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Abstract The crystallization of zeolite A was monitored
by measuring the adsorption capacities of synthetic prod-
ucts. The influences of organic additives on the crystalliza-
tion process and adsorption performances of zeolite were
investigated. SDS (sodium dodecyl sulphonate), TWEEN
(Tween-80), and PEG (poly(ethylene glycol)) shorten the
induction period by reducing the interfacial energy while
SCMC (sodium carboxymethylcellulose) can prolong the
induction period by increasing the interfacial energy. TEA
(triethanolamine) can also suppress the nucleation through
reducing the effective supply of aluminum. All the organic
additives but SCMC diminish the rate of crystal growth.
CTAB (cetyltrimethylammonium bromide) causes the de-
struction of crystal structure and reduce the concentration
of OH− ions. As a result, the rate of crystal growth is signif-
icantly reduced. Meanwhile, PAM (poly(acrylamide)), SDS,
TWEEN, HMTA (hexamethylenetetramine), and PEG in-
crease the viscosities of synthesis systems, thus, diminish
the growth rate. PAM restrains the transformation of zeolite
A crystal into hydroxysodalite one, therefore, tremendously
improves the stability of crystals of zeolite A. In addition,
PAM can promote the rates of n-hexane adsorption on ze-
olite 5A because of the impact of PAM on the crystal-size
distributions of zeolite 5A.
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Abbreviations
SDS Sodium dodecyl sulphonate
TWEEN Tween-80
PEG Poly(ethylene glycol)
TEA Triethanolamine
SCMC Sodium carboxymethylcellulose
PAM Poly(acrylamide)
CTAB Cetyltrimethylammonium bromide
HMTA Hexamethylenetetramine
OP p-Octyl polyethylene glycol phenyl ether
XRD X-Ray diffraction
SEM Scanning electron microscope
TG Thermogravimetric

1 Introduction

Due to the extensive applications in catalytic, separation and
ion exchange processes (Breck 1974), the synthesis con-
trol of zeolite has received continuous attention. In gen-
eral, zeolite crystallization is focused on because of its no-
table influence on the performances of the synthetic zeolite
products. Various materials including crystal seeds (Edel-
man et al. 1989), aged mother liquor (Gora and Thomp-
son 1997), inorganic compounds (Sun et al. 2009) as well
as organic compounds (Charnell 1971; Basaldella and Tara
1998; Kim et al. 2009) were used for governing the crys-
tallization process or varying the crystal sizes of zeolite
products. Controlled addition of organic additive to zeo-
lite synthesis systems was most extensively investigated
(Barrer 1981). Charnell (1971) first reported that the addi-
tion of triethanolamine to zeolite A synthesis gels led to
the growth of larger crystals. Scott et al. (1990) and Mor-
ris et al. (1991, 1993) found that tertiary alkanolamines
could chelate aluminum with its hydroxyl groups being di-
rectly involved in bonding to the metal ion, thus, affect
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the nucleation and crystallization rates. Moreover, the crys-
tal sizes of zeolite A could be enlarged by controlling the
number of nuclei. Basaldella and Tara (1998) also con-
firmed that triethanolamine could help produce larger crys-
tal while studied the transformation of metakaolinite into
zeolite A. Recent study on synthesis of large and uniform
crystals of zeolite A was conducted by Yang et al. (2006)
and concluded that triethanolamine increased the viscosity
of the reaction system, and reduced the reactivity of alu-
minum species towards nucleation as well as crystal growth
through forming chelated complex compounds. In addition,
the crystallization of zeolite A with sodium dodecyl sul-
phate, cetyltrimethylammonium bromide, Nonidet P40, and
poly(ethylene glycol) was investigated and the crystalline-
growth curves were determined (Myatt et al. 1994).

In this paper, we study in detail the effect of different
organic additives on the three crystallization stages with re-
spect to induction stage, crystal growth stage, and stabiliza-
tion stage, respectively. In addition, we attempt to exploit
the effect of organic additives on adsorption performances
of synthesized zeolite 5A.

