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Abstract

The intercalation of amines into titanium phenylphosphonate M(O3PC6H5)2 and titanium phenylarsonate M(O3AsC6H5)2 was

investigated through batch and back-titration processes. Amine insertion in both layered lamellar inorganic matrices, measured by

the number of moles of intercalated agent, was optimized using a complete factorial design based on two levels and four factors. The

effects of solvent, ethanol and acetonitrile, neutral organic base, ethyl and propylamines, H3C(CH2)nNH2 (n=1, 2), and material

mass, 30 and 40mg, on amine insertion in both lamellar inorganic matrices was optimized using a full factorial design. Important

positive effect values, 0.40� 10�3 and 0.69� 10�3mol g�1 were observed for inorganic material and solvent whereas a negative

effect, �0.33� 10�3mol g�1 was observed for material mass. Two significant but less important binary interactions were also

observed. The use of either ethyl or propylamine does not appear to affect the quantity of amine insertion. Recommended

experimental conditions for maximum amine insertion obtained from this factorial design are 30mg of titanium phenylarsonate in

acetonitrile solvent using either of the studied amines.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The chemistry of intercalation is a research area that
has been widely investigated and plays a very important
part in applications in many academic and technological
fields, such as those related to catalysis, ion-exchange
processes, magnetic determinations and supports for
catalytic methods [1–6].

A great variety of natural and synthetic inorganic
compounds are susceptible to intercalation processes,
whose final properties are connected to their respective
structures, specially the distribution of the inorganic
backbone in a lamellar arrangement. One of the most
important inherent properties of these types of layered
materials is concerned with the fact that they can expand
the interlamellar space, when exposed to guest species
[1,7,8].

The crystalline layered compounds exhibit some
attractive properties such as, high thermal stability,
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resistance to oxidation, high selectivity to a series of
ions and molecules, and convenience for chemical
modifications [7]. In this class of materials, natural
clays [9], phyllosilicates [10], double hydroxides [7],
silicic crystalline acids [8], polymeric silicates [11],
transition metals oxides [12] metallic phosphates and
phosphonates [1–3] are included, all of which can
accommodate intercalating agents in free interlamellar
space.

The inorganic lamellar compounds of tetravalent
metals are the most commonly and extensively explored,
constituting a well-studied group of compounds of
general formula M(HXO4)2 �H2O (M =Zr, Ti, Ge, Sn,
etc. and X=P or As). Therefore, similar series of these
kinds of compounds based mainly on organopho-
sphonic and less on organoarsonic acids, with titanium
and zirconium elements can be synthesized. In all cases,
neutral polar species like alkyl or arylamines can be
inserted inside these lamellar structures, which results in
similar inorganic matrices compared to those of the
original host, although they have distinct physical–
chemical properties [13–15].
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Several factors can influence the intercalation of
organic species in the interlamellar space such as the
specific type of matrix, solvent, intercalating organic
group and the mass of the sample. The investigation of
these factors permits recognition of their influence level
on the insertion process of the guest species. These
investigations can be carried out by classical methods,
varying each factor separately. However, the experi-
mental factorial design investigations present several
advantages over such univariate methods [16,17].

Factors are varied simultaneously rather than one-at-
a-time permitting observation of synergic and antag-
onistic interactions involving the factors. Univariate
methods are incapable of measuring these interactions
and for this reason are not effective optimization
techniques. Furthermore factorial designs permit system
optimization by performing a minimum number of
experiments.

The aim of this investigation is to use a 24 full
factorial design to evaluate the effects of titanium
phenylphosphonate or titanium phenylarsonate material
type, ethanol or acetonitrile solvent, ethylamine or
propylamine neutral organic bases and 30 or 40mg
sample mass, on the number of moles of organic base
intercalated in the inorganic matrix. Also possible
interactive synergistic or antagonistic effects involving
these factors will be measured permitting a successful
optimization of the insertion process.
2. Experimental

All chemical are at least of analytical reagent grade.
Solutions were prepared with deionized water. Titanium
chloride (Aldrich) presented 10% of TiCl3 in HCl
solution and the n-alkylamines [CH3(CH2)nNH2] (Fluka
Chemika), ethylamine and propylamine, were used
without any purification. Phenylphosphonic
[(C6H5PO(OH)2] (Aldrich), 98% and phenylarsonic
[(C6H5AsO3H2] (Aldrich) 97% acids were used in both
synthetic procedures.

