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Abstract The kinetics of thermal dehydration of K;,/,;Cu
[Fe(CN)glo/3-nH,0 was studied using thermogravimetry for
x=0.0 and 1.0. Data from both non-isothermal and
isothermal measurements were used for model-free kinetic
analysis by the Friedman and KAS methods. The water
content was determined to be n = 2.9-3.9, plus an addi-
tional ~ 10% of water, likely surface adsorbed, that leaves
very fast when samples are exposed to a dry atmosphere.
The determined average activation energy for
02 <a<081s 56kJ mol™!. The dehydration is ade-
quately described as a diffusion-controlled single-step
reaction following the D3 Jander model. The determined
dehydration enthalpy is 11 kJ (mol H,O) ' for x = 0.0 and
27 kJ (mol H,O)™! for x = 1.0, relative to that of water.
The increase with increasing x is evidence that the H,O
molecules form bonds to the incorporated K™ ions.
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Introduction

Rechargeable battery systems manufactured from low-cost
materials are needed to support current intermittent power
sources, e.g. the sun and wind [1]. Water-based systems
with Prussian blue analogues (PBAs), e.g. copper hexa-
cyanoferrate (CuHCF), as electrodes exhibit a number of
merits; they can be synthesized in large quantities from
cheap precursors and show long cycle lives, fast kinetics,
high power operations, and good energy efficiencies [2].
There has been a burgeoning interest in Prussian blue (PB)
and PBA compounds in the last decades for other appli-
cations as well; hydrogen storage [3], electrocatalysis [4],
and charge storage [5], are a few examples from a large
variety of fields. Their physical and chemical properties
have been extensively studied by many experimental
methods, e.g. X-ray diffraction [6, 7], neutron diffraction
[8, 9], magnetic susceptibility and infrared [10], EXAFS
[11], and Mossbauer spectroscopy [12] among others.

PB compounds are traditionally distinguished as soluble,
i.e. alkali-rich, with formula AFe™[Fe'(CN)4]-1-5H,0,
where A is an alkali metal cation or NHJ, or insoluble, i.e.
alkali-free, with formula Fe"'[Fe"(CN)g]3/4-3.5-4H,0. The
two terms soluble and insoluble refer to the ease of pep-
tization rather than true solubility, as both compounds are
highly insoluble in water [13, 14]. PBAs have a general
formula AM[M'(CN)¢],-nH,O, where M and M’  are
transition metal ions, A is a monovalent cation, and z < 1.
The crystal structure of PB was first analysed by Keggin
and Miles using X-ray powder diffraction data [6]. The
currently accepted structure model for alkali-free PB was
presented in the 1970s by Buser et al. [7], derived from
single-crystal X-ray diffraction data. Most PBA structures
are isotypic with that of PB and crystallize in the cubic
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space group Fm3m, albeit structures with lower symmetries
do exist [15, 16].

A cubic Fm3m PBA crystal structure has a cyanide-
bridged perovskite-type framework of -NC-M'-CN-M-
NC- linear linkages with a proportion z of M'(CN)g sites
randomly vacant [17]. The coordination sphere of M ions
is completed by coordinated water molecules, see Fig. 1.
In addition, zeolitic water molecules/and or alkali ions
occupy the voids/cavities in the M'-CN-M framework
[9]. For alkali-free PB, the locations of the two kinds of
water molecules have been determined from neutron
diffraction data [8, 9]. Three distinct sites have been
identified; (1) for zeolitic water, the 8c site (Y4, Y4, Y4) and
a 32f site (x, x, x), at the centre and around the centre of
the cavity, respectively, and (2) for coordinated water, a
24e site (x, 0, 0) close to the position of missing C/N
atoms. The maximum number of water molecules is per
unit cell for x = 0.0 and z = 2/3 ideally 16, 8 zeolitic, and
8 coordinated [9].

Despite many investigations on the synthesis, structure
characterization, properties, and applications, little
research has been carried out to understand the kinetics of
thermal dehydration processes. A literature survey
revealed only one study on the activation energy of
dehydration in PBAs; for M[Co™(CN)glo/3-nH,O with
M = Ni, Zn by modulated TG [18]. Moreover, the total
water content of PBAs is often ill-defined, as it is sensitive
to the route of synthesis and ambient conditions [17, 19].
In this study, we have investigated the characteristics and
kinetics of the thermal dehydration of the two end com-
positions of Kj,/;;Cu[Fe(CN)gl,/3-nH,O with nominally
x = 0.0 and x = 1.0, using model-free kinetic analysis, as
well as determined the degree of hydration as a function
of x. The analyses herein are based on TG and supple-
mented by evolved gas analysis (EGA) by mass spec-
trometry (MS) and DSC.

