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ABSTRACT: Nitrate glycerol ether cellulose (NGEC) alcogels are formed in the ternary NGEC/acetone/ethanol system. NGEC aerogels

are prepared from NGEC alcogels after solvent exchange and drying under supercritical CO2 (scCO2). The aerogels are prepared with

various densities and porosities, relating directly to the initial ethanol content. NGEC aerogels had surface areas of up to 183 m2 g21

and large mesopore volumes with a combination of large macropore volumes and a wide range of mesopore sizes. The aerogels with

larger pore size distribution range, average pore diameter, and mesopore and macropore volume were obtained from system with

higher ethanol content. The aerogels were further characterized by X-ray diffraction, Brunauer–Emmett–Teller analysis, electron

microscopy, and thermogravimetric analysis. The results showed that the NGEC aerogels clearly retained the crystalline structure

from NGEC. Compared with NGEC powders, the thermal decomposition of NGEC aerogel is accelerated and this process becomes

more acute. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41405.
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INTRODUCTION

Extensive interest has already focused on aerogels, a well devel-

oped and diverse class of porous materials, because their pore

structure and high special surface area play an important role in

enabling high activity for any heterogeneous application, such

as sensing, catalysis, and adsorption of gases.1–5 As Kistler

reported the first aerogels, different types of organic and inor-

ganic aerogels have been made and are successfully used in vari-

ous applications such as catalytic, electrochemical, separations,

and sensing.6–9 Within the range of organic aerogels, aerogels

with high surface area made from natural materials have been

reported.10–12 Recently, studies on cellulose or cellulose deriva-

tives aerogels, has sharply increased because cellulose is one of

the most abundant and renewable natural polymers. We are

now devoted to the formulation of a new class of aerogels pre-

pared with a novel cellulose nitrate derivative.

Recently, nitrate glycerol ether cellulose (NGEC), a novel cellu-

lose nitrate with small molecule branch chains in the big mole-

cule main chain of NGEC which can improve its molecular

flexibility, has been synthesized in our lab.13–15 Because of the

similar physical and chemical properties compared to NC,

NGEC can be used instead of NC in many applications for typi-

cal NC, such as applications in gas generators, propellants, coat-

ings, printing inks, filtration, and membranes for

immunoassays, enzyme immobilization, biosensors, and the iso-

lation of proteins, RNA, and DNA.16–19

To date, many studies found that the morphology (surface area)

of a material obviously effect its properties and applica-

tions.20–23 Therefore, by preparing NGEC gels materials may

significantly increase the surface area and broaden applications

in explosives and propellants, separations, purification science,

and biomedicine. Recently, the preparation and the viscoelastic

behavior of NGEC alcogels formed in a mixed NGEC/acetone/

ethanol solvent system were reported.24 Herein, we further

report, for the first time, NGEC aerogels are obtained from

NGEC alcogel after solvent exchange with ethanol and drying

under supercritical CO2. We focus on the influence of the initial

solvent composition on morphology of NGEC aerogel.

EXPERIMENTAL

Materials

Cellulose M60 obtained from North Century Cellulose Technol-

ogy Research & Development (Beijing, China). NGEC (nitrogen

content 5 12.88 wt %, DS 5 2.87) was prepared by nitration of

cellulose glycerol ether (MS 5 0.3) in our lab. The nitration

reaction was expected to proceed as shown in Scheme 1. Nitric

acid was of 97% purity, dichloromethane was of 98% analytical

grade, ethanol was of 99.98% purity, acetone was of 99.98%
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purity, isopropanol was of 98% analytical grade, and glycidol

was of 99.98% purity (Beijing Chemical Agent) were used as

received.