2.1. Synthesis

Titanium phenylphosphonate and titanium phenylar-
sonate were synthesized as previously described [18].
Briefly, 60.0 cm3 of 1.0mol dm�3 acid solutions were
mixed with 25.0 cm3 of 0.50mol dm�3 titanium chloride
solution. The reaction was maintained at 353K with
stirring for 7 days and oxidation was favored through
periodic flow of gaseous oxygen at around 2.08 cm3 s�1

into the reaction mixture. The solid formed was washed
several times with distilled water until pH 4 and the
supernatant was eliminated by centrifugation at
3000 rpm, for 10min. Then, the solid was dried for
2 days at 323K and maintained in a tightly closed
polyethylene flask.

2.2. Intercalation

Amine intercalation into titanium phenylphosphonate
and titanium phenylarsonate was carried out using a
process described previously [19,20]. Ethyl and propy-
lamine solutions were prepared in ethanol 0.3938
and 0.3787mol dm�3 and acetonitrile 0.3837 and
0.4796mol dm�3, respectively, and the solutions were
standardized by hydrochloric acid titration, using a
mixture of bromocresol green and methyl red in a 5:1
proportion as indicator. A series of samples with 30 or
40mg of each matrix containing 6.0 cm3 was suspended
in amine solutions in order to carry out the factorial
design. For each isotherm, a series of flasks containing
the suspensions received additions of 30 mL of the amine
solutions, which were continuously stirred in an orbital
mechanical apparatus thermostated at 29871K for
24 h. After this time the inorganic matrices were
centrifuged at 3000 rpm for 10min and the liquid was
back-titrated. Then, the number of moles of amine
intercalated was obtained by titrating aliquots of the
filtrated with standardized hydrochloric acid solution.
The number of amine molecules intercalated increased
with the concentration of the supernatant until at the
plateau of the total saturation of the layered structure
was reached, to give experimental optimization to
establish the best condition to apply for calorimetric
procedure. From this operation, the number of moles
of organic base inserted per gram of inorganic matrix,
nf, can be calculated by the expression [19–21]:

nf ¼ ðni � nsÞ=m; ð1Þ

where ni is the number of moles of organic base added,
ns number of moles of organic base at equilibrium and m

is the mass of the inorganic matrix.

2.3. Full factorial designs

One of the simplest types of factorial designs used in
chemistry is the one having two levels. The design
determines which factors have important effects on a
response as well as how the effect of one factor varies
with the level of the other factors. Effects are differential
quantities expressing how a response changes as the
levels of one or more factors are changed. The
determinations of factor interactions can be important
for successful system optimization. In this investigation
of amine intercalation, the number of moles of inserted
amine in the titanium phenylphosphonate and titanium
phenylarsonate inorganic matrices can depend on the
type of matrix material, the amine type, the solvent and
the amount of matrix mass.



ARTICLE IN PRESS

Table 1

24factorial design for the number of moles (Nf) intercalated (mol g�1) in the matrix materials

Experiment Sequence of operation 1 2 3 4 Nf � 10�3

1 1 — — — — 1.5570.01

2 9 + — — — 2.0270.02

3 5 — + — — 2.3970.01

4 13 + + — — 2.5870.01

5 3 — — + — 1.4170.01

6 11 + — + — 2.1570.01

7 7 — + + — 2.2470.01

8 15 + + + — 2.7570.01

9 2 — — — + 1.2370.01

10 10 + — — + 1.6870.03

11 6 — + — + 2.1270.02

12 14 + + — + 2.0770.01

13 4 — — + + 1.2270.03

14 12 + — + + 1.7570.01

15 8 — + + + 2.0170.01

16 16 + + + + 2.3970.01

1—Type of material Ti(O3PC6H5)2 Ti(O3AsC6H5)2
2—Solvent H3CCH2OH H3CCN

3—Neutral organic base H3CCH2NH2 H3C(CH2)2NH2

4—Mass of sample (mg) 30 40
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The effects of these factors and their interactions are
measured by performing 16 experiments forming the 24

full factorial designs given in Table 1. For convenience,
each factor level is codified as �1(low) or +1(high) and
the effect values are calculated using the equation
[16,17]:

Efi ¼ %R
ðþÞ
i � %R

ð�Þ
i ;

where %R
ðþÞ
i and %R

ð�Þ
i are the averages of results when the

ith factor is at its high (+) or low (�) level independent
of the signs of the other effects. Eight experimental
values make up each average because each column in
Table 1 has eight positive and eight negative signs. The
16 experiments were performed in random order. This
complete factorial design is particularly efficient for the
evaluation of the main effects of each factor and of the
interactions of two or more factors on the number of
moles of inserted base. Univariate methods are not able
to measure these interactive effects [16]. The definitions
of the factors and levels used in the full factorial design
and the number of moles of inserted amine for each
experiment are also presented in Table 1. These listed
numbers represent the mean value for three independent
determinations.
3. Results and discussion