Fig. 1 Illustration of the cubic
Fm3m crystal structure of a
PBA with (left) zeolitic water
(pink) distributed over a fraction
of 8¢ and 32f sites in the
cavities, and (right) coordinated
water (pink) completing the
coordination sphere of adjacent
M metals (green) in case of
M’'(CN)g vacancies. Red and
green atoms = M and M’
transition metals, and black and
blue atoms = C and N atoms,
respectively. (Color

figure online)
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Experimental
Synthesis

The CUH[FCIH(CN)(,]Q/:),'HHZO compound was prepared by
precipitation at room temperature. Aqueous precursors of
Cu(NOs3), (0.08 M, 50 mL; Sigma-Aldrich) and
K3Fe(CN)g (0.04 M, 50 mL; Sigma-Aldrich) were simul-
taneously added to 25 mL of water during constant stirring.
The precipitation can be formulated as

Cu" (aq) + 2/3[Fe" (CN)] 37(aq)

« Cu'' [Fe"(CN)4], 13 1H20(s) (1)

A series of K, /3Cu"[FelFel™ . (CN)g1p/3-nH,O samples with
nominally 0.0 < x < 1.0 and Ax = 0.2 were synthesized by
reducing Fe'™ in Cu"[Fe™(CN)g]p/3-nH,0 (s) with aqueous
K5S,05. The products were washed, freeze-dried, and
ground to fine powders. Elemental analysis of the powder
samples using inductively coupled plasma (ICP) and com-
bustion analysis were performed by Medac Ltd., UK. The K
contents for thex = 0.0 and 1.0 samples were determined by
ICP to be x =0.09 (5) and 0.92 (5), respectively. For
x = 0.0, the presence of K originates from the precursor
K3Fe(CN)g. Detailed description of the synthesis procedure
and sample preparation is reported elsewhere [19]. Sample
morphology and particle size were studied with a scanning
electron microscope (SEM, JEOL JSM-7401F) operated at
an accelerating voltage of 2 kV. A Panalytical PRO MPD
powder X-ray diffractometer, using Cu Ko, radiation, was
used to identify end products in TG runs.

TG-DSC and TG-MS

TG-DSC measurements were recorded with a Netzsch F3
449 Jupiter STA (JT = Jupiter thermobalance), and TG-
MS measurements with a TA Instruments Discovery
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thermobalance (DT = Discovery thermobalance) and a
connected Pfeiffer Thermostar mass spectrometer. All runs
were made with samples placed in alumina cups (JT) or
pans (DT), as Pt containers were found to react with the
samples during decomposition.

Non-isothermal TG measurements were made with
heating rates of 2, 5, 10, and 20 °C min~"' for samples with
x =0.0 and x = 1.0 up to 900 °C in air (50 mL min_l),
using sample amounts of ~ 10 mg and, to ensure accuracy,
both thermobalances. All samples were equilibrated with
room atmosphere prior to the runs. In addition, corre-
sponding runs were made also in N, gas atmosphere for
x = 0.0 using the DT. Isothermal measurements were per-
formed for samples x = 0.0 and x = 1.0 at seven different
temperatures between 40 and 150 °C with the DT. The effect
of sample amount on obtained TG curves was investigated
using amounts of 3—18 mg with the JT. One additional run
was also made with an 11 mg sample in a cup with a lid.
Water contents were determined for nominal x values 0.0,
0.2,0.4, 0.6, 0.8, and 1.0 from TG runs in air and at heating
rates of 10 °C min~'. DSC and TG data were recorded
simultaneously in runs using the JT. MS curves were
recorded for samples x = 0.0 and x = 1.0 for TG runs in air
at a heating rate of 10 °C min~' using the DT.

