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Abstract-Zirconium phosphonates layered struclure (ZPLS) materials with various organic pendant 
groups have been synthesized. Their physical properties were investigated by means of SEM, BET, 
XRD, TGA/DTA and FT-IR. These properties, crystallinity in particular, depended strongly on prepa- 
ration conditions and the nature of the pendant. In general, samples with a sulfonic acid pendant 
were not as crystalline as the carboxylic acid analogs. Crystalline samples exhibited a plate-like mor- 
phology as commonly observed for layered structure materials. Interlayer spacing of these materials 
was roughly proportional to the size of the pendant. In comparison with a conventional cation excha- 
nged resin (Amberlyst 15), the layered structures with a sulfonic acid pendant showed similar IR 
characteristics, hut much better thermal stability. 

INTRODUCTION 

Solid acid catalysts have conferred pr~ffound im- 
pacts on chemical industw and petroleum processing. 
Mosl famous are zeolites which were first synthesized 

by Union Carbide in 1959 1-11. With high activity and 
unique molecular sieving effects, zeolite catalysts have 
enjoyed wide industrial applications such as cracking, 
alkylation and isomerization. Applications of zeolite, 
however, are limited to reactions occurring at rela- 

tively high temperatures because their acidity is not 
high enough to promote reactions at low temperatures. 
Cation-exchanged polystyrene sutfonic acid resins are 
more suitable for low temperature applications E2]. 
However, they are not thermally stable above 150~C. 
A perfluorinated ion-exchange resin (Nation) is a solid 
superacid, yet unstable above 190-C ~3], Hence, it has 
been desired to find a new solid acid catalyst usable 
at temperatures of 200-400C. 

Zirconium phosphonates layered structure (ZPLS) 
materials could be a candidate for the purpose E4-7]. 
These materials combine many of the properties of 
inorganic metal oxides with the organic functionality 
characteristic of the functionalized polymeric resins. 
Like acid resins, they can he modified with various 

*To whom correspondences should be addressed. 

functional groups and yet are thermally more stable 

than the resins due to the inorganic backbones. De- 
spite of substantial amount of work reported in the 
literature for these materials E4-7], there are only a 
few examples of zirconium phosphonates containing 
acid pendant groups [8-10]. This work is concerned 
with the synthesis and characterization of the mate- 
rials especially with pendant sulfonic acid groups. The 

properties of these materials are compared with two 
related materials; a cation exchanged sulfonic acid re- 

sin (Amberlyst 15, Rohm and Haas) and a-zirconium 
phosphate (cL-ZrP). A companion paper E l l ]  deals with 
catalytic properties of these materials. 

EXPERIMENTAL 

I. Sample Preparation 
Synthesis of zirconium phosphonates is performed 

under  reflux conditions in a 250 m/ round  bottom flask 
fitted with a Dean-Stark trap, reflux condenser, mag- 
netic stirrer and a N2 purge line. The reaction tempe- 
rature was maintained by a heated silicon oil bath sur- 
rounding the reactor and a temperature controller. 
Typically, the reactions involve simple mathematical 
precipitation by Eq. (1) from aqueous solution contain- 
ing a zirconium salt and an appropriate phosphonic 
acid at 100C under N._, purge ~5, 6]. 
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O 
H 

ZrOCl2 �9 8H~O + 2(HO)~P-R 
--~Zr(O.~P-R)2 + 2HCI + 9H20 (1) 

where R represents an organic radical. Zirconium 
phosphate (R = OH) (a-ZrP) was employed as a refer- 
ence material and prepared by the same procedure. 
The precipitates formed vew small particle white flo- 
cks immediately. However, the reflux was continued 
for 20 h for digestion of the products ("Ostwald rip- 
ening'). The products were washed three times with 

distilled water, acetone and ether, in the sequence, 
and then dried at 110~ for 4 h to obtain solid pow- 

ders. 
The sulfonic phosphonic acids, required precursors 

for the preparation of zirconium phosphonates with 
a sulfonic acid pendants, are not commercially availa- 
ble and hence were synthesized in this study. In the 
case of 2-sulfophenyl ethyl phosphonic acid, for exam- 
ple, was synthesized by the following sequence of reac- 

tions: 

8OE 
CaH:CH~CH,2Br + H2SO4 n_hexane 

BrCH~CH2C~H,SO3H + H~O (2) 

After 3 h of reflux, the bromosulfonic acid was extrac- 
ted from the two phase mixture and then reacted in 
ethanolic NaOtt. 

