascend initially
(20-Mgelainpi2s (048 cm® - g7") and 40-Mgeiain:p123
(0.50 cm® - gfl)), and then descend. Meanwhile, the
average pore length (Table 1) also shows the similar var-
iation tendency on the whole. The molecular association of
P123 led to the formation of rodlike P123 micelles. The
introduction of excess gelatin into the preparation system
reduced the average association degree of P123 molecular
to a certain extent, which shortened the average length of

rodlike micelles. Take 200-Mgelain-pi23 for instance, its

1

average pore volume declines to 0.41 cm® g~', which is

equal to that of neat-P123.
UV-Vis absorption spectra

The reaction solutions without silica source for preparing
samples were evaluated by UV-Vis absorption spectros-
copy. The obtained UV-Vis spectra are represented in
Fig. 5a. Curve a shows two characteristic absorption bands
of gelatin. The absorption bands of around 242 nm can be
ascribed to the n — w* electron transition of carbonyl
groups on peptide chains. Meanwhile, another band of
around 274 nm reflects the 7 — n* electron transition of
the residues of tryptophan and tyrosine. In curve b, the
bands of around 203 nm are associated with the n — g%
electron transition of lone pair electrons of oxygen of P123.
All the other UV-Vis absorption spectra (curves c, d, and
e) show the similar absorption patterns. Interestingly, no
movement of the absorption at 274 nm and a red shift from
232 nm to 242 nm can be observed when the gelatin
amount increases from 0.1 to 1.0 g.

As a representative, Fig. 5b shows the result of peak
fitting of curve c in Fig. 5a. A good coincidence can be
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Fig. 4 a N, adsorption—desorption isotherms at 77 K and b the BJH
pore size distributions of products determined on the basis of the
desorption branches

seen between the original spectrum and the fitted one. The
original spectrum was decomposed into three Gaussian-
type curves 1, 2, and 3. For comparison, the UV-Vis
absorption spectroscopy of the 0.1 g of gelatin dissolved in
water and HCI solution was also measured (curve 4). The
absorption bands of 232 nm in curve 2 and 274 nm in
curve 3 are consistent with the positions of absorption
bands of gelatin (curve 4). Compared to the characteristic
absorption band of P123 (203 nm, curve b in Fig. 5a), a red
shift of about 15 nm can be detected for the absorption
band around 218 nm in curve 1, which suggests that the
electronic states of oxygen atoms in P123 have been varied
after gelatin was added into the preparation process.

Discussion

In this study, results of LAXRD and N, adsorption—desorp-
tion revealed that the addition of macromolecule gelatin
can improve the pore size of mesoporous materials, and the
UV-Vis results confirm the existence of interaction between
oxygen atoms on P123 micelles and gelatin. According to the
formation mechanism of mesoporous materials [41, 42], it is
presumed that the pore expansion effect may be caused by
the changes of P123 micelles after gelatin was introduced.

@ Springer

Wave length (nm)

Fig. 5 a UV-Vis spectra of the reaction solutions for preparing
samples, which contains a certain amount of gelatin and P123
dissolved in 22.5 g of water and 15 g (4 M) of HCl solution. curve a:
1.0 g of gelatin and O g of P123; curve b: 0 g of gelatin and 1.0 g of
P123; curve c: 0.1 g of gelatin and 1.0 g of P123; curve d: 0.5 g of
gelatin and 1.0 g of P123; curve e: 1.0 g of gelatin and 1.0 g of P123.
b Peak fitting of curve ¢ in Fig. 5a and the UV-Vis absorption
spectroscopy of the gelatin solution, which contains 0.1 g of gelatin,
22.5 g of water, and 15 g (4 M) of HCI solution (curve 4)

Gelatin usually possesses a plenty of -COOH and —-NH,
groups on the chain ends, and many —CONH- groups on the
peptide chains. In this study, the pH value (0.15) of the
reaction system was far below the gelatin IEP (around 8),
and gelatin carried positive charges in the whole reaction.
On the other hand, when P123 was dissolved in water, the
oxygen atoms on ether bonds interacted with the hydrogen
atoms of water to form hydrogen bonds. The hydrophilic
oxygen atoms and hydrophobic —-CH,CH,— groups were on
external and inner sides of the twisted molecular chains,
respectively. Hence, one side of the P123 micelle form by
the connected molecular chains was hydrophilic and the
other was hydrophobic. As described in Fig. 6, gelatin
molecules have the high affinity to interact with the P123
micelles via the hydrogen bonds interactions in two ways:
one way is to directly connect the oxygen atoms on the
hydrophilic sides of micelles; and the other is to connect the
hydrogen atoms of water which linked with the hydrophilic
sides of micelles. The entry of gelatin into the hydrophilic
sides of micelles increases the overall micelle size. This is
completely different from the previous reported expansion
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Fig. 6 The schematic diagram
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mechanism of hydrophobic chains interaction for hydro-
carbon-cationic surfactants or polypropylene glycol-F127
systems, as mentioned in introduction part [12—14]. Because
the pore size depends on the size of hydrophobic groups
more heavily than that of hydrophilic groups of surfactant
micelles [34], the expansion effect of this system is not very
obvious although the amount of gelatin increases.

Conclusion

In summary, this study confirms the pore expansion effect
of gelatin on the hexagonal mesoporous silica materials.
Our primary experimental results suggest the expansion
mechanism can be attributed to the gelatin insertion into
the hydrophilic sides of micelles through the hydrogen
bond interaction. Moreover, the LAXRD, TEM, and N,
adsorption—desorption analyses proved that there is no loss
of pore ordering in the expanded mesoporous materials.
This study provided a new exploiting direction for mac-
romolecular protein application in the material fabrication.
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