Kinetic calculations

The rate of the dehydration, do/dt, is described by the
general kinetic rate equation

B kD) £ @)
where ¢ is time, T the absolute temperature, and k the rate
constant. The conversion, 0 < o < 1, is a measure of the
extent of the reaction and determined from the mass loss
data. Equation (2) describes the rate as a linear function of
the temperature-dependent rate constant k(7) and the con-
version-dependent reaction model f(o) [20]. The reaction
model is classified according to mechanistic assumptions
like nucleation, diffusion, or reaction order [21] and varies
for different type of processes. The mathematical expres-
sions for several of the most commonly occurring reaction
models are given in Ref. [21]. The rate constant is gener-
ally expressed by the Arrhenius equation

k(T) =A - exp (;’;) (3)

with A being the pre-exponential factor (time™"), presumed
usually to be temperature independent, E, the activation
energy (kJ mol™"), and R the gas constant (8.314 J K™!
mol ). Substituting the Arrhenius expression into Eq. (2)

gives the standard kinetic equation under isothermal or
non-isothermal conditions

b —a-ew( 2] ) @
with § being the heating rate (K time™'). An adequate
kinetic description of a reaction process is typically in the
form of the kinetic triplet of the two Arrhenius parameters
and the reaction model. Procedures for determining the
reaction mechanism usually involve fitting experimental
data to different reaction models, and choosing the model
with the best fit to be the one that best describes the
kinetics of the process. A problem with model-fitting
methods is that they often yield results where several
models show a good fit, but which have significantly dif-
ferent values of E, and A. Furthermore, these model-fitting
methods yield a single kinetic triplet for the entire process,
thus assuming that the reaction is a single-step process.
Consequently, they do not allow for possible changes in the
rate limiting step and are not able to account for multiple
reaction steps. For these reasons, we have in this study
instead used model-free or isoconversional methods, as
recommended by the ICTAC Kinetics Committee [22].

Model-free kinetics

Isoconversional methods rest on the assumption that the
reaction models are independent of temperature and can be
considered constant at fixed values of conversion. As iso-
conversional kinetic analyses are carried out over a set of
measurements at specific values of «, the reaction rate will
be a function of temperature only [23]. Isoconversional
methods are able to separate the temperature and conver-
sion-dependent expressions in Eq. (2) and provide model-
free estimations of the values of E, and A at different
a-values, E, and A,, respectively. Constant values of E, can
be expected in the case of single-step processes, whereas
variations in contributions from several steps to the net
reaction rate in multi-step processes would result in a vari-
ation of E, with o. The model-free methods can be divided
into two separate groups, differential or integral methods.

Friedman method The most commonly used differential
isoconversional method is the Friedman method [24],
applicable to both isothermal and non-isothermal data,
according to which:

n|B(%2)] = nfauf ()] - 22 (5)
(),

 RT,;

The dependence of In[f(do/dt)],; over 1/T,; is linear, as
the function f(«) is assumed constant at each specific value
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of conversion a, for all temperature programs i. By plotting
the dependence, for different heating rates and at a fixed
degree of o, a straight line with slope —E,/RT is obtained,
from which E, can be estimated.

Kissinger—-Akahira—Sunose method There are various
integral methods that originate from approximations of the
integrated non-isothermal form of Eq. (4) [25]

o) =5 [ exp( T )ar ©)

with g(o) = [ f () 'da being the integral expression of

the reaction mechanism. The approximation by Coats and
Redfern [25] give rise to the equation applied by the Kis-
singer—Akahira—Sunose method (KAS) [26, 27].

B\ Ay R E,
In (ﬁ) = lnm “RT (7)

Again, at a constant o, the apparent E, can be estimated
from the slope of the straight line obtained by plotting
ln(ﬂ/Tz) versus 1/T.

Estimation of the pre-exponential factor and reaction
model g(o) As the pre-exponential factor is grouped
together with f{o) and g(o) in the intercept of the isocon-
versional plots, see Egs. (5) and (7), the methods cannot be
used to estimate A without making assumptions about the
model. A model-free evaluation [28] of the pre-exponential
factor can be accomplished by the use of the so-called
compensation effect, which is observed when several
models are fitted to a single heating run. Different pairs of
the Arrhenius parameters, A; and Ej, are obtained by sub-
stituting expressions of g(«) for different reaction models
j and fitting them to experimental data according to

AiR E:

In @ =n[==| - 2L (8)
T2 PE; RT

A correlation between the obtained parameters is observed,

obeying a linear relationship called the compensation
effect.

nAj=c+d - E 9)

where ¢ and d are compensation effect constants. By
plotting the parameters InA; and E;, for a single heating run
and different models, the compensation effect constants
can be determined. An estimated value of the E, from an
isoconversional method can then be substituted into Eq. (9)
and InA,, solved for as

InAy, =c+d - E, (10)

Once the Arrhenius parameters are estimated, the reaction

@ Springer

model can be reconstructed numerically by inserting them
into

Ay R exp(—&) - T?

