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Abstract
A facile method was developed for the synthesis of highly crystallized nano-sized 
HZSM-5 via adding sodium alginate into zeolite precursor solution. The effects of 
addition order and dosage of sodium alginate on the physicochemical properties of 
the catalysts were systematically studied by XRD, FT-IR, TEM,  N2 adsorption–des-
orption, ICP-OES, 27Al MAS-NMR and  NH3-TPD. It was found that the addition 
order and dosage of sodium alginate have strong influences on the crystal sizes and 
acidic properties of the obtained catalysts. About 100 nm crystals were generated in 
S-HZSM-5-0.75-p through adding the sodium alginate prior to TEOS, which were 
smaller than the crystal size of conventional HZSM-5 (200–350 nm). However, this 
method was unfavorable for the incorporation of Al into the framework of HZSM-5. 
The low content of framework Al could cause a decrease in acidity and the amount 
of acid sites was only 0.38 mmol g−1 in S-HZSM-5-0.75-p, which was slightly lower 
than conventional HZSM-5 (0.42 mmol g−1). In contrast, smaller crystals (50 nm) 
and more acid amounts (1.24 mmol g−1) could be obtained for the S-HZSM-5-0.75 
synthesized by adding the sodium alginate after TEOS. Nevertheless, the crystals 
could be easily aggregated to a dandelion-like particles and possessed fewer acid 
sites when the sodium alginate was added excessively. Under the conditions of 
0.1 MPa, 400 °C and a WHSV of 0.96 h−1, a desired 35.06% BTX yield with 8.5 h 
service lifetime in glycerol aromatization was obtained over S-HZSM-5-0.75 com-
paring with conventional HZSM-5 (22.19% BTX yield and 3.5 h service lifetime). 
The remarkable improvement in catalytic performance of nano-sized HZSM-5 zeo-
lite was mainly attributed to the more acid amounts and smaller crystal size, which 
could increase the accessibility to the acid sites and shorten the diffusion path 
length.
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Introduction

The widespread increase in the production of biodiesel from plant oils or animal fats 
has caused the saturation of glycerol market [1]. Glycerol, as a secondary product, 
is produced via the pyrolysis or fermentation of the biomass cellulose [2]. Unfor-
tunately, the purification of raw glycerol is costly, which is a major obstacle in the 
chain of biodiesel production. So, if the raw glycerol can be directly utilized and 
converted to high-added chemicals, then it would be beneficial for the sustainable 
development of biodiesel.

Benzene, toluene and xylene (BTX), as widely used feedstocks in the chemical 
industrial process, are mainly derived from petroleum resources [3, 4]. So, efficient 
conversion of glycerol into aromatic compounds is a viable solution to the shortage 
of petroleum resources as well as sustainability of biodiesel production. ZSM-5 zeo-
lite exhibits excellent selectivity of BTX in the conversion of glycerol to aromatics 
(GTA), due to its well-defined microporous structure [2, 4]. However, the sole pres-
ence of micropores with pore size below 1 nm seriously restricts the diffusion rates 
of coke precursors (olefinic and aromatic species). Moreover, these coke precursors 
could easily polymerize to form coke on acid sites and lead to the deactivation of the 
zeolite [5, 6].

So far, considerable research efforts have been devoted to overcoming the dif-
fusion limitations caused by micropores, which can be defined as two strategies: 
one is to introduce mesopores into the zeolite and the other is to minimize the crys-
tal size. In terms of the hierarchical ZSM-5 zeolite, micropores in zeolites possess 
shape selectivity for the desired products, while the mesopores facilitate the trans-
port of reactants and increase the coke capacity of the catalyst. It is widely accepted 
that hierarchical ZSM-5 zeolite can be synthesized through the desilication process. 
The desilication process is closely related to the silicon-aluminum ratio and alkali 
treatment conditions. Groen et al. [7] provided a comparative study on the effect of 
atomic ratio Si/Al on the desilication process of ZSM-5 by 0.2 M NaOH solution. It 
was found that greater mesoporosity could be generated with the generally preserved 
framework of zeolite in medium Si/Al ratios (25–50). Our previous study [8] syn-
thesized a series of desilicated samples via NaOH solution treatment, and concluded 
that ZSM-5 zeolite post-treated with mild NaOH solution (≤ 0.4 M) showed greater 
improvement in catalytic lifetime in GTA reaction. However, alkali treatment may 
result in the loss of Al- or Si-containing species, which caused a waste of synthetic 
raw material and altered acidity properties of zeolites.