2 Experimental

2.1 Materials

Sodium hydroxide, aluminum hydroxide, sodium silicate
nonahydrate, calcium chloride, n-hexane, cyclohexane, tri-
ethanolamine (TEA), cetyltrimethylammonium bromide
(CTAB), hexamethylenetetramine (HMTA), sodium dode-
cyl sulphonate (SDS) and sodium carboxymethylcellulose
(SCMC) were obtained from Lingfeng Chemical Reagent
Corporation (Shanghai, China) at the purities of >97 %.
Tween-80 (Tween), p-octyl polyethylene glycol phenyl
ether (OP), poly(ethylene glycol) (average molecular weight
of 10,000) (PEG) and poly(acrylamide) (PAM) were pro-
vided by Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China) with >95 % purities.

2.2 Synthetic procedure

The hydrothermal syntheses of zeolite were carried out in
a series of 100 ml batch Teflon autoclaves using sodium
silicate and sodium metaaluminate as the silica and alu-
mina sources, respectively. The sodium silicate and sodium
metaaluminate solutions were prepared and then mixed with
stirring (100 rpm) to form the hydrogels with the overall
batch compositions of 2.5Na2O·Al2O3·2SiO2·150H2O·xM,
where x is 0 for additive-free synthesis system and 0.03
for additive systems, M is TEA, CTAB, OP, PEG, HMTA,
SDS, SCMC, TWEEN, or PAM. The preparation details of
the samples of zeolites 4A and type 5A can be found in
Ref. (Sun 2009).

2.3 Characterization

The adsorption capacities were determined after undergo-
ing calcium ion exchanging by measuring the concentration
changes of n-hexane in an n-hexane-cyclohexane-zeolite 5A
system at 25 °C with the initial n-hexane concentration of
around 0.03 % in weight (Sun et al. 2009). The adsorption
capacities Q were expressed as m g g−1, indicating that the
sample is of m grams adsorption capacity for n-hexane per
gram zeolite 5A.

Powder X-ray diffraction (XRD) patterns of zeolite 4A
products were measured on a Ricoh D/Max2550 X-ray
diffractometer with CuKα radiation (40 kV and 100 mA).
Data collection was carried out in the 2 theta ranging from 3
to 50°, with a step size of 0.02°. Crystal morphologies of ze-
olite 4A samples were determined by a JEOL JSM-6360LV
scanning electron microscope (SEM), operating at 15 kV.

3 Results and discussion

3.1 General crystallization behavior of zeolite A

A synthesis experiment was carried out in the additive-free
system, and the adsorption capacities of zeolite 5A products
corresponding to different crystallization times were mea-
sured and presented in Fig. 1. It is clearly shown that the
curve is in accordance with typical S-shaped crystallization
curve (Myatt et al. 1994) and can be divided into three time
regions.

According to available mechanism, the crystallization of
zeolite A can be explained as two stages: the initial induction
period as well as the crystal growth period (Breck 1974).
The induction period corresponds to the first region (R1)
in Fig. 1. A linear increase in adsorption capacities of zeo-
lite 5A products can be observed from R2 shown in Fig. 1.

Fig. 1 Adsorption capacities variation curve for zeolite 5A.
R1—inducing stage, R2—growing stage, R3—stabilization stage
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Fig. 2 XRD patterns of samples with crystallization times of:
(a) 75 min, (b) 80 min, (c) 85 min, (d) 120 min, (e) 360 min