Preparation of NGEC aerogel

The NGEC powder was added into different ratio of acetone/

ethanol (w/w 5 3/1, 2/1, 1/1, and 2/3) with the certain NGEC

concentration 2.5 wt %. The mixture stirred at room tempera-

ture for several hours to get clear solutions. NGEC alcogels

were prepared by partial solvent evaporation of the NGEC solu-

tion.24 For convenience, the NGEC gels formed in acetone/etha-

nol (w/w 5 3/1, 2/1, 1/1 and 2/3) with certain NGEC

concentration 2.5 wt % were coded as NGC1, NGC2, NGC3,

NGC4. The gel was further turned into excess anhydrous etha-

nol under stirring, changing the ethanol with fresh one every

day for 4 days at room temperature, to replace the solvent

within the network of the gel to obtain NGEC alcogel. The alco-

gels were dried with supercritical CO2 to obtain the NGEC

aerogels (Figure 1). Drying in CO2 supercritical conditions was

performed using an automatic critical point dryer apparatus

(Applied Separations). Samples were placed in 5 L autoclave

filled with absolute ethanol to avoid evaporation before the

beginning of the process. The system was closed and cooled to

5�C, pressurized to 5.5 MPa with pure liquid CO2. The excess

of ethanol was purged by liquid CO2, maintaining the pressure

and the temperature constant for 1 h. Filling and purging steps

were repeated four times to be sure that ethanol was completely

replaced by liquid CO2. After these cycles, the system was pres-

surized until the operating conditions were reached: 16 MPa

and 50�C, and was maintained for 30 min. Then, the system

was slowly depressurized at a controlled rate (0.5 MPa/h) to

avoid condensation of liquid CO2 and the phenomenon of

cracking. Once the atmospheric pressure was reached, the sys-

tem was cooled down to the ambient temperature and the auto-

clave was opened. After these steps, NGEC aerogels were

obtained.

Scanning Electron Microscopy

The morphologies of the aerogels were examined via a S4800

scanning electron microscope (SEM; Hitachi, Japan) at an accel-

erating voltage of 2 kV. The samples were sputter-coated with a

thin layer of gold (15 mA coating current for 1 min) before

imaging to ensure good conductivity and imaging.

Densities and Porosities of NGEC Gels

Densities of the samples were calculated by measuring their

dimensions using a digital caliper (0.02 mm) and weighing the

aerogels on an analytical balance (0.01 mg accuracy). Five dif-

ferent positions for each aerogel sample were taken at to mea-

sure the dimensions. Percentage porosity of the sample (P) was

determined using the density of the samples (da) and the den-

sity of the NGEC powders (dp 5 1.68 gcm23). The percentage

porosity can be calculated by Eq. (1):

P5 12da=dp

� �
� 100% (1)

X-ray Diffraction

Powder X-ray diffraction (XRD) data was recorded on a D8

Advance (Bruker, Germany) X-ray diffractometer (40 kV, 40

mA) with Cu Ka radiation (wavelength 5 0.154 nm) with a step

interval of 0.02�, time per step 0.6 s.

Nitrogen Adsorption Measurement

The measurements of aerocellulose porosity (pores size and

their distribution, specific surface) were performed with an

ASAP 2010 (Micromeritics) to obtain texture properties. The

pore size was investigated in the range from 0.05 to 100 nm by

N2 sorption. The BET analysis was calculated in the relative

pressure range from 0.06 to 0.35, measurements were performed

at 77 K. The Barrett–Joyner–Halenda (BJH) analysis was

Scheme 1. The mechanism of nitration.

Figure 1. Macroscopic view of NGEC aerogels formed in the initial solu-

tions with different acetone/ethanol ratios (sample codes of NGEC are

shown below each vial). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. Properties of NGEC Aerogels

Samples codes q (g cm23) %porosity SBET (m2 g21) Vtotal (cm3 g21) Vmeso (cm3 g21) % mesopore 2r (nm)

NGC1 0.179 89.34 142 6 4 0.51 6 0.01 0.38 6 0.01 73.93 13.8

NGC2 0.133 92.01 158 6 7 0.75 6 0.01 0.53 6 0.01 70.55 16.8

NGC3 0.106 93.69 171 6 5 0.91 6 0.01 0.55 6 0.01 60.29 22.6

NGC4 0.082 95.12 183 6 6 0.98 6 0.01 0.56 6 0.01 56.94 23.0

The q is the density of aerogels; %porosity is the percentage porosity of aerogels; SBET is the BET surface area calculated using the amount of N2

adsorbed at a relative vapour pressure of 0.06–0.35 at 77 K. Vtotal is the total pore volume determined at P/P0 of 0.99; Vmeso is the mesopore volume
determined at P/P0 of 0.95; % mesopore volume is the percentage of the total pore volume that is mesoporous; 2r is the average pore diameter of
the aerogels determined using the desorption branch of the isotherm, using the BJH method.
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performed using the desorption branch of the isotherms. Mea-

surement for each sample was repeated three times.

TG–DTG Measurement

TG–DTG curves under the condition of flowing nitrogen gas

(purity, 99.999%; atmospheric pressure) were obtained using a

TA2950 thermal analyzer (TA), and the conditions were: sample

mass, about 1 mg; N2 flowing rate, 40 cm3 min21; heating rates,

10 and 1 K min21.