With respect to the crystal size of zeolites, it has been reported that nanozeolites 
structured with small grains (less than 100 nm) can effectively solve the diffusion 
limitations [9]. Hoang et al. [10] investigated the effects of crystal size of HZSM-5 
on the aromatization of propanal and found that smaller crystallites showed slower 
deactivation. Tang et al. [11] successfully synthesized nanosized ZSM-5 and NaY 
zeolites inside the mesopore of CNTs. However, this method was very dependent 
on the mesoporous carbon matrix and not economical. Yang et al. [12] prepared a 
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series of HZSM-5 zeolites with different size by changing the TPAOH:  H2O ratio 
and crystallization time and found nano-sized HZSM-5 have remarkable selectiv-
ity towards BTX in the methanol to aromatics (MTA) reaction. Nevertheless, the 
low yield of products restricted this synthesized method on industrial production. 
Fu et  al. [13] proposed a salt-aided seed-induced route to synthesize nano-sized 
ZSM-5. They found the crystallization process of zeolite was accelerated and the 
yield of products could reach 85%, but the relative crystallinity was only 45%. Poly-
mers can control the zeolite growth rate and thus affect the crystal size. Wang et al. 
[14] prepared NaA (20–180 nm) and NaX (10–100 nm) by introducing methylcel-
lulose (MC) hydrogels into zeolite gels. A three-dimensional network of MC was 
formed via physical bonds at elevated temperature and it can serve as microreactors 
or nanoreactors for controlling zeolite growth. Wu et al. [15] successfully prepared 
monodisperse MCM-41 nanospheres with polyvinyl alcohol (PVA). PVA, with a 
large number of hydroxyl groups, can be adsorbed on the surface of crystals by the 
strong hydrogen bonding or electrostatic interactions with –Si–OH, thus inhibiting 
the growth of particles and preventing the agglomeration between particles.

Herein, we introduced a polymer hydrogel, namely, sodium alginate, into the 
synthesis gel of ZSM-5 and allowed ZSM-5 to crystallize within the three-dimen-
sional network of the crosslinked polymer hydrogel to obtain small crystals. The 
nano-sized ZSM-5 with high crystalline can be easily synthesized by the addition 
of sodium alginate. Additionally, the sodium alginate itself is low-cost and non-
poisonous. In this paper, the influences of the dosage and adding order of sodium 
alginate on the catalyst properties and catalytic performances in GTA reaction were 
discussed in detail. Through this research, we hope to find a new HZSM-5 zeolite 
with good catalytic performance in GTA reaction.

Experimental

Materials

The reagents including tetrapropylammonium hydroxide (TPAOH, 25 wt  % in 
water), tetraethyl orthosilicate (TEOS, 28.4 wt  %  SiO2), aluminum isopropoxide 
(AIP, 24.7 wt %  Al2O3), sodium alginate with a kinetic viscosity of 20 cp (1.0 wt % 
in water) at 20 °C, ammonium chloride  (NH4Cl, 99.5 wt %), methanol (99.5 wt %) 
and glycerol (99.0 wt %) were purchased from Sinopharm Chemical Reageny Co., 
Ltd of China and directly used without any further purification. Distilled water was 
used in all experiments.

Catalyst synthesis

The nano-sized HZSM-5 zeolites were synthesized in a typical procedure. Firstly, 
0.56 g AIP was dissolved in 27.5 g TPAOH. Then 25.5 g  H2O was added into the 
synthesized mixture. After 1  h of stirring, 28.6  g TEOS was added into the syn-
thesis gel and the obtained mixture was stirred at 40 °C for 5 h. Herein, the molar 



452 Reaction Kinetics, Mechanisms and Catalysis (2019) 127:449–467

1 3

composition of the synthesized mixture was  100SiO2:1Al2O3:25TPAOH:  2000H2O. 
Subsequently, sodium alginate with different dosage (0.50 g, 0.75 g, 1.00 g, 1.25 g) 
was added into the precursor solution and the obtained mixture was stirred at 40 °C 
for 24  h. After that, the prepared mother gel was transferred into a Teflon-lined 
stainless steel autoclave for further crystallization at 170 °C for 48 h. The obtained 
catalysts were identified as S-NaZSM-5-x (x = 0.5, 0.75, 1.0, 1.25), where x repre-
sented the weight of added sodium alginate. All the samples were calcinated in air 
at 550 °C for 5 h to remove the organic species. In order to obtain the nano-sized 
S-HZSM-5-x zeolites, the calcinated zeolites were ion-exchanged three times with 
1.0 mol L−1  NH4Cl solution at 80 °C for 8 h, then dried at 80 °C overnight and cal-
cinated at 550 °C for 5 h.

For comparison, the conventional HZSM-5 was synthesized similarly without 
addition of sodium alginate, and denoted as Con-HZSM-5.