BrC H._,C H~C,~H~SO:M + NaOH ~ h a n o l '  

BrCH~CH2C6H4SO:~Na + H20 (3) 

The 2-sulfophenyl ethyl bromide sodium salt was ob- 
tained as white solids after filtration of the reaction 
product and drying, Phosphonation was carried out 
via an Arbusov reaction [12~ with triethylphosphite 

in N,N-dimethyl formamide solvent. 

P(OEt):~ BrCH=,Ctt:C~H~SO:;Na 120C 

O 
I 

(EtO)ePCH~CH~CsB,SO:INa + EtBr (4) 

The progress of the reaction could be monitored by 
measuring produced ethyl bromide in the Dean-Stark 
column. Acid hydrolysis with aqueous HBr yielded 
the desired precursor phosphonic acid. 

O 

(EtO)~PCttxCH~C,;H SO:~Na + 3HBr - ~  

O 

(HO) ~PC H~C H~C,MsSO:M + 2EtBr + NaBr (5) 

The desired zirconium bis(2-sulfophenyl ethyl phos- 
phonate) was prepared from this phosphonic acid in 
the same manner as in Eq. (1). In the case of zirco- 
nium bis(2-sulfophenyl propyl phosphonate), two sam- 
ples were prepared under extreme conditions in order 
to control the crystallinity. In one case, the ripening 
step was omitted to obtain a highly noncrystalline sa- 
mple. In the other case, the sample was prepared with 
HF added in the precipitation step and ripening conti- 
nued for 48 b to increase the crystallinity of the pro- 
duct. 
2. S a m p l e  Character iza t ion  

The prepared ZPLS materials were characterized 
by several physical methods. The powder X-ray diffrac- 
tion (XRD) patterns were obtained with CuI~ radia- 
tion on a Rigaku Dmax-B diffractometer. The reflec- 
tions at low 20 values denote the interlayer spacings 
d according to the Bragg equation nk= 2d sin0, 'where 

is the wavelength of X-ray radiation and 0 is the 
Bragg angle. The specific surface areas were meas- 
ured by the N2 BET method on a Micromeritics Accu- 
sorb 2100E for samples evacuated at 200C for 2 h. 
Thermogravimetric and differential thermal analysis 
(TGA/DTA) was performed on a Perkin-Elmer 1700 
system at a heating rate of 0.33 Ks l in flowing N2. 
The scanning electron micrographs (SEM) were obtain- 
ed on Cambridge Stereoscan 250 Mk3. The infrared 
(IR) measurements were made with a Perkin-Elmer 
1800 FT-IR spectrometer on self-supporting disk sam- 
ples. The disks were prepared by compressing the 
powders of the ZPLS (3 wt%) and KBr under 6•  :~ 
kgcm :~. The reported spectra are averages of 16 
scans with a spectral resolution of 4 cm 1. 

R E S U L T S  

1. T e x t u r e  and Structure  
Table 1 compares the BET surface areas of prepa- 

red ZPLS. If prepared under the same precipitation 

Table 1. Specific surface areas by the BET method 

Surface area 
Material 1nag 

Zr(O:~POH)~ 7.3 
Zr(O:IPCH2COOH)~ 22s 
Zr(O:~PCH~CH~COOH)2 40.6 
Zr(O:~PGM~)2 64.8 
Zr(O:~PCH2CH2SO:I}t)~ 137.1 
Zr(():~PC H2C H~C,M~SO:~H)~ 143.2 
Zr(O:~PC H2CH2CH~C~H4SO:tH)~ 156.7 
Zr(O:~PCH2CH2CH2C~H4SO:IH)~/HF 6.0 
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Fig. 1. Scanning electron micrographs of a-ZrP (a) and 
Zr(O~PCH~.CHzCOOHh (b). 

conditions, the surface area increased as the size of 
the pendant group increased. The ZPLS containing 
sulfonic acid group showed particularly high surface 
areas. A dramatic effect was observed when 3 moles 
of /-IF per mole of Zr ~' were added to the solution 

of precipitation reaction [Eq. (1)]. The resulting pro- 
duct denoted as Zr(O:~PCHeCHeCH.,C,;H4SO:M)e/HF 
showed a BET area of only 6 meg ~ compared to 157 

m-'g ~ without HF. This role of HF has been known 
as a sequestrant  to inhibit release of free Zr ~" to solu- 
tion and enhance the cwstallinity and particle size 

[ 13]. 
The morpholog7 of ZPLS was obserw~d by SENI. 

