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The perhydrate, 4Na2SO4ΩNaClΩ2H2O2 , has been heated in order to fully desorb the H2O2 . The resulting powder [an intimate
mixture of Na2SO4 (III) and NaCl] was exposed to the vapour above a solution of H2O2 . Two mechanisms are observed for the

regeneration of the perhydrate: at high concentrations of H2O2 (>0.60 g cm−3 ), direct reaction between the powder and the
gaseous H2O2 occurs; at concentrations <0.60 g cm−3 , the powder becomes wet and the Na2SO4 phase (III) transforms into
phase (V). Regeneration into the perhydrate then proceeds by crystallisation of the perhydrate from the slurry of Na2SO4 (V) and

NaCl. The two mechanisms occur together at intermediate concentrations of H2O2 .

Perhydrates are important components of powder laundry samples before and after reperhydration was also performed.
Evidence for first order kinetic behaviour can be obtaineddetergents and can be regarded as a convenient solid form of

H2O2 . Of particular interest is the stable perhydrate, using a form of the Avrami–Eroveef equation8
4Na2SO4ΩNaClΩ2H2O2 (SSCP), developed for use with neutral −ln (1−a)=kt (2)
detergents.1 The H2O2 is included within channels defined by
sulfate oxygens in the ab plane.2 In Part 1,3 we reported that where a is the extent of reperhydration and k is the first order

rate constant. Since we can extrapolate to A
2

(the final AVOXwhen SSCP is heated, the H2O2 is released intact, leaving a
very intimate mixture, denoted SSCPD, of Na2SO4 (III) and after equilibrium has been reached) a can be obtained from

the ratio of A to A2 , where A is the AVOX at time t.NaCl. It is at first surprising that Na2SO4(III) is formed since
phase V is regarded as the stable form of Na2SO4 .4 We believe
that the reason for its formation is due to the existence of an Results
epitaxial relationship between the Na2SO4 (III) and NaCl.

Adams et al. showed5 that the decomposition of The influence upon SSCPD of the vapour above H2O2 solu-
tions up to 0.85 g cm−3 concentration is discussed below. TheK2C2O4ΩH2O2 and Na2C2O4ΩH2O2 under humid conditions

could be retarded by low pressures of H2O2 , implying that observations suggest reperhydration can occur via two different
mechanisms. The first occurs using >0.60 g cm−3 H2O2 whilsteqn. (1) is reversible.
the second happens when <0.50 g cm−3 H2O2 is used. A

MXΩH2O2 (s)<MX(s)+H2O2(g) (1)
combination of both mechanisms occurs for concentrations
0.50–0.60 g cm−3 H2O2 .We were therefore interested to find out whether a perhydrate

may be regenerated once all of the H2O2 had been desorbed.
We have termed this regeneration reperhydration, akin to (i) 0.60–0.85 g cm−3 H

2
O

2
rehydration to form a hydrate. We have previously communi-

Fig. 1 shows PXRDs of SSCPD exposed to 0.60 g cm−3 H2O2cated that reperhydration of SSCP is indeed possible.6 In this
for different periods of time up to 6 days. Reperhydration

paper, we report in detail on the kinetics and mechanisms of
appears to be close to the reverse of deperhydration:3,6 there

reperhydration using a range of concentrations of H2O2 up to
is a decrease in reflection intensity over time of Na2SO4(III)0.85 g cm−3 .
and NaCl phases and a corresponding increase in intensity of