The present study considers the inorganic titanium
phenylphosphonate and titanium phenylarsonate,
M(O3XC6H5)2, (M=Ti, X=P, As) matrices, because
these materials present similar lamellar structures,
differing only in the central P or As atoms. The choice
of ethyl and propylamines, H3C(CH2)nNH2 (n=1, 2),
neutral organic bases is due mainly to the fact that their
structures differ slightly in carbon chain size, causing
only a small change in lamellar space in both inorganic
matrices. Thus, an evaluation of the capacity of
intercalation of these two inorganic supports can be
made. The choice of the solvents, ethanol or acetonitrile
and the sample mass, 30 and 40mg, is due mainly
to previous investigations, which suggested these levels
as the most appropriate conditions for further study
[22–24].

Effect values calculated from the experimental results
in Table 1 using Eq. (1) are presented in Table 2. The
most important effects (largest absolute magnitudes) are
the type of inorganic material, the solvent and the
material mass. All the interaction effects and the main
effect of organic base have smaller absolute magnitudes
than these main effects.

The main effect values can be better understood on
examining more closely the results in Table 1. On
comparing pairs of experiments that differ only in the
sign of factor 1, for example, run 1 with 2, 3 with 4 etc.,
it can be observed that, for almost all pairs, the largest
result occurs when factor 1 is at its high level. The only
exception is the pair of runs 11 and 12 where the
experimental results are about the same, 2.12� 10�3 and
2.07� 10�3 moles, respectively. This indicates that on
changing from phenylphosphonate to phenylarsonate
an increase in the number of intercalated moles
occurred, i.e., this factor has a positive effect.

Comparing pairs of runs that differ only in the sign of
factor 2, runs 1 and 3, 2 and 4, etc., an even clearer trend
is observed. Independent of the levels of the other
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Table 2

Principal and interaction effect values for the 24 factorial designa

Principal effect 10�3 (mol g�1)

1 (Type of material) 0.4070.04

2 (Solvent) 0.6970.04

3 (Neutral organic base) 0.03570.04

4 (Mass of material) �0.3370.04

Interaction of two factors

12 �0.1570.04

13 0.1470.04

14 �0.07570.04

23 0.04370.04

24 �0.01570.04

34 0.03370.04

Interaction of three factors

123 0.05070.04

124 �0.01870.04

134 �0.01070.04

234 0.01570.04

Interaction of four factors

1234 0.03870.04

a95% confidence interval of 70.081 calculated for these effects.
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Fig. 1. Cumulative probability graph for the effect values of the 24

factorial design in Table 2.
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factors the result is always larger when acetonitrile is
used as a solvent. An opposite trend is seen for the
material mass. Comparing results for runs 1 and 9, 2 and
10, etc., a smaller number of intercalated moles is found
when 40mg of material are used instead of 30mg. Hence
material mass has a negative effect. On the other hand, it
is not possible to see such a trend for the neutral organic
base factor. Comparisons made between the results of
runs 1 and 5, 2 and 6, etc., show that the response
decreases for four pairs and increases for the other four
suggesting random variations on changing from ethyl to
propylamine while the other factors are maintained at
constant levels. This behavior indicates the absence of a
statistically significant main effect for this factor. In
summary, there appears to be three important main
effects, positive ones for the type of inorganic material
and solvent, and a negative one for material mass.

The statistical significance of all these effects can be
determined by plotting the effect values on a cumulative
probability graph [16,17]. The effect values are graphed
on the abscissa whereas expected cumulative probability
values for a normal distribution are graphed on the
ordinate. The cumulative probability graph for the effect
values in Table 2 are shown in Fig. 1. Points
corresponding to a normal distribution are expected to
be located on a vertical line centered about the origin.
The effects these points represent are not significant and
only provide estimates of effect errors. Five points are
clearly removed from the line in the center of the graph
and their effect values are statistically significant.
Besides the main effects of inorganic material, solvent
and material mass, which correspond to the three points
farthest from the line, the other two represent two factor
interaction effects between inorganic material and
solvent (�0.15� 10�3 moles) and inorganic material
and neutral organic base (0.14� 10�3 moles). These
effects appear to be statistically significant but are not as
important as the main effects that have larger absolute
magnitudes.