The SEM morphologies of zeolite 4A products at different
crystallization times are also illustrated as well in Fig. 1 and
the XRD patterns are indicated in Fig. 2. As far as the third
region (R3) in Fig. 1 is concerned, further SEM and XRD
analysis results prove that a part of zeolite A is converted to
another phase. In this stage, the adsorption capacities show
overall decrease of 15.85 % in following 240 min synthesis
time. At 360 min, some plate crystals can be observed grow-
ing from the surfaces of cubic crystals. Moreover, four more
diffraction peaks at 2θ = 13.94°, 24.30°, 31.54°, and 34.64°,
which are assigned to hydroxysodalite (S) crystals (Walton
et al. 2001), appear in the XRD pattern from Fig. 2(e). In
the present study, we define the third region as the stabi-
lization period for zeolite A. During the stabilization period,
the metastable zeolite A tends to convert to the thermody-
namically more stable hydroxysodalite crystals in the hot
alkaline crystallization solution. For optimizing the adsorp-
tion capacity of zeolite A, the zeolite products should be
isolated from the crystallization solutions once the crystal-
lization steps into the stabilization stage.

3.2 Effects of organic additives on the crystallization
process of zeolite A

Three kinds of organic compounds such as surfactants (i.e.,
SDS, CTAB, TWEEN, and OP), organic amines (TEA and
HMTA) as well as water-soluble polymer (PAM, SCMC,
and PEG) were selected as additives. All the organics were
introduced to the synthesis systems through dissolving them
in the sodium metaaluminate solutions under heating. At
last, the additives could be removed by calcination in air
at higher than 400 °C in a muffle oven (Ruthven 1998).
A thermogravimetric analysis also has been carried out as
to confirm the removal of additives from zeolite products.

Fig. 3 Thermogravimetric measurement result of zeolite 4A sample
from synthesis system with PAM addition

Fig. 4 Influences of additives on the adsorption capacities of zeolite
5A samples during crystallization process

In order to identify the weight change during TG mea-
surement clearly, a sample of zeolite 4A was synthesized
with larger amount of PAM (the overall compositions of
2.5Na2O·Al2O3·2SiO2·150 H2O·0.1PAM) and used for the
test. The TG test result is shown in Fig. 3. From Fig. 3,
the weight of zeolite 4A declines with an increase of tem-
perature and finally reaches a platform under N2 flow and
410 °C. After the O2 flow being introduced, the weight of
sample declines again because of the oxidative removal of
the organic additive.

The influences of various additives on the adsorption ca-
pacities of zeolite 5A samples during crystallization process
are illustrated in Fig. 4. These organics show different in-
fluences on the adsorption capacities of 5A samples. The
same as additive-free system, all the additive systems un-
dergo similar three-stage crystallization process. With the
additions of different organics, the SEM images and XRD
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Fig. 5 SEM images of zeolite
4A samples from different
synthesis systems:
(a) additive-free (crystallization
time of 120 min), (b) TEA (240
min), (c) PAM (240 min),
(d) PEG (240 min), (e) OP
(120 min), (f) HMTA (120 min)

patterns of zeolite 4A samples in the stabilization period are
shown in Figs. 5 and 6. The SEM images show no significant
morphological difference. In Fig. 6, the diffraction peaks
of hydroxysodalite crystal are highlighted with dashed line
frames. The hydroxysodalite crystals also can be identified
in XRD patterns of zeolite samples synthesized from several
additive systems. According to the definition of three-stage
crystallization process, we attempt to explain the effects of
different organic additives on the induction period, growth
period, and stabilization period, respectively.

3.2.1 Effects on the induction period

According to the simplified nucleation theory recommended
by Van Hook (1961), the free energy change involved in the
nucleation step can be expressed as:

�G = 16πσ 3ν2/
(
3μ2) (1)

where �G is the free energy change of the nucleation, σ is
the interfacial energy, ν is the molar volume, and μ is the
chemical potential.

Then, the rate of critical nuclei formation is expressed as
Eq. (2):

rn = c · exp
(−16πσ 3ν2/

(
3k3T 3 ln2 α

))
(2)

where rn is the nuclei formation rate, c is the constant, α is
the supersaturation, k is the Boltzmann constant.