5(®) o (11)

Predictions

Once the kinetic triplet has been solved for, it can be used
to predict the reaction behaviour under other temperature
conditions, e.g. curves recorded in isothermal measure-
ments can be compared with prediction curves calculated
as

v (12)
A - exp(—£)

An estimation of the thermal stability of a material can thus
be estimated by predicting the time it takes to reach a
certain extent of the reaction at a specific temperature. The
predictions also work as verification that the obtained

results are able to adequately describe the reaction
behaviour.

=

Results and discussion
Size and morphology of samples

A SEM picture of the as-synthesized x = 0.0 sample is
shown in Fig. 2. The sample is composed of nanoparticles
of similar size, ~30-100 nm, which aggregate to form a
porous network. A similar morphology was observed for
all x. Individual larger and denser aggregates could, how-
ever, be observed with an optical microscope, amounting to

Fig. 2 Secondary electron SEM image of the as-synthesized x = 0.0
sample
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an estimated fraction of ~5%. In order to eliminate the
large aggregates, the samples were gently ground before
the TG runs.

TG and evolved EGA measurements

Figure 3 shows the TG and MS curves for x = 1.0 in air at
a heating rate of 10 °C min~'. TG-MS curves for x = 0.0
in N, and for x = 1.0 in air and N, are given in the SI. The
curves are similar to those recorded in N, by Pasta et al.
[2]. A well-defined first mass loss step associated with the
removal of water is observed in the temperature region up
to ~ 130 °C. The strong MS signals from m/z 18 (H,O) and
m/z 17 (OH) confirm that the step is due to loss of water,
corresponding to ~21% of the total mass, and there is no
MS signal from H,O above 130 °C. This was also found to
be the case for x = 0.0. Only the first mass loss step was
therefore considered for kinetic analysis of the dehydration
and determination of water content. The dehydration of
CuHCEF has been previously found to be reversible [19].

The MS H,O signal suggests, however, that the dehy-
dration step consists of two strongly overlapping processes,
of similar magnitude, which can be ascribed to loss of
zeolitic and coordinated water, respectively. Two close
dehydration steps could, however, only be discerned for
x = 1.0, and not for x = 0.0. For x = 1.0 they were indi-
cated also by differential TG curves and DSC curves, but in
both cases only for heating rates <10 °C min~'. We were
unable to isolate the two steps, and the entire first mass loss
step has been treated as a single-step reaction in the kinetic
analysis.

For the mass loss steps above ~ 180 °C, the MS mea-
surements show strong signals from m/z 52 (CN), and
miz 44 (CO,). The mass gain at ~220 °C is attributable to
a backstroke effect at the beginning of a rapid exothermic
combustion and is accompanied by a strong signal from
miz 44 (CO,). Steps above 400 °C show also MS signals

100 —
; - CNCN
i ! NO

| --CO,

! “"H,0
® 804 NH,/OH
S
3 — Mass
(] .
=

60

S - T T
200 400 600 800
Temperature/°C

Fig. 3 TG-MS curves for thermal dehydration of x = 1.0 in air at a
heating rate of 10 °C min~" and a sample mass of ~ 10 mg

from NO, and NO. Similar thermal behaviours of decom-
position of hexacyanoferrates in air have been reported in
other studies [29].

The effect of varying sample amount on obtained TG
curves is shown in Fig. 4. The dehydration step is consis-
tently shifted to higher temperatures with increasing sam-
ple amount, and also when using a lidded crucible, while
the mass loss of the step remains constant. Further
decomposition steps are found to be strongly dependent on
sample amount. Sample amounts of ~ 10 mg were used in
all subsequent measurements, as a compromise for high
resolution and high sensitivity.

TG curves for different x and using both thermobalances
are shown in Fig. 5. The curves were recorded in air and
using a heating rate of 10 °C min~"'. The dehydration steps
for different x are found to be similar for the two instru-
ments. They are shifted slightly to the right for the JT,
which may be attributed to the difference in sample con-
tainers used, pans for the DT and crucibles for the JT, and
gas flow directions, horizontal for the DT and upwards for
the JT. The decomposition steps at higher temperatures
show larger differences in curves from the two
thermobalances.