In addition, the influence of the addition order of sodium alginate on the proper-
ties of nano-sized HZSM-5 was also investigated. A similar synthesis procedure was 
performed as follows: first, 0.56 g AIP was dissolved in 27.5 g TPAOH. Then 25.5 g 
 H2O was added into the synthesized mixture. After 1 h of stirring, 0.75 g sodium 
alginate was added into the synthesis gel and the obtained mixture was stirred for 
1  h. Subsequently, 28.6  g TEOS was added into the precursor solution and the 
obtained mixture was stirred at 40 °C for 24 h. After that, the prepared mother gel 
was transferred into a Teflon-lined stainless steel autoclave for further crystallization 
at 170 °C for 48 h. The obtained catalyst was identified as S-NaZSM-5-0.75-p. All 
the samples were calcinated in air at 550 °C for 5 h to remove the organic species. In 
order to obtain the nano-sized S-HZSM-5-0.75-p zeolite, the caclinated zeolite was 
ion-exchanged three times with 1.0 mol  L−1  NH4Cl solution at 80 °C for 8 h, then 
dried at 80 °C overnight and calcinated at 550 °C for 5 h.

Catalyst characterization

The wide angle (5–50°) powder X-ray diffraction (XRD) patterns were used to iden-
tify the phase and evaluate the crystallinity of the catalysts, which was recorded on a 
Rigaku Ultima IV X-ray diffractometer operating at 40 kV and 20 mA with a Cu  Kα 
radiation source(λ = 0.15406 nm) at a scan step of 20°/min.

Fourier-transform infrared (FT-IR) measurements were performed on a Nicolet 
5700 spectrometer and the wavenumber range of the spectra was obtained from 400 
to 4000 cm−1.

Transmission electron microscopy (TEM) images were acquired with a FEI Tec-
nai G2 20 instrument operating at an accelerating voltage of 120 kV.

N2 adsorption–desorption isotherms were measured to investigate the textural 
properties of catalysts at − 196  °C using a Beishide 3H-2000 nitrogen absorption 
instrument. The specific surface areas of all the samples were calculated by the 
BET method and the microporous volumes were determined by applying the t-plot 
method. Pore size distribution was obtained from the BJH desorption method.

The temperature-programmed desorption of ammonia  (NH3-TPD) was deter-
mined by a Xianquan TP-5076 automated adsorption system with an online thermal 
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conductivity detector (TCD). Approximately 100 mg of sample was placed in a quartz 
tube and pretreated at 400 °C for 1 h under flowing He. After cooling to 100 °C, pure 
 NH3 was introduced to be adsorbed onto the sample for 0.5 h. Then the desorption of 
 NH3 was accomplished by purging He with a flow of 30 mL/min and rising the tem-
perature to 600 °C at a ramp of 10 °C/min. The desorption profile was determined by 
TCD.

The Si and Al contents were measured with an inductively coupled plasma 
optical emission spectrometer (ICP-OES, Varian 720-ES).

Solid-state 27Al MAS-NMR spectra was recorded on an Agilent 600  MHz DD2 
spectrometer to detect the distribution of Al in HHZSM-5 zeolite.

Temperature programmed oxidation (TPO) was carried out to measure the carbon 
deposition of all the spent catalysts on the same TPD apparatus. The deactivated cata-
lyst (100 mg) was first pretreated in He stream at 200 °C for 1 h. After cooling to 50 °C, 
the TPO profile was obtained by rising the temperature from 50 °C to 800 °C at a ramp 
rate of 10 °C/min in 5%  O2/He stream.

Catalytic activity measurements

The conversion of glycerol to aromatics was performed in a vertical fixed-bed reactor 
with an inner diameter of 8 mm at 400 °C and atmospheric pressure. The experimental 
apparatus for GTA reaction was described in Fig. S1. 1.2 g of the catalyst (40–60 mesh) 
was packed in the middle of the reaction tube, and then pretreated at 400 °C for 1 h 
under  N2 flow (30 mL/min) prior to the reaction. The solution of 40 wt % glycerol in 
methanol was fed by a syringe pump at a WHSV of 0.96 h−1 into the reactor through 
a preheater maintained at a temperature of 295 °C. The products were condensed by 
a cold tap and analyzed by a GC-7890 gas chromatograph (Shanghai Techcomp Ltd) 
equipped with a FID detector and a capillary column (SE-30). The internal standard 
was chlorobenzene. The reactant conversion and product yield were calculated by the 
following formula:

In this study, the main focus was liquid products, especially aromatic compounds. 
Therefore, no detailed gas analysis had been performed. In addition, the conversion of 
glycerol and methanol was always to 100%. Thus, the carbon yield was approximately 
equal to the carbon selectivity of specific product.