Representative micrographs are shown in Figs. 1 and 
2. The c~-ZrP (Fig. la) appeared as grainy chunks 
where individual particles or their aggregates were 
hardly seen. The carboxylic acid and phenyl ZPLS in- 
dicated distinct aggregates of particles as shown typi- 
cally in Fig. lb  for Zr(O#CH~CH,COOH):~. The sulfo- 
nic acid ZPLS (Fig. 2a) showed again the grainy chu- 
nks like ct-ZrP, yet in much reduced sizes. However, 
if the same material was ripened for extended period 
with HF, large crystals of ZPLS were formed as shown 

Fig. 2. Scanning electron micrographs of Zr(O3PCH:CHr 
CH2C6H4SO~H),_ (a) and Zr{O3PCH~CI-I:CHzCo- 
H4SO~H)ffHF (b). 

in Fig. 2b. The crystals assumed a plate-like morpho- 
logy with approximate sizes of 0.5 ~am• ~tm:X 10 Ixm. 
This is the morphology commonly observed for lay- 
ered structure materials. Since only a weak van der  

Waals force connects each layer, this is the direction 
that a crystal is most easily cleaved. 

Powder XRD has been proved to be one of r_he most 
useful techniques in the characterization of layered 
structure materials. The sharpness of the reflections 
represents  the cwstallinity and a reflection at a low 
20 value gives interlayer spacing by the B r a ~  equa- 
tion. The XRD pattern of ct-ZrP in Fig. 3a is in agree- 
ment with reported XRD patterns for the material 
]14]. The first three peaks could be assigned to be 
(002), (110), and (112) reflections of P2t/n symmetry. 
Other expected reflections of (202) and (604) appears 
to be unresolved with (110) and (112) reflections, re- 
spectively. From the angle of (002) reflection, an inter- 
layer spacing of 7.6,.~ was calculated. This value is also 
in agreenlent with the reported value [14j. 

Figures 3b-d shows XRD patterns for carboxylic 
acid and phenyl ZPLS. These materials appeared in 
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Fig. 3. Powder XRD patterns of a-ZrP (a), Zr(O~PCH2- 
COOH)~ (b), Zr(O)PCHzCOOHh (c), and Zr(Or 
PC~Hsh (d). 

good c~,stalline forms as indicated by sharp XRD 
peaks. This is also consistent with observations made 
by SEM. The (002) reflections were the strongest in- 
dicating the formation of well-defined layered struc- 
tures. From these angles, interlayer spacings of 11.4, 
12.4, and 14.7 were calculated, which again agreed 
with reported values E5]. All the XRD patterns of 
these materials were very. similar to each other and 
to ct-ZrP, indicating similar two dimensional structure 
of each layers. 

The XRD patterns of sulfonic acid ZPLS shown in 
Fig. 4 are much more diffuse, indicating lower crystal- 
lity than those for carboxylic or phenyl counterparts. 
Low angle reflections, in particular, appeared only as 
broad shoulders in decreasing backgrounds. Hence, 
it was difficult to determine the interlayer spacings. 
Interestingly, the Zr(O:~PCH~CH~CH~C,~H,SO:~H)~/HF 
prepared by an extended ripening with HF in the sol- 
ution showed significantly enhanced crystallinity on 
all the reflections other than the low angle reflection. 
From the positions of these shoulders, the interlayer 
spacings were calculated an~,w<ay and the results were 
plotted for all the samples in Fig. 5. The x-axis is 
an arbitrary placement of all the ZPLS prepared in 