Experimental

Using laboratory grade reagents, a solution of 0.42 g
(7.2×10−3 mol) NaCl in 8 g of 0.30 g cm−3 H2O2 was added
dropwise to a solution of 4.09 g (28.8×10−3 mol) of Na2SO4
in 20 g of 0.30 g cm−3 H2O2 . The resulting solution was
allowed to evaporate in air and yielded well formed crystals
of SSCP. These were ground and then heated to fully desorb
the H2O2 (grinding did not affect the structure or H2O2
content). The resultant powder was then placed in contact
with the vapour above a 0.30 g cm−3 solution of H2O2 and
the whole covered with a large crystallising dish for up to 6
days. This was repeated for 0.10, 0.20, 0.38, 0.50, 0.55, 0.60 and
0.85 g cm−3 concentrations. In the same way, the effect of pure
H2O vapour (i.e. 0 g cm−3 H2O2 ) was also examined, using
H2SO4 solutions of different known relative humidities.7 The
extent of reperhydration was followed by powder X-ray
diffraction (PXRD), thermogravimetry (TG) and titrimetric
available oxygen content (AVOX).3 Optical microscopy of

Fig. 1 PXRD patterns showing reperhydration of SSCPD using a
0.60 g cm−3 H2O2 solution ((, SSCP; 1, Na2SO4(III); *, Na2SO4(V);
$, NaCl. For clarity, only representative reflections are labelled)† Part 1: ref. 3.
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Fig. 2 Reperhydration of SSCPD using a 0.60 g cm−3 H2O2 solution
as shown by AVOX. The curve is obtained from eqn. (2)

reflections due to regenerated SSCP. A fourth phase,
Na2SO4(V), is discernible after 15 h and is present in much
lower concentrations in the preceding two samples (2 and
10 h). However Na2SO4 (III), NaCl and SSCP phases generally
dominate the patterns.

The corresponding AVOX (as a percentage of that theoreti-
cally expected for a pure sample of SSCP) of the sample vs.
time of exposure to the vapour above 0.60 g cm−3 H2O2
solution is plotted in Fig. 2. There is apparently very little
induction period, but rather, a rapid rise in oxygen content
levelling off at 100% after 48 h. In other words after 48 h there
are 2 mol of H2O2 per mol of sample. Regeneration into
4Na2SO4ΩNaClΩ2H2O2 is therefore complete and the sample Fig. 3 Optical micrographs of crystals of SSCPD before and after

reperhydration using a 0.85 g cm−3 H2O2 solution for 4 dayscontains just one phase, SSCP. There is reasonable correlation
of the points to eqn. (2) (R2=0.984), giving a first order rate
constant of 20.2×10−6 s−1 .

Thermal analysis also confirms that the powder remains dry.
Moving to the highest concentration of H2O2 available to

Fig. 4(a) reveals that the loss of H2O2 from SSCPD exposed
us, 0.85 g cm−3 , results in almost identical behaviour. PXRD

to 0.60 g cm−3 H2O2 for 10 h occurs between 150 and 200 °C
shows that only Na2SO4 (III), NaCl and regenerated SSCP

(comparable to that from pure SSCP). More importantly, a
phases are present throughout the reperhydration.9 No

mass loss at lower temperatures which would be indicative of
Na2SO4(V) is observed and reperhydration occurs directly

water loss, is not observed.
from Na2SO4 (III) and NaCl. As at 0.60 g cm−3 concentration,
completion of the reaction has also occurred by 48 h (Table 1).

(ii) <0.50 g cm−3 H
2
O

2Furthermore, the rate constant obtained from the AVOX
values, 20.7×10−6 s−1 , is very similar to that obtained using At concentrations of H2O2<0.50 g cm−3 , the powder becomes

visibly damp and adheres to the Petri dish. Indeed after 6 daysa concentration of 0.60 g cm−3 H2O2 (Table 1).
The powder remained visibly dry throughout the experiment the powder is better described as a slurry. Fig. 5 shows the

optical micrographs of crystals of SSCPD before and after itand did not adhere to the Petri dish. Fig. 3 shows optical
micrographs of crystals of SSCP which have been heated in has been exposed to 0.30 g cm−3 H2O2 for 4 days. Considerable

condensation of liquid has formed on and around the crystals.order to desorb all H2O2 and the same crystals after 4 days
reperhydration at 0.85 g cm−3 H2O2 . Although the shape of Further evidence for the powder becoming wet is afforded by

the TG of SSCPD exposed to 0.30 g cm−3 H2O2 for 10 hthe SSCPD particles is less well defined after reperhydration,
there is little evidence of condensate around the powder. [Fig. 4(b)]. There is a significant mass loss of physisorbed

