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ABSTRACT: Zircoaluminate coupling agents can be used as surface modifiers or adhesion additives in many applications, such
as plastics, rubbers, coatings, and pigments. In this paper, a range of zircoaluminates with different functional groups were
synthesized, by using polyaluminum chloride (PAC), zirconium oxychloride, 1,2-propanediol, and others. The products were
characterized by FTIR, MALDI-TOF MS (matrix-assisted laser desorption/ionization time-of-flight mass spectrometry), and
TGA. FTIR spectra indicated that the multiple bands at 1636—1567 cm™" are the characteristics of zircoaluminates. The number-
average molecular weight and weight-average molecular weight of carboxyl functional zircoaluminate (sample ZA-C6) are 2125
and 2295 g/mol, respectively, as determined by MALDI-TOF MS. The molar ratio of reactants and selected organofunctional
ligands can affect not only the properties but also the thermal stabilities of final products. TGA results showed that the
decomposition of zircoaluminates includes four distinct stages and dodecyl functional zircoaluminate (sample ZA-F) has the

highest decomposition temperature of 374 °C.

1. INTRODUCTION

Zircoaluminate coupling agent is one of the low-molecular-
weight inorganic polymers, and it is usually composed of three
parts: the chelated aluminum moiety, the organofunctional
ligand, and the zirconium moiety." Typically, the empirical
fogmula of a zircoaluminate coupling agent can be represented
as

[Al,(OR,0),A;B.]; [OC(R,)0], [ZrAB,],

wherein A or B can be halogen (generally chlorine) or
hydroxyl; X, Y, and Z may range from 1 to 100 or more; 2a + b
+c¢=4;d+ e=2. There are two different kinds of organic
ligands selectively bounded to the backbone of zircoaluminates:
(1) one ligand (OR;0) imparts the hydrolytic and hydroxylic
stability to its inorganic portion, and it can be a,f3- or a,y-glycol,
or a-hydroxycarboxylic acid, and with no more than six carbon
atoms; (2) the other (OC(R,)O) contributes organofunction-
ality or reactivity to the zircoaluminates, and it can include
carboxyl, hydroxyl, mercapto, amino, or oleophilic groups, etc.
for different purposes. Also, zirconium has less affinity than
aluminum does due to its bigger atomic size, but it is critical to
the stability of zircoaluminates.’

Cohen' ™ first synthesized a zircoaluminate coupling agent
and studied its applications as a surface modifier and an
adhesion promoter. Since then, zircoaluminates have been
widely used in plastics, rubbers, coatings, pigments, adhesives,
etc. It was reported that zircoaluminates are less water sensitive
(unlike silanes and titanates) and cost-effective in the
irreversible modification of all inorganic fillers/pigments,
carbon black, and many organic pigments, leading to significant
viscosity reduction of coating resin or solvent and reducing
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particle agglomeration.>® Also, zircoaluminates can improve

salt spray resistance,* enhance adhesion to coatings or metal
substrates,”® reduce corrosion of many metallic materials,*°
and increase water resistance,'® thus prolonging the service life
of end products, such as solvent- and waterborne coatings.

Recently, a cationic-functional zircoaluminate was synthe-
sized by Chen et al,'" and they demonstrated that the cationic
zircoaluminates can efficiently improve the retention of
precipitated calcium carbonate during papermaking and
enhance paper physical properties.'> In addition, zircoalumi-
nates can also be used as surface modifiers of nanoparticles,
such as nano-ZrO,,"* nano-CaCO,,"* ™' and nano-TiO,."" '
It has been reported that about 50% reduction of the viscosity
of a nano-TiO, aqueous slurry (30% solid content) can be
achieved after the surface modification using 0.4 wt % carboxyl
functional zircoaluminates.”’ It is also demonstrated that a
better microscopic pore structure of a paper coating surface can
be obtained when carboxyl zircoaluminate modified nano-TiO,
was added to the paper coating, and the resulting coated paper
had improved optical properties and printability.”