End products were characterized by heating samples in a
tube furnace to 900 °C and keeping them there for 2 h. In
air, they were identified by X-ray powder diffraction to be
oxides containing Cu®" and predominantly Fe**; CuO
(PDF 7-0518), CuFe,O4 (PDF 34-425) and a spinel phase
isotypic with Fe;O, (PDF 11-614). In N, gas atmosphere,
the identified phases were Cu (PDF 3-1005) and Fe (PDF
7-9753) metal, while no K-containing phase could be
detected.

We find that the mass loss steps above ~ 180 °C are
difficult to analyse, as they depend on type of instrument,
sample containers used, heating rate, and sample amount.
They also show a complex variation with x.

100
— 3mg
| — 11 mg
18 mg
— 11 mg with lid
o 801
N
S
@?
%]
[} -
=
604

T T T T
400 600 800
Temperature/°C

Fig. 4 TG curves for x = 1.0 with varying sample amounts, and a
curve with a lidded crucible used, recorded in air at a heating rate of
10 °C min~"' using the JT
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Fig. 5 TG curves for various x, recorded in air with a heating rate of
10 °C min~', using a the DT and b the JT

Degree of hydration

Experiments, using the DT, in which samples were
weighed in ambient atmosphere prior to the TG runs
showed that there is a very fast initial water loss that occurs
when the sample is subjected to the dry atmosphere in the
thermobalance, see Fig. 6a. This initial mass loss, corre-
sponding to ~ 10% of the total water content, is too fast to
be properly registered by any of the two thermobalances

100 4

99.8 1

Mass/%

99.6 1

26

Temperature/°C

100

used. Considering the small size of the grains, and as a
consequence large surface area, of the samples, this water
is likely to be surface adsorbed. As the exact starting point
in the TG curves of the dehydration is ill-defined, this
initial part of the TG curves was not included in the esti-
mations of the degree of hydration and kinetic analysis.
The start (onset) and end (offset) of the first reaction step
were defined for all the TG curves as shown in Fig. 6.

The TG dehydration step was found to be reproducible
and water contents, n, determined using the two ther-
mobalances are in very good agreement, see Table 1. The
determined water content n falls between 2.9 and 3.9 per
formula unit. The expected ideal maximum n is 4 or, if the
presence of K in a cavity precludes an occupation of a
water molecule in that cavity, 4 — 2x/3, i.e. 3.33 for
x = 1.0. The water content is found to increase with
increasing x for x < 0.8, which is not what is expected and
it is contrary to what has been reported in other studies,
where alkali-rich compounds have been found to have
lower water contents than alkali-free ones [13, 14]. The
observed variation with x can qualitatively be attributed to
the fact that the incorporated K™ ions benefits energetically
by coordination to water. Accordingly, the water content
will for lower x increase with increasing K content, as
x increases, until a maximum content, dictated by the
structure, is reached. For higher x values, it may decrease
because the incorporation of K decreases the available sites
for water. The total water content, nt, including the water
from the initial very fast mass loss, exceeds for some
composition 4, a further indication of the presence of
surface adsorbed water.

DSC

TG-DSC curves for x = 1.0 are shown in Fig. 7. The
endothermal dehydration up to ~160 °C is followed at
~200 °C by exothermal processes associated with first

Table 1 Determined water contents per formula unit K2x,3CuH
[FeFe!! (CN)glo/3-nH,0; n = as determined by TG, np, = water
content corresponding to the initial very fast mass loss, nt = total
water content = n + np,

90 1

Mass/%

______

80 1

offset

\
\
.

point

(b)

70 T T T T T
50 100 150 200 250

Temperature/°C

Fig. 6 Extrapolated a onset and b offset points defining the start and
end of the dehydration
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X n DT
JT DT N nr

0.0 2.90 2.89 0.44 3.33
0.2 343 342 0.44 3.86
0.4 3.57 3.50 0.48 3.98
0.6 3.78 3.70 0.34 4.04
0.8 3.88 3.84 0.44 4.28
1.0 341 3.38 0.45 3.83
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Fig. 7 TG-DSC curves for x = 1.0 recorded in air at a heating rate 150 L
of 10 °C min™", using the JT. The dehydration enthalpy was : Py
T T T T T T 50

estimated by the area of the DSC peak between the beginning and
160 °C as illustrated

(CN), and then CO, leaving, cf. Figure 3, and at higher
temperatures by further exothermal decomposition steps.