(1)Conversion(C%) =
Moles of carbon in converted reactants

Moles of carbon in the feed
× 100%

(2)Product Yield(C%) =
Moles of carbon in specific products

Moles of carbon in the feed
× 100%
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Results and discussion

characterization of the samples

The XRD patterns of the synthesized samples are exhibited in Fig. 1. The charac-
teristic diffraction peaks of HZSM-5 appeared in 2θ ranges of 6–10° and 22–25°, 
suggesting the presence of typical MFI structure inside solid [16, 17]. While no 
other crystal phase was observed for S-HZSM-5-(x) and S-HZSM-5-0.75-p com-
pared with Con-HZSM-5, which indicated that the synthesized samples were pure 
HZSM-5 zeolites and crystallized completely [18]. The relative crystallinities of the 
synthesized samples were calculated according to the method described in ASTM 
D5758-01 [19] and shown in Table  1. Overall, both for the S-HZSM-5-(x) and 
S-HZSM-5-0.75-p samples, the relative crystallinities were slightly enhanced, sug-
gesting the crystallization can be promoted with addition of sodium alginate. Obvi-
ously, the relative crystallinities of S-HZSM-5-(x) were gradually enhanced and 
then decreased when the x increased from 0.50 to 1.25. This phenomenon indicated 
that the proper dosage of sodium alginate could greatly help the crystallization of 

Fig. 1  XRD patterns of the syn-
thesized HZSM-5 samples
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Table 1  Crystallinity and lattice parameters of the synthesized HZSM-5 samples

a The relative crystallinity was calculated by the ratio of the diffraction peak area (22.5–25° 2θ) of the 
sample relative to that of the Con-HZSM-5 as the reference sample (ASTM D5758-01)

Samples Crystallizationa 
(%)

a/Å b/Å c/Å V/Å3

Con-HZSM-5 100.0 20.0952 20.0005 14.0444 5644.64
S-HZSM-5-0.50 96.7 20.5781 19.9701 13.5344 5561.92
S-HZSM-5-0.75 103.0 19.6891 20.0332 13.4003 5285.56
S-HZSM-5-1.00 110.1 20.3181 20.0481 12.6778 5164.17
S-HZSM-5-1.25 104.0 19.7611 20.0356 13.4015 5306.00
S-HZSM-5-0.75-p 101.7 19.7637 20.0352 13.4132 5311.22
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HZSM-5 zeolite. The lattice parameters (a, b, c) and cell volumes are also sum-
marized in Table 1. Compared with Con-HZSM-5, a slight deviation of the lattice 
parameters leading to a decrease in the cell volume was obviously observed in the 
zeolite modified with sodium alginate. This trend also suggested that the sodium 
alginate had an influence on the growth of the HZSM-5 zeolite.

To further confirm the framework structures of all synthesized zeolites, the FT-IR 
characterization was performed (Fig. S2). It can be seen that FT-IR spectra of all 
the samples were similar with each other. The absorption bands near 450, 550, 800, 
1100, 1230  cm−1 were the characteristic of HZSM-5 zeolite framework [20, 21], 
which indicated that all samples possessed typical HZSM-5 framework structures. 
The result was consistent with the XRD measurements in Fig. 1.

TEM images (Fig. 2) were measured to investigate the morphologies and crystal 
sizes of all the synthesized zeolites. It was important to point out that the morphol-
ogy and crystal size distribution were strongly associated with the catalyst prop-
erty and catalytic performance [22]. The Con-HZSM-5 (Fig. 2a) was rectangular in 
shape, mainly focusing in range of 200–350 nm. Nevertheless, the TEM images of 
Figs. 2 and S3 indicated that the particles of S-HZSM-5-(x) samples were mainly 
composed of nanocrystals (20–60 nm). Apparently, the amount of sodium alginate 
played a vital role in the morphology of the S-HZSM-5-(x) zeolites. Abundant small 
nanocrystals (about 50 nm) that accumulated on the large crystals were noted for 
S-HZSM-5-0.50 in Fig. S3a. However, with the amount of sodium alginate increase, 
more small nanocrystals (about 50  nm) and fewer large crystals were formed in 
S-HZSM-5-0.75 (Fig. 2b) and S-HZSM-5-1.00 (Fig. S3b) samples. Interestingly, the 
small nanocrystals (about 50  nm) would easily agglomerate and aggregate into a 
dandelion-like particle of about 300  nm for S-HZSM-5-1.25 (Fig. S3c) when the 
sodium alginate was added excessively. Based on the above results, the guiding role 
of sodium alginate in the crystal formation process can be speculated. It was well 
documented in the literature [23] that the -COO- can act as a nucleophile attack-
ing a tetrahedral Si center. Large amounts of hydroxyl and negatively charged car-
boxyl groups were contained in sodium alginate. Thus, the network structure could 
be formed by the interaction between sodium alginate (-COO-) and silicon spe-
cies (-Si–OH). Then zeolite nuclei preferentially generated between the surface of 