However, most of studies are focused on applications, and
the characterization of zircoaluminates is scarcely reported.
This may be due to the complex molecular structure of
zircoaluminates. Previous studies based on Fourier transform
infrared (FTIR) analysis indicated that there is a 7 bond (O—
C—O0) structure between Al and Zr in zircoaluminates.'**?
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Although it was reported that zircoaluminate coupling agent
has a low molecular weight,s’21 no exact value is available in the
literature. Also, previous reports just indicated that the
decom;)osition temperature of zircoaluminates is above 300
°C,*"* but the detailed thermal decomposition behavior has
not been reported, particularly for the various products with
different molar ratios of 1,2-propanediol to Al, different molar
ratios of chelated polyaluminum chloride (PAC) to Zr, or
different functional groups. In the present paper, a range of
zircoaluminates with different functional groups were synthe-
sized, their general properties were determined, and their
thermal decomposition behaviors were studied.

2. EXPERIMENTAL SECTION

2.1. Materials. Polyaluminum chloride (PAC) with a
basicity of about 86% and Al,O; content of 25.7 wt % was
received from Gongyi City Fuyuan Water Purification Materials
Co. Ltd. (China). Hydrochloric acid, nitric acid, zirconium
oxychloride, 1,2-propanediol, methanol, isopropyl alcohol,
adipic acid, methacrylic acid, and lauric acid were all of
analytical reagent grade. Dodecyl dimethyl betaine with 30 + 1
wt % solid content was supplied by Guangzhou Liangpeng
Chemical Industry Co. Ltd. (China), and its molecular
structure is shown as follows:

CH;

CIZHZS—T—CHZCOO_
CH;

All materials were used as received, without further
purification.

2.2. Preparation of Zircoaluminates. On the basis of
Cohen’s studies"” and our early studies,””*"** the synthesis of
zircoaluminates was designed as follows: (1) the organic ligand
OR;O was chelated to the backbone of PAC, to enhance the
hydrolytic and hydroxylic stabilities of the final products (it is
noted that PAC is a common cationic polymer used in the
paper industry™); (2) the chelated PAC was bridged to
zirconium oxychloride through the organofunctional ligand
(OC(R,)0). PAC is mainly based on the Al units,?**” and
can be generally represented by the empirical formula of
[AL(OH),Cls_,],.>* Therefore, the synthesis of zircoalumi-
nates can be described in the following equations:

[AL(OH),Cl,_,], + aX(HOR,OH)

— [Al,(OR,0),Cl,(OH), ] (1)
[AL,(OR,0),ClL,(OH), ]y + Y[OC(R,)O]
+ Z[ZrCl,(OH),]
- [Alz(ORlo)aCIb(OH)c]X[OC(Rz)O)]Y
[ZrCl,(OH),], (2)

where 0 < n < 6; m is the polymerization degree of PAC; a, b,
d, ¢, X, Y, and Z are defined above. In this study, 1,2-
propanediol was used as OR,O; adipic acid, methacrylic acid,
lauric acid, and dodecyl dimethyl betaine were used as
OC(R,)O, respectively. The resultant products were denoted
as ZA-C, ZA-M, ZA-F, and ZA-Q, respectively. The detailed
optimized conditions are as follows:

1. A 12 g sample of PAC was dissolved in 12 mL of deionized
water in a continuously stirred flask (V = 250 mL). After
complete dissolution, 15 mL of methanol was added and the
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mixture was heated in a water bath. When the temperature of
the mixture increased to 70 °C, the required amount of 1,2-
propanediol was added and the mixture was refluxed at 70 °C
for 45 min. Upon completion, some insoluble substances
(about 0.5% of total product) were removed by centrifuge at
2000 rpm in 10 min. Subsequently, the active product was
isolated by low vacuum solvent removal and dried in an oven at
105 °C; this was the solid chelated PAC. The selected molar
ratios of 1,2-propanediol to Al (P/Al) were 0.25, 0.5, and 1,
respectively.

2. A chelated PAC solution was prepared by dissolving 10.3 g
of solid chelated PAC with a P/Al ratio of 0.5 (prepared above)
in a 30 mL methanol. A 1.61 g sample of zirconium oxychloride
powder was dissolved in 30 mL of isopropyl alcohol in a flask,
0.2 mL of hydrochloric acid was added, and the mixture was
heated to 75 °C in a water bath. Subsequently, the prepared
solution of chelated PAC was added gradually in 10 min, and
then the mixture was refluxed at 75 °C for 20 min. After that,
5.69 g of adipic acid was added and refluxed at 75 °C for 40
min. Last, a very small amount of insoluble substances was
removed by centrifuge at 2000 rpm for 10 min and then
filtrated on a Biichner funnel with filter paper. The resultant
liquid was the final ZA-C product with lower alcohols (e.g.,
methanol, isopropyl) as solvent. Other products were
synthesized under similar conditions and isolated the same
way, while 1,2-propanediol was used as solvent in the
preparation of ZA-Q. The yields for all zircoaluminate products
were over 99%.