RESULTS AND DISCUSSION

Gelation of NGEC/acetone/ethanol solution with different initial

acetone/ethanol ratios and NGEC concentrations was reported

in detail in Ref. 24. Here, we present the main results of the

influence of acetone/ethanol ratios on NGEC gels studied. The

final acetone/ethanol ratios of all NGEC gels are around 30/70.

The NGEC/acetone/ethanol ternary system with more ethanol

content requires less time for less evaporated solvent to get the

Figure 2. SEM images of NGEC aerogel prepared at various acetone/ethanol ratios (left: (2000k), right : 20,000k).

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4140541405 (3 of 7)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


gel point, and a lower dense NGEC gel with larger volume/

weight is formed from this ternary system. After solvent

exchange with ethanol and drying under supercritical CO2

(scCO2) described in Methods section, white dry pure NGEC

samples, NGEC aerogels with different volumes, were obtained

(Figure 1). The total shrinkage of the samples was lower than

20% as compared with the initial volume of the alcogel. The

density of the aerogels decreased as the initial ethanol content

in the NGEC solution increasing. As expected, there was an

associated increase in porosity with a decrease in aerogel density

[eq. (1)], from 89.34 to 95.12% (Table I).

Porous network structure of the aerogels was imaged via SEM.

Figure 2 shows representative images taken of NGEC aerogels at

two different magnifications. The lower magnification image

(left column of Figure 2) shows that the trend in changing sur-

face areas corresponds to a shift in gel morphology from a

more homogeneous webbing to hierarchical (containing inter-

connected fine mesh and large channels). Hierarchal pore struc-

ture persists in specimens prepared in up to 67% acetone

(NGC2), demonstrating that even small quantities of hydrogen

bond-donating solvent are sufficient to stabilize these structures.

As NGEC is undergoing a clear phase separation from solution

to precipitated state, we can assume that such a structure is the

result of spinodal decomposition (formation of aggregates pos-

sibly induced by crystallization or liquid–liquid phase separation

through nucleation and growth of one of the phases).25,26

The NGEC highly porous networks of a heterogeneous porous

structure are clearly visible in the higher magnification images

(right column of Figure 2). The aerogel is composed of long

and relatively straight nanofibrils interconnected with each

another to form three-dimensional networks with large pore

spaces. The pore distribution is very wide, from several nano-

meters to several micrometers. As it was mentioned in Ref. [24,

The mechanism for phase separation-induced gelation of NGEC

may be derived from analogous behavior described for cellulose

acetate or NC/solvent/nonsolvent.3,26–29 The robust nature of

the NGEC gel structure is probably the result of widespread

hydrophobic interactions promoted by the prevalent AONO2

groups on NGEC chains and hydrogen bonds promoted by

hydroxyl groups on ethanol and NGEC chains. As shown in

Figure 3, it is assumed that a phase separation between

(NGEC1 linked solvents) and (free solvents) has already

occurred after partial evaporation of NGEC/acetone/ethanol

solution. A porous structure with wide pore size distribution is

obtained likely due to the fact that free solvent is first removed

and thus making large pores and then the rest of the solvent

from NGEC is removed and making small pores.

Powder XRD was also used to determine the effect of the aero-

gel preparation on the crystalline structure of the NGEC. Figure

4 shows the XRD diagrams of NGEC aerogels, together with

those of the starting NGEC powders. Sharp diffraction peaks at

12.98� and diffuse peaks between 15 and 30�, corresponding to

(101), and (202), respectively, are observed for all samples.

These diffraction peaks indicated that NGEC aerogels clearly

retained the crystalline structure of the NGEC. The results of

SEM and XRD confirm that the NGEC gels may be formed by

aggregation of the NGEC molecules, possibly induced by crys-

tallization as a coherent bulk.30,31 In addition, the intensity of

diffraction peaks at 12.98� decreases as increasing initial ethanol

ratio (from NGC1 to NGC4). This may be due to high ethanol

content limits the order rearrangement of NGEC molecular,

resulting in a relatively decrease in the crystallinity degree of

NGEC aerogels. According to papers by Flory, the stiffness of

the novel cellulose nitrate chains may be playing a part of role

in the formation of crystalline regions at low polymer

concentrations.32,33

The nitrogen sorption isotherms collected for NGEC aerogels

prepared from NGEC/acetone/ethanol solutions with different

acetone/ethanol ratios were shown in Figure 5. The isotherms

can be classified as Type IV (IUPAC classification) with a Type

H1 hysteresis loop, with very large volumes of adsorbed nitro-

gen at high relative pressures, indicating capillary condensation

Figure 3. Mechanism of the sol–gel transition for the NGEC/acetone/etha-

nol ternary system. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 4. XRD patterns of NGEC powders and NGEC aerogels. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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in relatively large pores, as seen in the SEM images. Brunauer–