Fig. 2  TEM images of the synthesized HZSM-5 samples: a Con-HZSM-5, b S-HZSM-5-0.75, c 
S-HZSM-5-0.75-p
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sodium alginate and synthesis gel, followed by growing in the network. When the 
sodium alginate was excessively added, the nano-crystals could be curled up to form 
secondary particles with dandelion-like nanostructure. This was due to the forma-
tion of intermolecular hydrogen bonds between neighbouring sodium alginate [24]. 
Moreover, the adding order of sodium alginate could significantly affect the crystal 
size of HZSM-5 zeolites. As demonstrated in Fig. 2c, the crystal size of S-HZSM-5-
0.75-p primarily distributed at 100 nm, which was twice larger than S-HZSM-0.75. 
This was mainly because the carboxyl group of sodium alginate have coordinated 
with aluminum preferentially [25], leading to an increase in the pore size of the net-
work structure formed by sodium alginate. As a result, the ability of sodium alginate 
to limit the growth of crystals was weakened. Overall, the modified HZSM-5 with 
sodium alginate exhibited smaller crystals compared with Con-HZSM-5. And the 
nano-sized HZSM-5 with about 50 nm crystals could only be synthesized by add-
ing the sodium alginate after TEOS addition. Additionally, obvious aggregation of 
nanocrystals were also observed in Figs. 2b–c and S3a–c, which might lead to the 
formation of intercrystal mesopores.

The textural properties of the synthesized samples were characterized by  N2 
adsorption–desorption. As shown in Fig.  3, both the isotherms of S-HZSM-5-(x) 
and S-HZSM-5-0.75-p exhibited a larger hysteresis loop at P/P0 = 0.85–1.0 com-
pared with Con-HZSM-5 zeolite. Such typical characteristic of the intermesopores 
was mainly generated by the aggregation of nanocrystals [26], which was coincide 
with the TEM results (Fig. 2).

The detailed textural properties are listed in Table 2. The Con-HZSM-5 possessed 
relatively low external surface area (168.0 m2/g) and mesopore volume (0.38 mL/g) 
while the external surface area and mesopore volume of S-HZSM-5-(x) were up to 
202.8 m2/g and 0.45 mL/g, respectively. The great improvement in textural proper-
ties for S-HZSM-5-(x) should be attributed to the generation of nano-sized crystals 
(50 nm) and more intermesopores. However, the smaller nano-sized particles could 
be easily aggregated and the excessive aggregation may cause a decrease in external 
surface and mesopore volume. Especially, the external surface and mesopore volume 
of S-HZSM-5-1.25 were only 77.3 m2/g and 0.30 mL/g, which were smaller than 

Fig. 3  N2 adsorption–desorption 
isotherms of the synthesized 
HZSM-5 samples
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Con-HZSM-5. From Table 2, it was obvious that the adding order of sodium alginate 
resulted in some changes in external surface area and mesopore volume. Compared 
with S-HZSM-5-0.75, smaller external surface area (189.4 m2/g) and mesopore vol-
ume (0.37 mL/g) were observed in S-HZSM-5-0.75-p. This phenomenon was due to 
smaller crystal size and more intermesopores generated in S-HZSM-5-0.75. Over-
all, except S-HZSM-5-1.25, S-HZSM-5-(x) samples with increased porosity were 
expected to exhibit great improvement of the molecules diffusion in GTA reaction.

More importantly, the density of acid sites also plays a key role in catalytic activ-
ity and lifetime during GTA reaction. Herein,  NH3-TPD measurements were per-
formed to study acidic properties of the prepared catalysts and the results are pre-
sented in Fig. 4. In general, all the samples exhibited two desorption peaks of  NH3, a 
lower temperature peak (150–300 °C) and a higher temperature peak (350–550 °C), 
which were assigned to the weak and strong acid sites, respectively [17]. Both 
the desorption peaks representing strong acid sites for the S-HZSM-5-0.75 and 
S-HZSM-5-1.00 samples in the TPD curve shifted to higher temperature compared 
with that of other samples, indicating that the strong acidities in these samples were 
enhanced [27].

Particularly, the areas of desorption peak were calculated to quantitatively 
measure the acid amounts of the zeolites and the results are listed in Table  3. 
It was clearly that the adding dosage of sodium alginate had a profound influ-
ence on the density of acid sites for nano-sized HZSM-5. The total acid amount 
of S-HZSM-5-(x) increased from 0.42 to 1.24  mmol  g−1, then decreased to 
0.54  mmol  g−1 when the sodium alginate was added excessively. In addition, 
when the sodium alginate was added before TEOS, the amount of total acid sites 
decreased sharply to 0.38 mmol  g−1. The amount of acid sites was mainly related 
to the Al concentration and distribution. The bulk  SiO2/Al2O3 ratios of the syn-
thesized catalyst were measured by ICP-OES and shown in Table 3. Compared 
with Con-HZSM-5, the  SiO2/Al2O3 ratios of the catalysts modified with sodium 
alginate were obvious smaller, indicating higher Al contents were exhibited in 
the catalysts modified with sodium alginate. Though the  SiO2/Al2O3 ratios in the 
catalysts modified with sodium alginate were similar, the amount of acid sites 

Fig. 4  NH3-TPD images of the 
synthesized HZSM-5 samples
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varied greatly (Table  3). Jacobsen et  al. [28] found the quantification of acid-
ity from  NH3-TPD curves corresponded well with the content of framework Al. 
That was to say, more extra-framework Al would be generated when the sodium 
alginate was added excessively or added before TEOS, as obvious decreases 
of acid amount were observed in S-HZSM-5-1.25 and S-HZSM-5-0.75-p. This 
should be attributed to that part of aluminum species have coordinated with car-
boxy groups of sodium alginate rather than bonded with silicon species.