>) 
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20 

Fig. 4. Powder XRD patterns of Zr(O3PCH2CHzSO~H)2 
(a), Zr(O3PCH2CHzC6H4SO.~H)z (b), Zr(O,PCHz- 
CH2CH:C6H4SO)H)2 (c) and Zr(OtPCH2CHzCHz- 
C6HISO)Hh/HF (d). 
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Fig. 5. Dependence of interlayer spacings of ZPLS, Zr(O~- 
P-Rh on their pendant functional groups It. 
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Fig. 6. Infrared spectra of a-ZrP (a), Zr(O.~PCHzCHzCHz- 
C~H4SO3Hh (b), and Amberlyst-15 (c). 

this study according to the size of their pendant group 
R. Hence, the absolute scale of x-axis has no meaning 
here. The plot generally shows that the interlayer spa- 
cing increases with increasing size of R. As expected, 
the deviation from the trend in the plot comes for 
sulfonic acid ZPLS because of the difficulty involved 
in the determination of correct positions of low angle 
reflections for these samples. 
2. IR and Thermal  Stabi l i ty  

Figure 6 shows a typical IR spectrum of ZPLS in 
comparison with those of ct-ZrP and Amberlyst 15. 
The assignment of the |R absorption bands for a-ZrP 
(Fig. 6a) is well documented E15]. Bands in the region 
965-1120 cm ~ represent phosphate vibrations of sym- 
m e t ~  group C:~, (asymmetric and symmetric stretch) 
while those at 375-600 cm- t represent the various bend- 
ing modes. The broad bands at 3400-3550 cm ~ are 
assigned to the asymmetric and symmetric water stre- 
tching while the one at 1636 c m  ~ is the bending vi- 
bration. Another reference sample Amberlyst 15 (Fig. 
6c) showed a number of bands at 1000-1200 cm ~ due 
to -SO:~H group. Bands 2800-3000 cm -~ represent st- 
retching and bending vibrations of alkanes. Intensity 
of the band at 1636 cm-t increased probably due to 
the contribution from vibration of benzene rings in 
the polystyrene-based resin. 

All the sulfonic acid ZPLS showed similar IR spec- 
tra. The IR spectrum of Zr(O:~PCH2CH2CH2C6H4SO:~tt) 
is shown in Fig. 6b as an example. Because of the 
overlap of the spectral regions for phosphate and sul- 

o3 
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Fig. 7. DTA (top) and TGA (bottom) of u-ZrP (a), Zr(O3- 
PCH2COOH)2 (b), and Zr(O3PCH2CHzC~H4SO.~- 
H)z (e). 

fonic acid groups, the bands at 950-1300 cm~ were 
complicated. However, it was evident that the IR spec- 
trum of ZPLS contained spectral features of both ct- 
ZrP and Amberlyst 15. The results are consistent with 
the expected structure of ZPLS ill which aryl sulfonic 
acid groups are attached to inorganic layers of zirco- 
nium phosphate. 

The thermal stability of ZPLS was investigated by 
TGA/DTA. As shown in Fig. 7a, DTA curve for cc-ZrP 
showed three endotherms. The first two around 150C 
and 230C are known to be due to phase transitions 
of ct-ZrP to ~-ZrP and then to q-ZrP, respectively 1-161. 
Removal of hydrated water also takes place as eviden- 
ced by the weight loss. The endotherm around 450C 
is attributed to another water loss as a result of con- 
densation of monohydrogen phosphate groups to form 
pyrophosphate 216]. The carboxylic acid ZPLS, Zr(O:~- 
PCH2COOH), showed no change up to 500C, above 
which the decomposition of organic pendant appeared 
to take place. The weight loss of sulfonic acid ZPLS, 
Zr(O3PCHzCH2CaH4SO:M), started around 420'~. The 
thermal behavior of another ZPLS, Zr(O:~PCH.,CHeCH~- 
C6H)SO:M), was compared with Amberlyst 15 in Fig. 
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Fig. 9. A schemat ic  representation of Z P L S ,  Zr(O3P-R) ,  

~ith pendant functional groups R. 

60 140 300 380 4U0 620 780 

Temp (~ 

Fig. 8. DTA (top) and T G A  (bottom) of Zr (O3PCHzCH2-  
CH~C6H4SO~Hh (a), and Amberlyst-15 (b). 

8, Again. the ZPLS showed weight loss from 42ffc 
while Amberlyst 15 did so from 15ffC. All ZPLS mate- 
rials showed significantly bet ter  thermal stability than 

Amberlyst 15. 