Fig. 6 XRD patterns of zeolite 4A samples from different synthesis
systems: (a) additive-free (crystallization time of 360 min), (b) SDS
(360 min), (c) CTAB (360 min), (d) TEA (360 min), (e) HMTA
(180 min), (f) TWEEN (360 min), (g) SCMC (360 min), (h) PEG
(360 min), (i) OP (180 min), (j) PAM (360 min)

The various influences of additives on induction peri-
ods are demonstrated in Fig. 7. Compared to the additive-
free system, the synthesis systems in the presence of SDS,
TWEEN, or PEG show shorter induction periods. Some con-
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Fig. 7 Effect of organic additives on the inducing period

sistent results about the influences of SDS and PEG on the
induction have been reported by Myatt et al. (1994). Accord-
ing to Myatt et al., the effects on induction time of SDS or
PEG can be increased as increase the amount of additive in
synthesis system. With the low amount of SDS, TWEEN, or
PEG, the induction time is reduced from 75 min to 60 min.
In order to reveal the change of interfacial energy with the
addition of organics, the surface tensions of all the synthesis
systems were determined at 40 °C. Table 1 shows the influ-
ences of additives on the surface tensions of synthesis sys-
tems. SDS, TWEEN, and PEG reduce the surface tensions
of synthesis systems, suggesting the decrease in the interfa-
cial energy σ . In addition, the nuclei precursors are easier
to generate in the micelle centers of some organics than the
clear system due to the decrease in the interfacial energy.
Many organic additives have been used for inducing the nu-
cleation. In the presence of some surfactants, the surfactant
micelles in synthesis system enable the zeolite nanoclusters
to be assembled because of the affinity (Gu et al. 2010).
Under the action of affinity, some parts of the micelles can
insert into the barrier layer and reduce the nucleation free
energy (Hu et al. 2011). TEA and SCMC, in contrast, sup-
press the nucleation of zeolite A, hence, prolong the induc-
tion period. The increases in surface tensions can be found
as for the additions of TEA and SCMC. TEA can affect the
nucleation by chelating aluminum with its hydroxyl groups
being directly involved in bonding to the metal ions. The re-
duction in effective supply of aluminum for nuclei, in other
words, reduction in c suppresses the nucleation. The exis-
tence of the complex has been confirmed by solution-phase
13C NMR spectroscopy (Scott, 1990) as well as 27Al NMR
spectroscopy (Morris et al. 1991). As for SCMC, the longer
nucleation period can be attributed to the increase in interfa-
cial energy.

Table 1 Surface tensions of different synthesis systems

Synthetic system Surface tension (at 40 °C ) (mN/m)

TWEEN 29.3

TEA 35.5

HMTA 34.7

CTAB 29.9

PAM 39.2

SDS 25.2

PEG 28.4

OP 31.3

SCMC 41.1

Additive-free 32.2

Fig. 8 Slope ratios of different additive systems to the additive-free
system

3.2.2 Effects on the rates of crystallization

In order to reveal the influences of additives on the rates of
crystallization, the slopes of different crystallization curves
corresponding to the crystal growth period were firstly ob-
tained through the linear correlation. Assuming the slope
for additive-free system is of 1, the slope ratios of addi-
tive systems to the additive-free system were calculated and
shown in Fig. 8. A larger slope represents the larger rate
of crystal growth. From the present study, all organic addi-
tives but SCMC reduce the rate of crystal growth to some ex-
tent. Some investigations concerned the influences of TEA
on crystal growth of zeolite A have been done since 1970s
(Charnell 1971; Scott et al. 1990; Morris et al. 1991, 1993;
Yang et al. 2006). TEA can significantly affect the rate of
crystal growth by complexing, hereafter, releasing slowly
aluminum in the synthesis system. As shown in Fig. 8, how-
ever, TEA displays a smaller effect in the growth rate than
other compounds. The lowest growth rate can be found in
the presence of CTAB and the influence mechanism can be
explained from two aspects. On one hand, the quaternary
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Table 2 Viscosities of different synthesis systems

Synthetic system Viscosity (at 40 °C) (cp)