In addition, the effects of the molar ratio of P/Al, the molar
ratio of the chelated PAC to Zr (X/Z), and the molar ratio of
OC(R,)O to the total metal (Y/(2X + Z)), on the properties of
final products were studied and are discussed later in the paper.

2.3. Characterization of Zircoaluminates. With the use
of deionized water, 2 wt % aqueous solutions of the
zircoaluminate products were prepared, and the pH value was
measured with the use of a Sartorius basic pH meter PB-10
(Sartorius AG, Germany).

After complete digestion using nitric acid for removal of
organic portions, the total aluminum content of zircoaluminate
products was determined by a HACH-DR 2800 spectropho-
tometer (Hach Company, USA). In this method, the indicator
reacts with aluminum in the sample to form a red-orange color,
and the color intensity, which is measured at 522 nm, is
proportional to the aluminum concentration. Two or three
replicates for each test were conducted and the average data
were reported.

MALDI-TOF MS (matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry) spectra were acquired on
an Autoflex III smartbeam MALDI-TOF MS instrument
(Bruker, Germany) in the reflection mode. The matrix
compound was DHB (2,5-dihydroxybenzoic acid; Bruker
Daloinc Leipzig, Germany) dissolved in tetrahydrofuran. The
zircoaluminate products were analyzed directly without
separation.

For the FTIR and thermogravimetric (TGA) analyses, the
samples were dried in an oven at 105 °C for 2 h. FTIR spectra
of samples were obtained from a Nicolet Nexus 470 FTIR
spectrometer (Nicolet, USA). KBr pellets were prepared using
the weight ratio of KBr (analytical reagent grade) to sample of
100:1. The spectra were collected in the range 4000—400 cm™".
TGA and DTG (differential thermogravimetry) curves were
obtained using a Netzsch TG-209 thermogravimeter (Netzsch,
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Table 1. General Properties of Synthetic Zircoaluminate Products”

product sp gravity  solid content Al content
code R,COOH P/Al X/Z Y/(2X + Z) (g/mL) (wt %) appearanceb pr (wt %)
ZA-C1  adipic acid 0.25 3 0.6 0911 24.8 light yellow, semitransparent 3.61 7.63
ZA-C2  adipic acid 0.5 3 0.6 0.902 23.9 light yellow, semitransparent 3.67 7.23
ZA-C3  adipic acid 1 3 0.6 0.852 23.0 light yellow, semitransparent 3.70 6.54
ZA-C4  adipic acid 1 2 0.6 0.960 32.6 light yellow, semitransparent 3.69 6.21
ZA-CS  adipic acid 1 6 1.0 0.942 25.5 light yellow, cloudy 3.65 6.01
ZA-C6  adipic acid 1 6 0.6 0.918 259 light yellow, semitransparent 3.69 6.96
ZA-C7  adipic acid 1 6 0.2 0.910 28.6 light yellow, clear 3.72 8.12
ZA-M  methacrylic acid 1 6 0.6 0.881 22.7 light yellow, semitransparent 3.89 9.58
ZA-F lauric acid 1 6 0.6 0.877 224 two layers: clear for upper layer; white flocculent ~ 4.07 4.32
precipitate for lower layer
ZA-Q  dodecyl dimethyl 1 6 0.6 1.087 26.9 two layers: clear for upper layer; white flocculent — 4.26 3.17

betaine

precipitate for lower layer

“The yields of all synthetic zircoaluminate products are over 99%. PFor 2 wt % aqueous solutions of zircoaluminates.

Germany) from room temperature to 900 °C and at a fixed
heating rate of 10 °C/min under nitrogen flow.

3. RESULTS AND DISCUSSION

3.1. General Properties. For zircoaluminate products, the
ratios of P/Al, X/Z, and Y/(2X + Z) can affect their properties.
As reported by Cohen,"” the preferred ratios of P/Al, X/Z, and
Y/(2X + Z) were 0.1—1.0, 3—6, and 0.1—1.0, respectively. 1,2-
Propanediol can impart the hydrolytic and hydroxylic stabilities
of the final products. Accordingly, increasing the P/Al ratio can
improve the stability of the chelated PAC and, consequently,
the stability of zircoaluminates. Aluminum has higher affinity to
the substrate surface than zirconium does; thus, increasing the
X/Z ratio can have a positive effect on the reactivity of
zircoaluminates, while decreasing the X/Z ratio enhances the
stability of the final products.