Table 1 Summary of experimental details of reperhydration of SSCPD

H2O2 equivalent mol fraction of AVOX after 6 first order correlation
solution/ %RH above H2O2 in vapour daysa (% of rate constant of points
g cm−3 solution above solution theoretical ) 10−6 s−1 (R2 )

0.10 94 0.002 10 — —
0.20 88 0.004 30 — —
0.30 80 0.008 65 9.4 0.999
0.38 74 0.011 87 10.0 0.985
0.50 62 0.020 96 10.5 0.983
0.55 58 0.025 98 18.2 0.983
0.60 54 0.033 100 20.2 0.984
0.85 36 0.079 100 20.7 0.934

aAn equilibrium value was always obtained after 6 days.
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Fig. 4 TG traces of SSCPD exposed to (a) 0.60 g cm−3 and
(b) 0.30 g cm−3 H2O2 solutions for 10 h

Fig. 6 PXRD patterns showing reperhydration of SSCPD using a
0.30 g cm−3 H2O2 solution. The PXRD pattern of Na2SO4(V) is also
included (key as in Fig. 1).

Fig. 7 Reperhydration of SSCPD using a 0.30 g cm−3 H2O2 solution
as shown by AVOX. The curve is obtained from eqn. (2).

AVOX measurements show that there is some active oxygen
present even after 2 h.

Despite SSCP reflections dominating the PXRD pattern
after 6 days, reflections due to Na2SO4 (V) and NaCl still
remain and complete regeneration of the solid has not occurred.

Fig. 5 Optical micrographs of crystals of SSCPD before and after Fig. 7 shows the rise in AVOX of the samples during reperhy-
reperhydration using a 0.30 g cm−3 H2O2 solution for 4 days dration. There is no induction period and the available oxygen

content rises to 65% (of the theoretical value expected for pure
SSCP) over 6 days. Further reaction is unlikely to occurH2O occurring at 50 °C. The second mass loss (120–165 °C)

corresponds to either physisorbed H2O2 or to bound H2O beyond 65% regeneration, as shown by the levelling off of the
AVOX in the figure. The AVOX values fit well to the modelassociated with hydrate formation. The third mass loss

(165–210 °C) is identified with tightly bound H2O2 , i.e. H2O2 curve, obtained using eqn. (2), and a first order rate constant
of 9.4×10−6 s−1 (Fig. 7). This rate constant is half thatheld within the channels of SSCP, since its magnitude of ca.

0.6% of the total mass would give an expected AVOX (as % observed for solutions �0.60 g cm−3 H2O2 .
Using a slightly higher H2O2 concentration of 0.38 g cm−3 ,of the theoretical ) of this sample of 0.6/9.8=6.1% (cf. 5.6%

measured). behaviour remains the same in the PXRD: within 2 h all
Na2SO4(III) has transformed to Na2SO4 (V) and subsequentThe powder X-ray diffraction patterns of successive expo-

sures of SSCPD to 0.30 g cm−3 H2O2 are shown in Fig. 6. A growth of the SSCP phase proceeds from Na2SO4(V) and
NaCl phases.9 The rate constant of reperhydration,powder pattern of pure Na2SO4 (V) is also included in the

figure. All of the reflections in the PXRDs can be assigned as 10.0×10−6 s−1 , is also in very close agreement with that
obtained at 0.30 g cm−3 H2O2 concentration (Table 1). Theeither Na2SO4(III), Na2SO4 (V), NaCl or SSCP. Within 2 h,

the powder has changed from being a mixture of Na2SO4(III) final equilibrium AVOX is 87%, significantly higher than that
measured for 0.30 g cm−3 H2O2 (65%).and NaCl to a mixture of Na2SO4(V) and NaCl. Although

there is little evidence for SSCP in the PXRD before 15 h, Fig. 8 shows the influence upon SSCPD of solutions of
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Fig. 8 PXRD patterns of SSCPD exposed to H2SO4 solutions of
different relative humidities (key as in Fig. 1)