In order to verify the difference in Al distribution of the catalysts, 27Al MAS-
NMR spectra (Fig. S4) of Con-HZSM-5, S-HZSM-5-0.75, S-HZSM-5-0.75-p 
were measured. The spectra displayed two main peaks around 55.6 and 0 ppm, 
which were assigned to framework tetrahedral Al  (FAlIV) and extra-framework 
octahedral Al  (EFAlVI) [29]. Compared with Con-HZSM-5, a broad peak cen-
tered around 35  ppm was observed in S-HZSM-5-0.75 and S-HZSM-5-0.75-p. 
This broad peak was assigned to the superposition of distorted pentahedral coor-
dination and distored tetrahedral coordination of Al (DAl) [29, 30]. In addition, 
a chemical shift of  FAlIV band could also be observed for S-HHZSM-5-0.75 and 
S-HZSM-5-0.75-p. The chemical shift in spectra was related the distribution of 
framework Al to 12 distinct T-sites of the HZSM-5 structure [31]. Neverthe-
less, it was infeasible to assign framework Al to various T-sites of the HZSM-5 
structures only based on NMR chemical shifts. Thus the  FAlIV sitings were not 
discussed here. The proportions of the three Al species were summarized in 
Table S3. It can be found that the content of DAl and  FEAlVI was significantly 
improved for S-HZSM-5-0.75-p, which indicated that the extra-framework Al 
was easier generated over the catalyst prepared with the addition of sodium algi-
mate prior to TEOS. And the obvious decrease in  FAlIV content was the main 
reason for the lowest acid amounts in S-HZSM-5-0.75-p. For S-HZSM-5-0.75, a 
slight change in the proportion of the three bonds was observed compared with 
Con-HZSM-5. The increase in DAl content and decrease in  FAlIV content made 
it clear that the sodium alginate could also prevent aluminum species into the 
framework of zeolite when the sodium alginate was added after TEOS.

Table 3  The distribution of acid amount and  SiO2/Al2O3 of the synthesized HZSM-5 samples

a Obtained by ICP-OES

Samples Total acid (mmol 
 NH3  g−1 cat)

Weak acid (mmol 
 NH3  g−1 cat)

Strong acid (mmol 
 NH3  g−1 cat)

SiO2/
Al2O3a 
(mol %)

Con-HZSM-5 0.42 0.15 0.27 74.8
S-HZSM-5-0.50 0.86 0.32 0.54 66.4
S-HZSM-5-0.75 1.24 0.44 0.80 50.3
S-HZSM-5-1.00 1.16 0.38 0.78 48.7
S-HZSM-5-1.25 0.54 0.25 0.29 51.2
S-HZSM-5-0.75-p 0.38 0.16 0.22 58.8
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Catalytic performance

The catalytic performances of the above prepared catalysts in GTA process were 
investigated under 0.1 MPa at 400  °C and a WHSV of 0.96 h−1 with a fixed-bed 
reactor. During the reaction time, the conversion rates of glycerol and methanol were 
close to 100% over all the prepared samples. In this study, the service lifetime of the 
catalyst was defined as the stage from the start to the time when the obtained BTX 
yield was less than 10%. From Fig. S5, the main liquid products were aromatics and 
only trace amount of oxycarbides was detected. The mainly oxycarbides were acr-
olein, acetone, acetaldehyde and acetol. For aromatics in the liquid product, besides 
BTX aromatics which were the target product, heavy aromatics including trimeth-
ylbenzene, methylethylbenzene, tetramethylbenzene and others were also detected.