D I S C U S S I O N  

Zirconium phosphonate layered structures (ZPLS) 
with organic functional group as pendant have been 
developed by Alberti et al. [4~ and Dines et al. [5, 6], 
and recently by Clearfield [7~. Despite the substantial 
amount of work reported in the literature for these 
materials, there are only a few studies on ZPLS with 
acid pendant groups and their applications as an ion 
exchanger or a solid acid catalyst [8-10]. In particular, 
sulfonic acid ZPLS could serve as an inorganic analog 

for sulfonic acid ion-exchange polystyrene resins which 
are widely employed as industrial cation exchangers 
and acid catalysts. In the present study, we attempt- 
ed to prepare and characterize sulfonic acid ZPLS. 
For comparison, we also prepared some other ZPLS 
including carboxylic acid analogs. 

The a-zirconium bis (monohydrogen orthophosph- 
ate), Zr(O~POH)~-HeO, commonly called a-ZrP, forms 
the structural basis for ZPLS in general. As schemati- 
cally shown in Fig. 9. the materials assume a two-di- 

mensional layered structure with an octahedral coor- 
dination of oxygen around zirconium ion and a tetra- 

hedral coordination around phosphorus. Each Zr is 
connected to a neighboring Zr through an O-P-O link- 
age and the P is connected to three Zr ions via three 
oxide linkages with the remaining bond projected per- 
pendicular to the planar inorganic Zr-O-P polymer 
sheet. On this last P bond, an organic pendant 1;{ is 
attached for ZPLS and -OH for a-ZrP. The ordered 
stacking of these layers occurs with a fixed interlayer 
spacing and is responsible for the characteristic low 
angle XRD reflections. Only van der Waals force is 
operating between lhese layers. The lateral spacing 
within the layer between adjacent P groups in their 

o 
hexagonal array is 5.3A. These leads to an area per 
site of 24~k 2, which represents a cross-sectional limit 

for pendants, Furthermore,  this provides high site den- 
sities comparable to those of ion-exchange sulfonic 
acid resins. 

Carboxylic acid ZPLS, phenyl ZPLS, and ct-ZrP syn- 
thesized here all behaved as expected for a layered 
structure material, Thus powder XRD patterns exhibi- 
ted a prominent series of low angle reflections indica- 
ting the presence of well-defined layers. The interlay- 
er spacings calculated from the reflections were consi- 
stent with the value expected from the size of the 
pendant groups. The ideal behavior of these Z]PES 
is expected because the cross-sectional areas of their 
pendant groups are less than 24/~ ~ and thus pendants 
fit nicely into the space allotted for each site by the 
inorganic Zr-O-P sheets. However, alkyl sulfonic acid 
groups will essentially fill the whole area and even 
more severe crowding exists for aryl sulfonic acid 
ZPLS. The excess size of the pendant group will strain 
the limits of the stability of these ZPLS. Hence, if pre 
pared under  the similar conditions, sulfonic acid ZPLS 
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are much less cwstalline than carboxylic acid counter- 
parts as evidenced by diffuse XRD patterns and SEM 
images. 

Since XRD patterns of sulfonic acid ZPLS do not 
show clear low-angle reflections corresponding to the 
interlayer spacing, a question arises if the layered struc- 
ture with a sulfonic acid pendant was really formed. 
The IR spectrum indicated the presence of both phos- 
phate group and -SO:M. The definitive presence of 
-SO:M group is also demonstrated by the titration of 
the acid with aqueous NaOH as discussed in the com- 
panion paper [11~. The TGA/DTA behavior of our 
samples is similar to that of sulfonic acid ZPLS prepa- 
red by sulfonation of zirconium phenyi phosphonate 
[-9, 10~. Finally, the crystalline Zr(O:~PCH:eCH.eCHeC~H~- 
SO3H)/HF showed a well-developed platelet morpho- 
log)" commonly observed for layered structure mate- 
rials. Taken all these results together, it is believed 
that layered structures were indeed formed with sul- 
fonic acid pendants. Despite highly diffuse low angle 
reflections, other XRD reflections of sulfonic acid 
ZPLS could be strong as shown in Fig. 5. ttence, it 
appears that well-defined two-dimensional backbones 
exist in these materials although there is a lack of 
registry perpendicular to the Zr-O-P sheets. 