Emmett–Teller (BET) analysis of the amount of N2 adsorbed at

P/P0 between 0.06 and 0.35 showed that the BET surface area

varied between 141 and 183 m2g21 as shown in Table I, with

clear correlation between the initial ethanol ratio and surface

area obtained. Initial solvents with reduced ethanol solvent

Figure 5. Nitrogen adsorption and desorption isotherms of NGEC aerogels. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. BJH mesopore size distribution for the NGEC aerogels calculated from the desorption branch of the isotherm.
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content generated gels with lower surface areas, the lower values

is believed to be due to a increase in gel density from 0.082 to

0.179 gcm23 and an increase in the size of the primary network

structure with increasing acetone content as shown in SEM

images.

Figure 6 further shows the pore size distribution of the aerogels

calculated from the desorption branch of the isotherm using BJH

analysis.34 The NGEC aerogels show broad pore size distribution

with pores spanning the whole mesopore range, but regular

changes are observed for average pore size of NGEC aerogels

(Table I). NGEC aerogels with larger average pore diameter, and

larger mesopore and macropore volume were obtained from sys-

tem with higher ethanol content. In detail, with ethanol content

increasing, the average pore diameter calculated from BJH analy-

sis increases from 13.8 to 23.0 nm. The total pore volume

increases from 0.51 to 0.98 cm3 g21 compared to the mesopore

volume increases from 0.38 to 0.56 cm3 g21 as ethanol content

increasing. However, the ratio of mesopore volume to total pore

volume decreases from 73.93 to 56.94% though the mesopore

volume increases with increasing ethanol content. The differences

shown between the total pore volume and mesopore volume of

the aerogels (Table I) indicate that there were a significant num-

ber of macropores within the samples which is consistent with

the SEM image. Taken together, the SEM and physisorption data

indicate that shifting initial solvent composition impacts both

macropore and mesopore geometries and size distributions in the

NGEC aerogels.

Thermogravimetric analysis (TGA) of the aerogel samples (Fig-

ure 7) showed that the decomposition profiles of the NGEC

powders and aerogels are similar, with a single sharp exothermic

behavior accompanied by a sharp weight loss in the TG curve.

For the same sample, the maximum mass loss temperature

increases with increasing heating rate. Conversely, at the con-

stant heating rate, as shown in Figure 7(a) (10�C min21), the

decomposition temperatures of NGEC aerogel shift to lower

temperatures compared to NGEC powders (from 207 to

200�C), which indicate that the thermal decomposition of

NGEC aerogel is accelerated and this process becomes more

acute. Also, Figure 7(b) shows this result at heating rate of

1�C min21. This observation may be due to the reason that the

high surface area of NGEC aerogels causes an increase in the

sample’s heat absorption ability and hence lower decomposition

temperature.

CONCLUSION

NGEC aerogels are prepared from NGEC alcogels after solvent

exchange with ethanol and drying under supercritical CO2

(scCO2). These aerogels were highly porous, with low densities

and moderate surface areas. As indicated by XRD, the NGEC

aerogels clearly retained the crystalline structure of the NGEC.

The thermal decomposition of NGEC aerogel is accelerated and

this process becomes more acute compared to NGEC powders

which could prove invaluable in some applications. We also have

investigated the influence of initial solvent composition on the

properties of NGEC aerogels. This method simultaneously sup-

ported NGEC aerogels with moderate surface areas and large

mesopore volumes with a combination of large macropore vol-

umes and a wide range of mesopore sizes. NGEC aerogels with

large pore size distribution range, average pore diameter, and

mesopore and macropore volume were obtained from system

with high ethanol content. The capability to easily adjust the pore

structures by simple modification of preparative conditions is

provided by mixing solvents in different ratios. We intend to

investigate potential application of NGEC aerogels as a cheap and

convenient moderate surface area material in explosives and pro-

pellants, separations, purification science and biomedicine as due

to their very simple preparation and tunable pore structures.
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