Fig. 10 Reperhydration of SSCPD using a 0.55 g cm−3 H2O2 solution
as shown by AVOX. The curve is obtained from eqn. (2).

H2SO4 having different relative humidities (% RH) at 25 °C.
displayed giving a rate constant of 10.5×10−6 s−1 , in agree-Each pattern was measured after 2 h exposure to the vapour
ment with those obtained at 0.30 and 0.38 g cm−3 (Table 1).above the H2SO4 solution. It is clear that SSCPD is stable for

2 h at humidities ∏50% RH but that partial (III�V) phase
transformation of Na2SO4 occurs after 2 h at 60% RH. Discussion
Exposure of SSCPD to the vapour above solutions of �70%

That SSCP can be regenerated after thermal treatment isRH results in complete phase transformation.
understandable for a number of reasons. Firstly, the
Na2SO4(III) and NaCl components remain intimately mixed(iii) 0.50–0.60 g cm−3 H

2
O

2 because the crystal morphology remains intact upon heating
The transition between the two mechanisms occurs in the (Fig. 3). The retention of close proximity between the Na2SO4range 0.50–0.60 g cm−3 H2O2 . Fig. 9 and 10 show reperhy- and NaCl components results in the ability of SSCPD to act
dration of SSCPD using 0.55 g cm−3 H2O2 over 6 days as as a template for the reaction. In other words some ‘memory’
monitored by PXRD and AVOX respectively. After 2 h there of the original (i.e. SSCP) structure is able to be preserved.
are four phases very clearly visible in the PXRD: Na2SO4(III), Secondly, during the regeneration of SSCP, strong hydrogen
Na2SO4(V), NaCl and regenerated SSCP. After 10 h, the bonds are formed,2 which also act to drive the reaction.
Na2SO4(III) phase is much less prominent but still visible and Brodale and Giauque have shown that Na2SO4(V) has a
regeneration of the product, SSCP, is clearly underway. There lower free energy (and hence a higher stability10) than
is good first order obedience of the values obtained by AVOX Na2SO4(III) at temperatures up to 244 °C.4 That SSCP deper-
to eqn. (2), giving a rate constant of 18.2×10−6 s−1 . This hydrates to Na2SO4 (III) rather than Na2SO4 (V), suggests that
value approaches that observed for �0.60 g cm−3 solutions. the activation energy of deperhydration is lower if Na2SO4(III)Reperhydration using 0.50 g cm−3 H2O2 shows similar rather than Na2SO4 (V) is formed. Using these two pieces of
behaviour to more dilute solutions, with Na2SO4 (V) and NaCl information a free energy diagram is constructed in Scheme 1.
forming within 2 h. However, unlike behaviour shown by more The position of SSCP has been arbitrarily chosen in relation
dilute solutions, the Na2SO4(III) phase persists throughout to Na2SO4(V).
the reaction as monitored by PXRD.9 The trend towards It is clear from Scheme 1 that for Na2SO4 (V) to react during
complete reperhydration at higher concentrations is seen to reperhydration it must either obtain additional energy (A+B)
continue at 0.50 g cm−3 H2O2 as seen by an AVOX value after or proceed via a dissolution stage whereby preferential crystal-
6 days of 95.8% (Table 1). Good first order kinetics are lisation of either Na2SO4(III) or SSCP can occur. This there-

fore implies that the formation of SSCP is favoured from
Na2SO4(III) rather than Na2SO4(V). Indeed, the rate constant