The general properties of zircoaluminate products with
different functional groups are shown in Table 1. As can be
seen, the appearance of 2 wt % aqueous solution of carboxylic
zircoaluminates (ZA-C7) with a Y/(2X + Z) of 0.2 is clear,
indicating good water solubility, while ZA-CS with a Y/ (2X +
Z) of 1.0 is cloudy (hazy), indicating poor water solubility.
Therefore, increasing the Y/(2X + Z) ratio decreases the water
solubility of zircoaluminates, which also means that the higher
the ratio of Y/(2X + Z) the higher the organic compatibility of
the final products.

The water solubilities of zircoaluminate depends on the
organofunctional ligands as well. As presented in Table 1, ZA-F
and ZA-Q samples with long carbon chains are water insoluble,
and their 2 wt % aqueous solutions have two layers: the upper
layer is clear and colorless; the lower layer is a white flocculent
precipitate. In general, the products with carboxyl and
methacrylic groups show better water solubilities. In addition,
the solid content can affect the solubilities of zircoaluminates in
a given solvent. For example, some precipitate will occur when
the solid content of the sample ZA-C3 increases to 4 wt % in
water. Please note that when the solid content of the
synthesized zircoaluminate is over 40 wt %, the inorganic
polymerization of the product may take place, thus causing it to
lose its activity. The solid contents of the commercial
zircoaluminate products are also in the range 20—40 wt %
(such as MANCHEM zircoaluminates®®).

3.2. FTIR. Figure 1 displays the FTIR spectra of PAC
(Figure 1a) and the chelated PAC prepared with P/Al ratios of
0.25 (Figure 1b), 0.5 (Figure 1c), and 1.0 (Figure 1d). For PAC
(Figure la), the broad band at 3430 cm™" is associated with the
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Figure 1. FTIR spectra of (a) PAC and chelated PAC with different
molar ratios of 1,2-propanediol to Al of (b) 0.25, (c) 0.5, and (d) 1.0.

hydroxyl stretching vibration®® and the band at 1640 cm™ is
assigned to the OH bending vibration of water molecules in the
Al,; structure.** The 1087 cm™! band is related to Al-O—H
bending of the bridged hydroxyl anions, and similar results at
1085 cm ™! were obtained for the Al—-O—H absorption band.*
The band at 979 cm™' is assigned to the Al-OH deformation
bending, which is in agreement with 980 cm™" reported by
Kloprogge et al>* Furthermore, the band at 639 cm™ is
assigned to the symmetric stretching mode of Al-O bond of
the central AlO,” in the Al,; units.®

For the chelated PAC (Figure 1b—d), the bands at 2980 and
2936 cm ™! are ascribed to the asymmetric stretching vibration
of methyl and methylene groups, respectively.’* The peak at
1464 cm™ is attributed to the scissoring vibration of methylene
or the symmetric deformation of methyl group.*® The peak at
1385 cm™ is due to the symmetric bending vibration of —CH.
The peaks at 1130 and 1040 cm™ are assigned to the stretching
mode of C—O from secondary alcohol and primary alcohol,
respectively, while the peak at ~840 cm™ is due to the CH
bending vibration. In addition, the intensities of these peaks
were enhanced as the P/Al ratio increased (Figure 1). These
results supported the conclusion that 1,2-propanediol was
chelated to PAC for these samples.

FTIR spectra of zircoaluminates with carboxyl (sample ZA-
C6), methacrylic (sample ZA-M), dodecyl (sample ZA-F), and
quaternary ammonium groups (sample ZA-Q) are given in
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Figure 2. For sample ZA-C6, it can be seen from Figure 2 that
there are multiple bands between 1627 and 1580 cm™, which

1636

4000 3500 3000 2500 2000 1500 1000 500

-1
Wave number /i nm

Figure 2. FTIR spectra of zircoaluminate coupling agents with
different functional groups. (a) Sample ZA-C6, (b) sample ZA-M, (c)
sample ZA-F, and (d) sample ZA-Q.