The mean sum of squares of the effect values that
are considered to belong to the normal distribution
provide an estimate of the effect variance, V(Efi)=
0.001329. Its square root corresponds to an estimated
0.0365 effect error and a 95% confidence interval of
7(0.0365)(2.228)=70.0813 where Student’s t-distribu-
tion value for ten degrees of freedom is 2.228. The
absolute values of the two interaction effects are larger
than 0.0813 confirming that they are indeed statistically
significant.

The largest absolute magnitude in the Table 2 occurs
for the main effect of the solvent. A change in solvent
from ethanol to acetonitrile resulted in an increase in the
degree of intercalation of 0.69� 10�3mol g�1. This
increase had previously been observed in non-aqueous
solvents [25] so it is expected that the solvent molecule
has an important role in the replacement process. In this
case, the characteristic of the molecules involved in the
interactive reaction of the Lewis base center with the
active sites of the inorganic matrix, should be consid-
ered. Therefore, a reasonable explanation for this
behavior can be obtained by comparing the individual
donor numbers [26] of ethanol and acetonitrile, which
are 20 and 14, respectively. Thus, acetonitrile forms the
weakest bond with the inorganic matrix, enabling its
replacement during the intercalation process. Conse-
quently, base insertion is favored, reflecting an increased
response for acetonitrile in comparison with ethanol.
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The change of the inorganic support from titanium
phenylphosphonate to titanium phenylarsonate
causes an increase in the intercalation degree by 0.40�
10�3mol g�1. A speculative explanation for this fact
could be also associated with the possible additional
Lewis acid centers located on the arsenic atom. Based on
this proposal, in principle, an additional amine–arsenic
bond can be formed, by increasing the number of moles
of attached amine beyond the maximum permitted for a
Lewis acid center, represented by identical titanium
atoms for these compounds.

The absence of an important main effect for the
neutral organic base factor can be explained by
considering the pKa values 10.70 and 10.60 for ethyl
and propylamine, respectively [27]. Changes in the
length or extent of branching of an aliphatic hydro-
carbon usually have small effects on the pKa values of
the corresponding amine or carboxylic acid in aqueous
solution. The inductive effect of an alkyl group is small
and falls off rapidly with distance from the reaction
center, so that only atoms that are near neighbors to the
acidic or basic centers exert a significant effect on
observed pKa values. Thus, since the pKa values of
aliphatic amines are not appreciably changed if ethyl
groups replace larger propyl groups one does not expect
a large organic base effect for this factorial design.

It is indeed intriguing that the number of intercalated
moles of base decreases as the sample mass used
increases. One could expect the opposite behavior and
a positive material mass effect in Table 2. However, this
effect is both significant and important and does not
depend on the levels of the other factors because no
interaction effect involving factor 4 is significant.

The analysis of the response values is most convenient
by using the factorial diagram in Fig. 2. It allows
confirmation of the simple behavior for the values of the
number of moles of intercalated agent reported earlier in
Fig. 2. Cubic representation of the factorial design results of the

intercalation of amines in titanium phenylphosphonate and pheny-

larsenate, ( intercalation values � 10�3mol g�1).
this investigation. The positive 0.69mol g�1 solvent
effect value appeared because all the number of mole
values for the main effect of the ethanol solvent (left side
of the cube) are 0.5–0.85mol g�1 smaller than the values
corresponding to the acetonitrile solvent (right side of
the cube). Similar arguments using the front and back
faces for the amounts of inorganic support mass, and
the upper and lower faces for the material type, titanium
phenylphosphonate and titanium phenylarsonate, can
be used to better understand the physical interpretation
of the main effects for the number of moles of
intercalated agent. The recommended conditions for
obtaining the largest number of moles of intercalated
agent from this factorial study, are given by those of the
++-run (titanium phenylarsonate, acetonitrile, 30mg).
The levels for this maximum value are consistent with
the effect values in Table 2, positive ones for material
type and solvent and a negative one for material weight.
4. Conclusion

This investigation shows that the factorial design
provides an efficient way to plan experiments involving
the insertion of neutral organic bases in a layered
lamellar inorganic support, and thus optimize the
intercalation process of these amines. The full 24

factorial design used allowed the simultaneous investi-
gation of four factors executing only 16 experiments.
The values of the effects showed that there are three
significant main effects, material type, solvent and
material mass, besides two smaller binary interaction
effects, inorganic material–solvent and inorganic mate-
rial–organic base. These two interactions present little
influence on the system. Based on the 24 factorial results
one can assume that the neutral organic base factor is
inert. The experimental observations and the data
analysis indicate that the optimized conditions for this
system correspond to the run with 30mg of titanium
phenylarsonate in acetonitrile solvent.
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