TWEEN 1.9932

TEA 1.2597

HMTA 1.5281

CTAB 1.2517

PAM 11.0687

SDS 18.3902

PEG 1.7806

OP 1.2730

SCMC 1.2437

Additive-free 1.2411

ammonium cations cause the destruction as well as deforma-
tion of crystal structure which is formed in the growth period
(Iwasaki et al. 1998; Roozeboom et al. 1983). On the other,
OH− ions also take part in the crystal growth of zeolite A as
the reactive species (Barthomeuf and Holderich 1990). The
quaternary ammonium cations in crystallization system can
reduce the effective concentration of OH− ions for the crys-
tal growth. The overall rate of crystal growth, therefore, de-
clines. A decrease in adsorption capacity of synthetic prod-
uct with CTAB addition has been found and can also be at-
tributed to the same destruction behavior of quaternary am-
monium cations.

Furthermore, the viscosity of synthesis mixture can be
improved by adding some kinds of organic compounds. The
viscosities of different synthesis systems have been mea-
sured at 40 °C and the results are listed in Table 2. As con-
ducted the synthesis experiments, we found that the synthe-
sis system with additions of PAM, SDS, TWEEN, HMTA,
and PEG showed higher viscosity than others. It is reason-
able that an increasing in viscosity will reduce the transfer
rate of silica and aluminum species reaching to the nuclei,
as a result, reduce the crystal growth rate.

3.2.3 Effects on the stabilization period

When thermodynamically metastable zeolite A is kept in the
mother liquor for extensive periods of time, it converts to
the more stable hydroxysodalite (Walton et al. 2001; Sub-
otić et al. 1980). The stability of zeolite A in crystalliza-
tion mother liquor is evaluated by the decrease in adsorption
capacity (Dac). Dac of zeolite products from different syn-
thesis systems are defined using Eq. (3) and the results are
shown in Fig. 9.

Dac = (Qm − Q2 h)/Qm × 100 % (3)

where Dac is the decrease in adsorption capacity, %, Qm is
the adsorption capacity of the zeolite product with the high-
est relative crystallinity, and Q2 h is the adsorption capacity
of the product after 2 h of stabilization time.

Fig. 9 The decrease in adsorption capacity for different synthesis sys-
tems

As shown in Fig. 9, the Dac of SCMC and PEG adding
systems are indeed similar to that of additive-free system. It
should be noted that zeolite A products show smaller Dac, in
other word, have higher stabilities in other seven organic ad-
ditive systems as compared to additive-free system. Among
these seven additives, PAM increases the stability of zeo-
lite A to the greatest extent. Furthermore, we determined
the adsorption capacities of two zeolite products at 16 h
stabilization time from PAM and additive-free systems re-
spectively. The adsorption capacity decreases for PAM and
additive-free systems are 11.29 % and 31.71 % after 16 h of
stabilization time. In addition, XRD patterns of 4A samples
from PAM system are analyzed and presented in Fig. 10 for
comparison with additive-free system. As indicated in Fig. 2
and Fig. 10, the zeolite sample from PAM system shows
weaker peak intensities of hydroxysodalite crystal than that
from additive-free system after the same stabilization time.
It can be concluded that PAM show the significant inhibition
effect on the transformation of zeolite A crystal into hydrox-
ysodalite one in crystallization mother liquor. The stabiliza-
tion effect of PAM on zeolite A is manifested in two ways:
Firstly, we speculate that some zeolite A crystals with some
structure defects are formed, during the competitive grow-
ing process, because of the temporary lacking of reactive
species. The crystal structures with defects are instable and
easier to deform or rearrange than the perfect crystal struc-
tures in the mother liquor. In accordance with what is ob-
served in crystal growth period, the rate of crystal growth is
suppressed and the amount of zeolite A crystals with struc-
ture defects is reduced by adding PAM. As a result, the sta-
bility of zeolite A in the mother liquor is improved. Sec-
ondly, the solvent effect of the synthesis system with addi-
tion of PAM (Coetzee and Ritchie 1969) changes the ion
strength of the system which can influence the conversion
rate of zeolite A to hydroxysodalite. As shown in Fig. 5,
the PAM system seems to lead to more perfect crystals than
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Fig. 10 XRD patterns of zeolite 4A samples from PAM systems
with crystallization time of: (a) 75 min, (b) 90 min, (c) 120 min,
(d) 240 min, (e) 360 min