The product selectivity for these samples at 2.5 h on stream was investigated and 
the results are shown in Table 4. The distribution of BTX products was similar on 
the obtained catalysts, and the most abundant product was xylene, then followed 
by toluene and benzene. Besides, the selectivity of toluene and xylene was obvi-
ously enhanced respectively when the sodium alginate was employed in the sam-
ple synthesis, while that of benzene was found without visible change. As listed 
in Table 4, the higher selectivities of benzene (2.07%) and toluene (13.26%) were 
achieved over S-HZSM-5-1.00 sample, while 17.94% selectivity of xylene was also 
found over S-HZSM-5-0.75. There was a difference of the  C9

+ products distribu-
tion on the obtained catalysts. The most abundant  C9

+ product for S-HZSM-5-0.50 
and S-HZSM-5-0.75 was tetramethyl benzene, while for other catalysts was tri-
methyl benzene. In addition, the ratios of BTX/aromatics on S-HZSM-5-(x) and 
S-HZSM-5-0.75-p samples were fewer than Con-HZSM-5 zeolite. Especially for 
S-HZSM-5-0.50, the ratio of BTX/aromatics was only 75.64%. The phenomenon 
should be related to the smaller crystal size of S-HZSM-5-(x) and S-HZSM-5-0.75-
p samples. As Sikarin Tamiyakul [4] reported that  C9

+ heavy aromatics were the ini-
tial aromatic products from the predominant aldol pathway, and these have shorter 
time to crack to lighter aromatics on smaller crystals. Thus, a higher yield of  C9

+ 
was observed on S-HZSM-5-(x) and S-HZSM-5-0.75-p and the ratio of BTX/aro-
matics decreased. Similar results were also gained by Hoang Trung Q [10].

As drawn from Fig. 5, for all the catalysts, the carbon yield of BTX increased at 
initial stage, then went through a steady period and decreased rapidly with time on 
stream. Overall, the catalysts modified with sodium alginate exhibited higher BTX 
yield compared with Con-HZSM-5. The carbon yield of BTX for Con-HZSM-5 
was 22.20%, while that for S-HZSM-5-(x) was over 30%. Interestingly, the maxi-
mum carbon yield of BTX was observed with 35.06% over S-HZSM-5-0.75 sam-
ple. However, adding the sodium alginate prior to TEOS addition could cause a 
decrease in carbon yield of BTX. For S-HZSM-5-0.75-p, the carbon yield of BTX 
was only 26.97%. It was important to point out that GTA was a typical reaction 
catalyzed by acid sites [32]. Sikarin Tamiyakul et al. [4] proposed a reaction path-
way for aromatic formation in GTA process: (1) propenal, acetol and acetaldehyde 
were generated by the dehydration of glycerol; (2) olefin products were generated by 
the carbonyl bond dissociation of acetaldehyde; (3) heavy aromatics were formed 
via oligomerization and cyclization of olefin and oxygenates (propenal, propanal, 
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propen-2-ol and methanol); (4) aromatics and short alkanes were generated by the 
disproportion and cracking of heavy aromatics. Hence, the BTX yield in GTA pro-
cess was closely related to the acid amounts. Combined with  NH3-TPD (Table 3), 
the enhanced acid amounts for S-HZSM-5-(x) should be mainly responsible for the 
improvement of BTX yield. Besides, the improved mass transfer of reactant was also 
one of important factors for the enhanced catalytic activity [33]. Especially, the car-
bon yield of BTX for S-HZSM-5-0.75-p was higher than Con-HZSM-5 but the acid 
sites of S-HZSM-5-0.75-p were the fewest. The improved carbon yield of BTX for 
S-HZSM-5-0.75-p should mainly be due to the smaller crystal species which made 
the acid sites more accessible for reactant. As a result, the oligomerization, cycliza-
tion and hydrogen transfer steps occurred easily in GTA reaction [34].

The catalytic stability of the catalysts was closely related to the formation of 
coke. Herein, TPO measurements of the spent catalysts were performed to investi-
gate the formation of carbon deposits and the results are shown in Fig. 6. The TPO 
spectra of all the prepared catalysts exhibited three combustion peak at 395  °C, 
500 °C and 650 °C, which were denoted as coke I, coke II and coke III respectively. 

Fig. 5  Time course of the car-
bon yield of BTX on the synthe-
sized HZSM-5 samples, reaction 
condition: atmospheric pressure, 
400 °C, WHSV = 0.96 h−1
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Coke I was assigned to hydrogen-rich carbonaceous deposits, which was mainly 
formed during aldol condensation procedure [35]. As for coke II, it has more ali-
phatic nature and was mainly deposited on the external surface, while coke III was 
mainly polyaromatic carbonaceous deposits [29, 36]. It was obvious that the main 
coke was polyaromatic carbonaceous deposits (coke III) in GTA reaction. The areas 
of the three peaks were calculated to quantitatively measure the coke formation rate 
of the zeolites and the results are listed in Table 5. It was well known that the coke 
formation rate was strongly influenced by the crystal size, mesoporous volume and 
acidity [13, 37]. The catalysts modified with sodium alginate had smaller crystal 
size, which could shorten the diffusion path length and suppress the polymeriza-
tion of the newly-generated aromatics within micropores. As a consequence, the 
coke formation rates of S-HZSM-5-(x) and S-HZSM-5-0.75-p were nearly half of 
the Con-HZSM-5. And the service lifetimes of S-HZSM-5-(x) and S-HZSM-5-0.75-
p were obviously prolonged, which were about two times of Con-HZSM-5 (3.5 h). 
Generally, more acid sites could not only promote the generation of aromatics but 
also accelerate the formation of coke and the deactivation of catalyst. Although 
the acid sites of S-HZSM-5-(x) (x = 0.50, 0.75, 1.00) samples were more than 
S-HZSM-5-1.25, the service lifetimes of the former catalysts (over 8 h) were longer 
than that of the latter catalyst (6.5 h). The great improvement of service lifetimes on 
S-HZSM-5-(x) (x = 0.50, 0.75, 1.00) was mainly due to the larger intermesoporous 
volume, as the intermesopore was favorable to facilitate the diffusion of coke pre-
cursors and enhance the accommodation of coke. Overall, both S-HZSM-5-(x) 
and S-HZSM-5-0.75-p samples could effectively inhibit the carbon deposition in 
GTA reaction. Comprehensive consideration of BTX yield and service lifetime, 
S-HZSM-5-0.75 was the most suitable catalyst for GTA reaction.