are due to the asymmetric stretching vibration of carboxylate
and are in agreement with the characteristics of zircoalumi-
nates.”"** Also, these multiple bands are overlapped by those of
hydroxyl (1640 cm™) from the adsorbed water molecules. In
free carboxylic ion, the asymmetric stretches of COO™ (v,,)
and symmetric stretches of COO~ (v,) are at approximately
1560 and 1400 cm™!, respectively.”® If dissociated, the
carboxylate has a multielectronic 7 bond (7,3), and it can
coordinate with a metal ion, forming the structures as

M—0 0 _

N .A M—O:

R MR Pl
(o) 0] M—O

I( Unidentate) II( Chelating) 1( Bridging)

In the unidentate structure (I), the peak of v, (COO) is
higher than that of free carboxylic ion and the peak of 2,(COO)
is lower than that of free carboxylic ion, whereas the opposite
was observed in the bidentate structure (II).>” Deacon and
Philips®® found that the structure of carboxylate coordination
could be predicted by Av(v,—v,): if Av(v,—v,) is lower than
that of free COOT, the coordination is bidentate; if Av(v,,—v,)
is higher than that of free COO7, the coordination can be
assigned as unidentate. The bridging structure (III) usually has
a higher Ay, ranging from 120 to 160 cm™.* In sample ZA-
C6, 1,,(CO0) was at 1627—1580 cm ™", while ,(COO) was at
1467 cm™', which is overlapped by the deformation of —CH,—
or —CHj; at 1464 cm™". On the basis of these results, it can be
concluded that the structure of carboxylate coordination in
sample ZA-C6 is in the “bridging” form, with Av of 113—160
cm™". The peaks at 1627 and 1580 cm™' are attributed to
COOAI and COOZr, respectively, which are compared to 1610
and 1585 cm™" reported by Cohen." Similar results were also
reported by Freischmidt and Michell.> In addition, the peak at
1710 cm™" (Figure 2a) is indicative of C=0 stretching in the
COOH form.*"** This is because there are two carboxyl groups
in adipic acid: one is in the “bridging” structure; the other
remains free (as the functional group of zircoaluminate
coupling agent). On the basis of these results and previous

reports,”"> the partial structure of sample ZA-C6 is shown in
Figure 3.
Al—O
! C— (CH,),CO0H
Zr—O

Figure 3. Partial structure of zircoaluminate (sample ZA-C6; adapted
from Freischmidt and Michell® as well as Chen et al.'!).

Compared to the results for sample ZA-C6 (Figure 2a),
similar bands between 1636 and 1567 cm™" for samples ZA-M,
ZA-F, and ZA-Q_are also shown in curves, b, ¢, and d,
respectively, of Figure 2. In Figure 2b, these multiple bands are
overlapped by C=C stretching vibration (1645 cm™') from
methacrylic acid** The bands at 2928 and 2854 cm™' are
assigned to the asymmetric and symmetric stretching vibrations
of CH,, respectively. They are derived from lauric acid for
sample ZA-F and dodecyl dimethyl betaine for sample ZA-Q.
In Figure 2d, the peak at 1411 cm™' is assigned to C—N
stretching vibrations.*

3.3. Molecular Weight Distribution. In this study,
MALDI-TOF MS was employed to determine the molecular
weight distribution of the products. The results of M, (number-
average molecular weight), M, (weight-average molecular
weight), and PI (polydispersity index) of the synthetic
zircoaluminates with different functional groups are given in
Table 2. As can be seen, the M, and M,, of sample ZA-C6 are

Table 2. Estimation of Molecular Weight Distribution of
Zircoaluminates with Different Functional Groups

product code M, (g/mol) M, (g/mol) PI

functional group

ZA-C6 carboxyl 2125 2295 1.08
ZA-M methacrylic 1495 1755 117
ZA-F dodecyl 2035 2514 124
ZA-Q quaternary ammonium 1900 2494 1.31

2125 and 2295 g/mol, respectively, and it has a narrow
polydispersity of 1.08. Sample ZA-M has the lowest M, (1495
g/mol) and M,, (1755 g/mol). This may be due to the small
molecule of methacrylic acid used as the organofunctional
ligand. However, samples ZA-F and ZA-Q_have polydispersity
values of 1.24 and 1.31, respectively. It is noted that caution
should be taken when evaluating the molecular weight results
from MALDI-TOF MS for polymers with PI > 1.2, because, in
many cases, polymers with a PI larger than 1.2 show an
underestimation of the molecular weight distribution toward
the high molar mass range.*’ The relatively larger poly-
dispersities of ZA-F and ZA-Q indicate that their molecular
distributions are inhomogeneous, which is possibly due to the
relatively larger molecules of dodecyl and quaternary
ammonium used. Therefore, more accurate estimations for
the samples ZA-F and ZA-Q may be needed in future
investigation (e.g., test after appropriate separation/fractiona-
tion).