The dehydration enthalpy per mole of compound, AH,,,,
was estimated by the area of the DSC peak between the
beginning and 160 °C, as shown in Fig. 7. The obtained
values are given in Table 2, together with values per mole
of water n, AH,. The AH,, values are believed to under-
estimate true values, since the dehydration starts immedi-
ately and shifts the registered apparent DSC starting zero
level to lower values.

The x dependencies of AH,, and AH, are shown in
Fig. 8. The variation of AH,, with x is similar to the
variation of n, cf. Table 1, while AH, increases from
52 kJ mol~! for x = 0.0 to 68 kJ mol~! for x = 1.0, i.e.
by ~30%. The latter values are slightly higher than the
evaporation enthalpy of water at 100 °C, 40.7 kJ mol~" [30].

Kinetic analysis
Estimation of the activation energy

Model-free kinetic analysis requires at least three curves

obtained at varying heating rates [22]. Four different

heating rates were used here; 2, 5, 10, and 20 °C min~".

Table 2 Determined dehydration enthalpies for K2x,3CuH[Fe§(I'
Fep (CN)glo/3-nHy0; (a) per formula unit, AHpy, and (b) per formula
unit of determined water content n, AH,

Fig. 8 The x dependencies of AH,, and AH,

The TG water loss step for x = 1.0 and different heating
rates is shown in Fig. 9a and corresponding o curves in
Fig. 9b.

The activation energies, E,, were estimated for x = 0.0
and x = 1.0 in the o-range 0.2-0.8, using data from both
thermobalances and two model-free computational meth-
ods, KAS and Friedman. According to these isoconver-
sional methods, the dependence of ln(ﬁ/Ta) and In[f(do/
dr)], respectively, was plotted against 1/T for different
values of «, see Fig. 10. The effective values of E,, as a

X AH,/kJ mol™! AH,/kJ mol™!
0.0 151 52
0.2 175 51
04 194 55
0.6 213 58
0.8 236 62
1.0 230 68

—2°Cmin™
==-5°Cmin™
. 10 °C min-'
===20 °C min™
2
S
%}
3
N N increasing
= | . N heating rate
D N
e (@)
40 80 120 = 1
Temperature/oc
] T
0.8 ~~-5°Cmin”
10 °C min”!
0.64 - 20 °C min-"
]
0.4
0.2 g e
0.0 |t (b)
40 " _ |

Temperature/°C

Fig. 9 a TG curves, recorded in air with the DT, for x = 1.0 and
different heating rates, and b corresponding o versus 7 curves
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Fig. 10 Plots of a ln(/)’/Tz) (KAS method) and b In[f(do/dr)]
(Friedman method), for x = 1.0 and measurements in air using the
DT

function of o, were determined from the slope, —E,/RT, of
the straight lines by linear least-squares regression.

The values of determined activation energies are listed
in Table 3, together with those determined from isothermal
measurements using the DT (see Figs. S7 and S8). The E,
values obtained using the different experimental and
computational methods, as well as both thermobalances,
are very similar, supporting their credibility.

The E, values are found to be almost constant in the
range 0.2 < o« < 0.8, with the highest and lowest values
deviating by ~ 10% from the average value, implying that
the dehydration is treatable as a single-step process [23].
The determined average values range between 51 and

Table 3 Activation energies (kJ mol™') for the dehydration of
x = 0.0 and 1.0 from non-isothermal and isothermal TG measure-
ments for 0.2 < o < 0.8

Method Instrument X E, Average Ej

Non-isothermal

Friedman DT 0.0 50.0-57.3 54 (7)
Friedman JT 0.0 47.6-54.8 51 (7)
Friedman DT 1.0 52.5-55.4 54 (3)
Friedman JT 1.0 56.0-62.4 59 (6)
KAS DT 0.0 52.9-63.8 57 (10)
KAS JT 0.0 54.1-62.3 58 (8)
KAS DT 1.0 52.9-63.8 57 (10)
KAS JT 1.0 55.0-63.6 58 (9)
Isothermal

Friedman DT 0.0 53.1-61.6 56 (9)
Friedman DT 1.0 49.4-64.4 56 (15)

? The numbers in parenthesis are the spread in E, for 0.2 < o < 0.8
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59 kI mol ™', and no significant difference is observed
between x = 0.0 and x = 1.0. The overall average is
56 kJ mol~'. It is of the same magnitude as those reported
for dehydration of the PBAs zinc- and nickel-hexa-
cyanocobaltate, 60 and 90 kJ mol !, respectively, deter-
mined by using modulated TG [18].