In order for ZPLS to be used as solid acid catalysts, 
several attributes should be considered. High density 
of acid sites discussed above is originated from their 
structure. Acid strength of sulfonic acid ZPLS should 
be higher than carboxylic acid analogs and comparable 
to that of sulfonic acid resins. Specific surface area 
should be an important consideration. However, mean- 
ing for the BET area is not simple for ZPLS. The 
key question is whether Ne molecules coald intercalate 
into the interlayer space. As calculated by Dines and 
Griffith [6~, a hypothetical single extended layer, 
which is accessible for Ne coverage on both basal sur- 
faces, gives a surface area of 1000 m= g ~. In the other 
extreme, micron-sized crystallites with an aspect ratio 
of 10 will have external surface area of ca. 0.1 m z g ~. 
The values of surface area listed in Table 1 indicate 
that our samples belong to neither of these extreme 
cases. The micron-sized cD, stallites seen by SEM may 
be agglomerates of smaller crystallites with size of 
10-100 nm, or only a part of interlayer space may con- 
tribute. Probably, both effects may be important. Ap- 
parent dependence of the surface area on the crystal- 
linity relfects the first effects. 

As mentioned, one of the motivation in the study 
of ZPLS is their thermal stability in comparison with 
polystyrene-based sulfonic acid resins. This is expec- 

ted because ZPLS contain inorganic Zr-O'-P layers 
which should be thermally more stable than all-orga- 
nic resins. Indeed, as shown in Figs. 7 and 8, ZPLS 
exhibited excellent thermal stability. Generally, it 
seems that carboxylic acid ZPLS survive to higher 
temperatures than sulfonic acid ZPLS. Still, the latter 
decomposes at temperatures at least 200C higher 
than for Amberlyst 15. 

R E F E R E N C E S  

1. Breck, D.W.: "Zeolite, Molecular Sieves", Wiley, 
New York (1976). 

2. Sherington, D.C.: "Polymer-Supported Reactions 
in Organic Synthesis" (Hudge, P., Sherington, I). 
C., Eds.), p. 157, Wiley, New York (1980). 

3. Waller, F. J. and Van Scoyoc, R. W.: Chemtech, 438 
(1987). 

4. Alberti, G., Constatino, U.. Alhdli, S. and Tomas- 
sini, N.: J Inorg. Nucl. Chem., 40, 111,3(1978). 

5. Dines, M.B. and DiGiacomo, P.M.: Inorg. Chem., 
20, 92 (1980). 

6. Dines, M. B. and Griffith. P. C.: J. Phys. Chem., 86, 
571 (1982). 

7. Wan, B.Z., Anthony, R. G., Peng, G.Z. ~nd Clear- 
field, A.: J. Catal., 101, 19 (1986). 

8. DiGiaconm, P. M. and Dines, M. B.: Pol.~hednm, I, 
61 (1982). 

9. Yang, C.Y. and Clearfield, A.: Reactive Polymers, 
5, 13 (1987). 

10. King, D. L,., Cooper, M.D., Sanderson, W.A., Sch- 
ramm, C. M. and Felhnann, J.D.: "Preparation of 
Catalysts V" (Poncelet, G., Jacobs, P.A., Grange, 
P., Delmon, B. Eds.), p. 247, Elsevier, Amsterdam 
(1991). 

11. Nam, C.M., Lee, J.S. and Kim, Y.G.: Korean .L 
Chem. Eng., in preparation. 

12. Hudson, R.F.: "Structure and Mechanism in Or- 
ganophosl)horus Chemistry", p. 135, Academic 
Press, New York (1965). 

13. Alberti, G. and Torracca, E.: J. Inorg. Nuel. Chem., 
30, 317 (1968). 

14. Clearfield, A., Oskarssun, A. and Oskarssun, C.: Ion 
Exeh. Membr., I, 9(1972). 

15. Clearfield, A., Nancollas and Blessing, R. H.: "Ion 
Exchange and Soivent Extraction" (Marinsky, J. 
A., Marcus, Y., Eds.), Chap. 1, Marcel Dekker, New 

York (1973). 
16. Clearfield, A. and Pack, S. P.:.L Inorg. Nucl. Chem., 

37, 1283 (1975). 

Korean J. Ch. E.(Vol. 10, No. 2) 