Fig. 9 PXRD patterns showing reperhydration of SSCPD using a
Scheme 1 Free energy diagram for SSCP, Na2SO4(V) and Na2SO4(III)0.55 g cm−3 H2O2 solution (key as in Fig. 1)

422 J. Mater. Chem., 1998, 8(2), 419–424



for formation of SSCP directly from Na2SO4(III) (observed remarkable since at 0.60 g cm−3 of the solution the mol fraction
of H2O in the vapour is still 0.93 (Table 1). Despite anusing solutions �0.60 g cm−3 ) is higher than that from

Na2SO4(V) (observed using lower concentrations). apparently large amount of water present, the III�V phase
transformation is resisted. Shumb et al.12 point out that H2O2The degree of formation of SSCP is dependent on the

concentration of H2O2 (Table 1). Incomplete conversion to solutions >60 mass% are hygroscopic and are likely to absorb
water vapour from the atmosphere. Therefore, under labora-SSCP occurs when low concentrations of H2O2 are used and

is accompanied by the SSCP powder becoming wet. Galwey tory conditions, there is a net reduction in water vapour above
the solution. Since Na2SO4 (III) is essentially stable for a fewand Hood showed that H2O2 decomposes in solutions of

Na2CO3 and that Na2CO3Ω1.5H2O2 itself decomposes in satu- days at typical laboratory humidity (ca. 50% RH), it certainly
will be stable in the presence of a hygroscopic solution ofrated salt solutions.11 Rapid decomposition of SSCP is known

to occur at humidities >70% RH (equivalent12 to a H2O2 (e.g. a 0.85 g cm−3 solution of H2O2 at 25 °C corresponds
to a humidity of 36% RH). This is shown by the PXRD∏0.40 g cm−3 H2O2 solution).9 It therefore seems probable

that as the powder becomes wet, the rate of decomposition of patterns in Fig. 8 in which the III�V phase transformation
occurs after 2 h, only at relative humidities of �60%.H2O2 or SSCP within the slurry increases. If either rate

approaches the rate of formation of SSCP, regeneration will The evidence presented here suggests that reperhydration
using solutions of H2O2�0.60 g cm−3 proceeds via directslow down and stop, thus resulting in incomplete conversion.

Since the powder becomes less wet at higher concentrations, reaction of the solid [Na2SO4 (III) and NaCl] with the gaseous
H2O2 , in the absence of any discernible liquid intermediate. Adue to the decreasing vapour pressure of the H2O2 solution,

the percentage conversion is higher. direct solid–gas reaction mechanism is supported by obser-
vations by Sakaguchi et al. that Na2SO4 has an affinity toIn all of the PXRDs the reflections can be assigned as either

Na2SO4(III), Na2SO4 (V), NaCl or SSCP, thus indicating that sorb O2 gas.15 It is probable that Na2SO4 has an affinity
towards H2O2 , especially if the influence of H2O can bea single or mixed salt hydrate is not formed during reperhy-

dration. Indeed, since NaCl depresses the temperature of minimised i.e. by the use of hygroscopic H2O2 solutions.
Reperhydration using solutions <0.50 g cm−3 always givetransition between anhydrous and hydrated Na2SO4 from 32.4

to 18 °C,13 it seems unlikely either Na2SO4Ω7H2O or rate constants of ca. 10×10−6 s−1 whilst for solutions
�0.60 g cm−3 H2O2 , k#20×10−6 s−1 . The consistency of kNa2SO4Ω10H2O would form, given the experimental con-

ditions employed here. The TG mass loss at 120–150 °C in within each category gives credence to these values and hence
to two mechanisms. Intermediate rate constants are obtainedFig. 4(b) is therefore attributed to physisorbed H2O2 and not