Although zircoaluminate coupling agent is usually presented
by the empirical formula [AL(OR,0),Cl,(OH),.],[OC(R,)O]y
[ZrCl,(OH),],, its molecular structure is complicated, which
depends on the raw materials used (such as PAC, containing
various Al specie526’27’33), the molar ratio of the reactants, and
the selected route and conditions of synthesis. Therefore, it is
not easy to determine the mass spectra of zircoaluminates. The
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MALDI-TOF mass spectrum of sample ZA-C6 is shown in
Figure 4. It is seen that its molecular weight ranged from about
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Figure 4. MALDI-TOF mass spectrum of zircoaluminates (sample
ZA-C6).

1000 to 4000 g/mol. The mass differences between the
adjacent peaks indicate the complex nature of the molecular
structure. The complex structure of PAC may also result in the
difference of each structural unit of zircoaluminates. However,
as presented in Figure 4, the mass increment between two
adjacent peaks is about 130 g/mol, which is most likely related
to the repeat unit of the chelated aluminum moiety in
zircoaluminates, as every two Al atoms (mass 27-2 = 54) are
chelated by one molecule of 1,2-propanediol (C;HgO,, mass
76) during the preparation of the chelated PAC. In addition, as
indicated by Cohen,' when the aluminum moiety or the
zirconium moiety forms its terminus, one of the hydroxyl
groups or chlorine atoms may be replaced by an alkoxyl group
having one to six carbon atoms.

3.4. Thermal Decomposition Behavior. The thermal
decomposition behavior of different zircoaluminate products is
shown in Figures 5—7. It is seen that, in the temperature range
25-900 °C, the weight loss of zircoaluminates occurs in four
distinct stages. The temperature range of each stage varies with
different products. In the first stage of <170 °C, the weight loss
is related to the removal of adsorbed water molecules. In the
second stage of 170—350 °C, the weight loss may be associated
with the dehydroxylation of inorganic parts in zircoalumi-

nates.*** The third decomposition stage of 350—500 °C is
attributed to the decomposition of zircoaluminates and the
combustion of organic portions; it was reported that the
decomposition point of zircoaluminates is above 300 °C."*!
Based on the weight loss in the first (W;) and third stages
(W3), the weight percentage of inorganic portion (Wi,e,,) in
zircoaluminates can be calculated as
- W W,
-100%
1

VV;norg =

In the last stage (=500 °C), the weight loss is due to the slow
decomposition of residual inorganic portions.

Shown in Figure S are the effects of the P/AI ratio on the
thermal decomposition behaviors of zircoaluminates. As can be
seen from the TG curves (Figure Sa), the total weight losses of
sample ZA-Cl, ZA-C2, and ZA-C3 are 59.36, 63.32, and
63.83%, respectively. The increasing of total weight loss is due
to the increase of the P/Al ratio, which is expected. The weight
losses in the third stage of ZA-Cl, ZA-C2, and ZA-C3 are
11.95, 12.59, and 13.18%, respectively, which are close and
expected because the organic contents in these samples are
similar (16.06, 17.32, and 18.05%, respectively) and the weight
losses in these temperature ranges are related to the
decomposition of zircoaluminates and the combustion of
organic portions. As shown in the DTG curves (Figure Sb),
when the used P/Al increases from 0.25 to 1.0, the peaks tend
to shift to a higher temperature in each decomposition stage,
and the decomposition temperatures in the third stage of
samples ZA-C1, ZA-C2, and ZA-C3 are 342, 357, and 369 °C,
respectively. These results indicate that increasing the P/Al
ratio can increase the decomposition temperatures of
zircoaluminates, leading to improved thermal stabilities of
zircoaluminates.