other systems. As for CTAB, the influences on stability of
zeolite A can be interpreted that the destruction effect of
CTAB on crystal structures of zeolite A leads to the defor-
mation of some crystal structures with defects and hereafter
re-dissolution into the synthesis system. Similarly, the sta-
bility of zeolite A increase with a decrease in the amount
of crystals with structure defects. According to the research
results reported by Cheng et al. (2009), OP also plays a re-
straining role in the co-crystallization of MOR zeolite impu-
rity during the FER zeolite crystallization.

3.3 Effects of organic additives on the adsorption
performances of zeolite 5A

3.3.1 Effects on the adsorption capacities (Qm)

For each synthesis system, the adsorption capacity, Qm, is
obtained by monitoring the adsorption capacities of crys-
tallized products in system. All Qm corresponding to nine
synthesis systems are illustrated in Fig. 11. Three synthesis
systems with the additions of SDS, CTAB, or TWEEN show
smaller Qm than that of additive-free system.

3.3.2 Effects on the adsorption rates

During each synthesis, the zeolite product which has the
largest adsorption capacity was crushed and sieved. The rate
of n-hexane adsorption on the sieved sample with particle-
size of 100–120 mesh was determined as:

ra = Q5/(5Qm) × 100 % (4)

where ra is the adsorption rate, % min−1, Q5 is the mea-
sured adsorption amount in the first five minutes of adsorp-
tion time.

Fig. 11 Effects of organic additives on the adsorption capacities (Qm)
of zeolite 5A

Fig. 12 Effects of organic additives on the rates of n-hexane adsorp-
tion on zeolites 5A (ra)

The average adsorption rates of the zeolites 5A crystal-
lized from different systems are presented in Fig. 12. SDS,
TEA, TWEEN, OP and HMTA reduce adsorption rates of
zeolites A. In contrast, PAM promotes the adsorption rates
of zeolites A, therefore, can be introduced into synthesis
system for optimizing the adsorption performance of zeo-
lites 5A. The rates of normal paraffins adsorption on zeo-
lites 5A can be governed by micropore diffusion or macro-
pore diffusion depending on the pore diameter distributions
of the zeolite samples (Ruthven 1984). The adsorption rates
are obviously influenced by adding certain organic additives
mainly because that these compounds change the crystal-
size or the pore-size distributions of the crystal agglomer-
ates. The crystal-size distributions of zeolite 5A samples are
presented in Fig. 13. It is indicated that the sample synthe-
sized from OP system has wider distribution range as com-
pared to other synthesis systems. Meanwhile, the narrowest
distribution range has been found as PAM is used as the ad-
ditive.
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Fig. 13 Crystal-size distributions of zeolite 5A samples

4 Conclusions

SDS, TWEEN, and PEG are helping in shortening nucle-
ation of zeolite A because they can reduce the interfacial
energy of synthesis system. In contrast, SCMC can lengthen
the induction period through increasing the interfacial en-
ergy and TEA can suppress the nucleation by reducing the
effective supply of aluminum. All the organic compounds
but SCMC diminish the rate of crystal growth. Among these
organics, CTAB leads to the most reduction in rate of crys-
tal growth because of the destruction of crystal structure
and the decrease in the concentration of OH− ions. PAM,
SDS, TWEEN, HMTA, and PEG diminish the growth rate
by increasing the viscosities of synthesis systems. The sta-
bility of crystals of zeolite A can be improved by adding
SDS, CTAB, TEA, TWEEN, OP, or HMTA. Especially,
PAM shows a significant stabilization effect on zeolite A
crystals. Several additives also have effect on crystal-size
distributions of zeolite 5A. As a result, the n-hexane ad-
sorption rate of the synthesized zeolite 5A is promoted
by PAM.
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