H2O from a hydrate intermediate. for the narrow range 0.50–0.60 g cm−3 H2O2 . This range could
be even narrower since reperhydration at 0.55 g cm−3 gives aThere are two types of behaviour observed in the reperhy-

dration of SSCPD, suggesting two different mechanisms. These rate constant very close to 20×10−6 s−1 suggesting an upper
limit nearer ca. 0.58 g cm−3 H2O2 . The stability ofwill be denoted M1 for H2O2 solutions <0.50 g cm−3 and M2

for solutions �0.60 g cm−3 . Evidence for the different behav- Na2SO4(III), as monitored by PXRD, also testifies that the
range in which both mechanisms are active is narrow. Theiour stems from the first order rate of increase of available

oxygen content, the persistence of the Na2SO4 (III) phase and vapour pressure curve for the H2O2–H2O system16 is shown
in Fig. 11. The point of inflection of the curve given by thethe lack of Na2SO4 (V) phase formation in the PXRD patterns,

together with the observed dryness of the powder. The mechan- minimum of the first differential, occurs at 0.545 g cm−3 H2O2 .
This value correlates exceptionally well with the middle of theisms will be discussed separately, M1 first.

It is well known that water causes phase transformation of transition between the mechanisms if 0.50 and 0.57 g cm−3 are
taken as the transition extremes. It is also in good agreementphase III of Na2SO4 into phase V.14 PXRD shows here that

the III�V transformation proceeds rapidly under the exper- with the PXRD patterns in Fig. 8, since 60% RH (the humidity
at which phase transformation is starting to occur after 2 h)imental conditions of reperhydration using H2O2 solutions

<0.50 g cm−3 . Table 1 also shows that since water has a far corresponds to a H2O2 solution slightly above 0.50 g cm−3 .
We propose therefore that a direct reaction between the solidhigher vapour pressure than H2O2 , the vapour composition is

dominated by water at all but very high concentrations. It is SSCPD and H2O2 vapour only occurs when the H2O2 solution
has a concentration >0.545 g cm−3 and hence a relativetherefore understandable that within 2 h the PXRD patterns

of reperhydration show complete conversion of the humidity of <59%. These observations are in accord with
Na2SO4(III) in SSCPD to Na2SO4 (V), when using 0.30 and
0.38 g cm−3 H2O2 solutions. That the powders become wet
over the course of the experiment, suggests water is not only
acting as a catalyst for the transformation but also condensing
onto the powder forming a slurry. Again this is understandable
since Na2SO4 is well known for being hygroscopic.

Phase transformation into Na2SO4 (V) and NaCl is therefore
likely to occur far faster at low H2O2 concentrations than is
the reaction of H2O2 to form the perhydrate. Indeed any
product formed from the direct reaction between the gaseous
H2O2 and the solid may soon dissolve into the slurry. Most
of the reaction to form SSCP, however, occurs after the powder
becomes wet. The rate constant observed for reperhydration
using <0.50 g cm−3 solutions (ca. 10×10−6 s−1 ) therefore
corresponds to the rate of crystallisation of SSCP from the
slurry. This rate is too slow for complete conversion to SSCP
to occur before factors such as the decomposition of H2O2 or
SSCP become important.

PXRD patterns show that phase transformation into
Na2SO4(V) and NaCl does not occur at 0.85 g cm−3 H2O2
and occurs only slightly at 0.60 g cm−3 H2O2 . Rather, the Fig. 11 Total vapour pressure curve for the H2O2–H2O system and
Na2SO4(III) and NaCl phases persist for over a day by which the derivative of the curve showing point of inflection at

0.545 g cm−3 H2O2time reperhydration is almost complete. This is somewhat
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those made by Adams and co-workers who associated a critical reaction of H2O2 with the solid. This mechanism is active as
long as there is insufficient water vapour pressure to cause thedependence of perhydrate stability upon relative humidity with
(III�V) transformation within the sample. This has beenthe formation on the surface of the solid, of a film of saturated
achieved here by using very concentrated H2O2 solutions.solution.5,17
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