At a given ratio of P/Al of 1.0, the effects of X/Z ratio on the
thermal decomposition behavior of zircoaluminates are shown
in Figure 6a (TG) and Figure 6b (DTG). The X/Z ratio is 6 for
sample ZA-C6 or 2 for sample ZA-C4. The ratio of Y/(2X + Z)
is 0.6 (Table 1). As presented in Figure 6b, decreasing the X/Z
ratio reduces the peak area in the first decomposition stage
(due to the loss of adsorbed water), and the weight losses of
samples ZA-C6 and ZA-C4 are 26.42 and 25.03%, respectively.
The weight loss in the second stage is attributed to the removal
of hydroxyl groups, which are mainly derived from the

100

Weight, %

30 1 1 1 1

200 400 600 800

Temperature, C

0

Rate of weight loss, %/min

5 1 1 1 L 1
100 200 300 400 500

600
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Figure S. Effect of P/Al ratio on thermal decomposition behavior of zircoaluminates. (a) TG; (b) DTG. P/Al ratio: 0.25 for sample ZA-C1, 0.5 for
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inorganic portions of zircoaluminates.*' According to the TG
curves in Figure 6a, the weight loss of sample ZA-C6 in the
second stage is 15.51%, which is higher than that of sample ZA-
C4 (12.34%). This is in agreement with the fact that the
inorganic portion of sample ZA-C6 (73.2%) is higher than that
of sample ZA-C4 (70.4%). In addition, it can be seen from
Figure 6a that the weight losses in the third decomposition
stage of samples ZA-C6 and ZA-C4 are 19.75 and 22.20%,
respectively. This is because decreasing the X/Z ratio leads to
the increase of organic portion in zircoaluminates at a given X
and Y/(2X + Z). Figure 6b also shows that the decomposition
temperature of sample ZA-C6 (345 °C) is higher than that of
sample ZA-C4 (320 °C). These results suggest that, at a given
ratio of P/Al and Y/(2X + Z), decreasing the X/Z ratio can
lower the decomposition temperature of zircoaluminates. That
is, to improve the thermal stability of final zircoaluminates, the
amount of the chelated PAC may be appropriately increased.
Figure 7a (TG) and Figure 7b (DTG) illustrate the effects of
different organofunctional ligands on the thermal decom-
position behavior of zircoaluminates. For samples ZA-M, ZA-F,
and ZA-Q, the P/Al ratio is 1.0, X/Z is 6, and Y/(2X + Z) is 0.6
(Table 1). As can be seen from Figure 7, the decomposition in
each stage varies with different organofunctional ligands. For
instance, the weight loss of sample ZA-Q in the first stage is
20.47%, which is significantly lower than that of other products.

This is because of the long carbon chain from dodecyl dimethyl
betaine, leading to its lower hydrophilicity or higher hydro-
phobicity. Figure 7 also shows that, unlike other products, there
is an obvious weight loss of sample ZA-Q in the fourth
decomposition stage. In addition, samples ZA-M and ZA-F
have higher decomposition temperature (354 and 374 °C,
respectively), while sample ZA-Q has the lowest decomposition
temperature (302 °C). It can be concluded that the
organofunctional ligand used in the synthesis is critical for
the thermal stability of zircoaluminates.

4. CONCLUSIONS

A series of zircoaluminates with different functional groups
were synthesized, and some important properties, including the
molecular weight distribution and thermal decomposition
behavior of the synthetic products, were characterized. FTIR
results showed that the multiple bands at 1636—1567 cm™ are
the characteristics of zircoaluminates, while the spectra
differences of the different products are mainly due to the
specific organofunctional ligands used in the synthesis. The
complex structure of zircoaluminates, to a large extent, depends
on the raw material used. On the basis of the MALDI-TOF MS
results, the number-average molecular weight and weight-
average molecular weight of carboxyl functional zircoaluminate
(sample ZA-C6) are 2125 and 2295 g/mol, respectively, and it
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has a narrow polydispersity of 1.08, while the dodecyl
functional zircoaluminate (sample ZA-F) and quaternary
ammonium functional zircoaluminate (sample ZA-Q) have
polydispersity values of 1.24 and 1.31, respectively.

The molar ratios of 1,2-propanediol to Al (P/Al), the
chelated PAC to Zr (X/Z), and the organofunctional ligand to
the total metals (Y/(2X + Z)) can affect the properties of the
final products. Increasing the ratio of Y/(2X + Z) can increase
the organic compatibility of products, but lower the water
solubility. The best thermal stability can be obtained when the
ratios of P/Al and X/Z were optimized. In addition, the
organofunctional ligands can affect the thermal stability of
zircoaluminates as well. Therefore, the resultant products can
be tailored by better controlling these key parameters during
synthesis according to their final usage, and better under-
standing of the key properties of zircoaluminate coupling
agents is very crucial for further development of new
zircoaluminate products and better utilization of zircoalumi-
nates.
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