Regeneration and reusability

To evaluate the reusability of the prepared nano-sized HZSM-5 zeolite, 
S-HZSM-5-0.75 with the maximum BTX yield was selected as the research object. 
The spent catalyst was regenerated in air at 550 °C for 5 h and tested in GTA reac-
tion at the same experimental conditions that used previously.

As shown in Fig. 7, the increase in the number of regeneration cycles was accom-
panied by a gradual decrease in BTX yield. And the BTX yield decreased to 27.48% 
for  the third regenerated catalyst.  However, longer service time (up to  11.5  h) on 
the regenerated catalyst was achieved compared to the fresh catalyst (8.5 h). XRD 
results in Fig. S6 indicated the structure of the regenerated zeolite was destroyed 
as the diffraction peak intensity (especially at 22.5–25°) of the catalyst regenerated 
after three cycles was lower than the fresh catalyst. It was well documented in the 
literature [36] that the loss of some aluminum from the framework by hydrolysis 
during the reaction and regeneration should be responsible for the structural dam-
age. Moreover, the loss of aluminum could cause a change in acid properties and 
textural properties. As shown in Fig. S7 and Table S1, the  NH3-TPD curve areas of 
the catalyst regenerated after three cycles were much smaller compared with fresh 
zeolite, and the total acid amount of regenerated catalyst was only 0.29 mmol g−1, 
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23.4% of the fresh zeolite. The textural properties in Table S2 showed a decrease in 
the external surface area as well as the mesopore volume of the regenerated catalyst 
while no change in microporous surface area and microporous volume. Although a 
catalyst having more acid sites contributed to the formation of aromatic hydrocar-
bons, it also caused carbon deposition on the surface of the catalyst to occur more 
easily, and thus the loss of activity was generally faster [38]. Herein, as the regen-
erated catalyst possessed fewer acid sites, the rate of coke formation was slower, 
which led to an enhancement in catalytic lifetime.

Conclusions

Highly crystallized nano-sized catalysts were successfully synthesized via the addi-
tion of sodium alginate into catalyst synthesis gel. Both the effects of addition order 
and dosage of sodium alginate on the physicochemical properties and catalytic per-
formance in GTA reaction were studied. The addition of an appropriate amount of 
sodium alginate after TEOS (S-HZSM-5-0.75) resulted in an obvious decrease in 
crystal size and increase in external surface area and acid amounts of the zeolite, 
which could efficiently shorten the diffusion length and improve BTX yield. Nev-
ertheless, the addition of sodium alginate prior to TEOS (S-HZSM-5-0.75-p) led 
to an unobvious decrease in crystal size and lower acid amounts, which could not 
significantly promote GTA reaction. As a consequence, 35.06% BTX yield with 
8.5  h service lifetime was obtained on S-HZSM-5-0.75 while 26.97% BTX yield 
with 6.5 h was achieved on S-HZSM-5-0.75-p. This result indicated that the nano-
sized HZSM-5 prepared with appropriate amount of sodium alginate after TEOS 
was a promising catalyst for glycerol aromatization. Although the regenerated 
S-HZSM-5-0.75 catalyst still had a 27.48% BTX yield in third regeneration cycle, 
the catalytic activity was significantly decreased compared to the fresh catalyst 
(35.06% BTX yield). The decreased catalytic activity was mainly due to decrease 
of acid sites by the loss of aluminum during the reaction and regeneration process. 
In addition, the service lifetime of the regenerated catalyst was prolonged, which 

Fig. 7  Time course of the 
carbon yield of BTX on the 
regenerated HZSM-5 sam-
ples, reaction condition: 
atmospheric pressure, 400 °C, 
WHSV = 0.96 h−1
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was up to 11.5 h. This was mainly as the slower carbon deposition rate caused by 
decreased acid sites, increasing its stability.
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