Additional isothermal measurements for x = 0.0 in
nitrogen atmosphere yielded activation energies lower than
those obtained in air, ranging between 30 and 40 kJ mol™".
Studies of the gas adsorption abilities of PBAs have shown
that CO, adsorption can reach ~ 10 mass%, whereas little
or no uptake of N, has been reported [31, 32]. The higher
activation energies in air might thus be due to an affinity
for CO, in air that introduces a steric hindrance for the
migration of the water molecules.

Evaluation of pre-exponential factor A and reaction model
g(w)

Values of E; and InA; were evaluated by fitting seven
deceleratory reaction models, listed in Table 4, to the
experimental data, for o between 0.2 and 0.8, according to
Eq. (4). The compensation effect constants, ¢ and d, were
evaluated from plots of InA; versus Ej, see Fig. 11. The
model-free values of InA, were then computed at different
conversion degrees as described by the linear Eq. (10) by
inserting the corresponding E, values. The InA, values
were found to vary in the range of 10.2-13.6 s', with an
average of 11.4 s™', and showed no significant difference
between different heating rates.

The observed independence of the activation energy
with conversion shows that the dehydration process, for
both x = 0.0 and x = 1.0, is treatable as a single-step
reaction. In Fig. 12, the integral form of the reaction
model, g(«), has been reconstructed numerically, for
x = 1.0 and a heating rate of 10 °C min~"', and compared
to theoretical g(o) curves for different models. The
experimental (dotted) curve best fits the three-dimensional
diffusion D3 Jander model. A detailed theoretical
description of this model can be found in the literature [21].

Table 4 Reaction models fitted to experimental data according to
Eq. (8)

Reaction model g(a)

F1 —In(1 — &)

DI o’

D2 [(1 — In(1 — )] + «
D3 1—=0a-—ow”?

D4 1—Qu3)— (1 — a)*?
P2 al/z

R2 n—-a-o0"
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Fig. 11 In(A;) plotted versus Ej for x = 1.0 and different reaction
models j
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Fig. 12 Numerical reconstruction of g(a) versus o for x = 1.0 and a
heating rate of 10 °C min~"' (dotted line), together with correspond-
ing curves for different deceleratory models

It can be added that a direct model fitting was also applied
to this set of data, but the most probable reaction model
could thereby not be distinguished.

Isothermal predictions

Predictions under isothermal conditions were made by
inserting the kinetic triplet, solved for from non-isothermal
data, into Eq. (12). A comparison with experimental
isothermal curves at four different temperatures between
50 and 110 °C is shown in Fig. 13. The simulated and
experimental curves are in decent agreement and overlap at
parts.

1.0 S .
087 o -
0s{i —
3 MYV . — 50°C
044 . —70°C
Ml 90 °C
0.2+ 4 —110°C
« simulated
0.0 T T T T T
0 10 20 30 40 50
Time/min

Fig. 13 Simulated (dotted) and experimental curves for isothermal
measurements for x = 1.0

Determination of diffusion constant from isothermal TG
data

For diffusion out from spherical particles with radius r, the
diffusion constant, Dr, at different T can be estimated by
fitting o from isothermal data to the equation [33]

6 o= 1
1SS et

It is thereby assumed that Dy is independent of water
content. For the present data, good fits for x = 1.0 were
obtained for 7 < ~90 °C, see Fig. S10. For x = 0.0,
reasonably good fits were only obtained for 7 < ~50 °C.
The poorer fits for higher T are attributable to the fact that
the water loss is then too fast relative to the time it takes for
the DT to reach a stable T, i.e. most water is lost at a non-
constant T. For x = 1.0, the activation energy for D/r*
was obtained from an Arrhenius plot to be 55 (2) kJ mol !,
which is as expected in good agreement with the overall
average value of 56 kJ mol~' from the model-free analy-
ses. Using a value of 25 nm as an effective r yielded
estimated diffusion constants of 6 x 107" cm? s™' at
25°Cand 5 x 107" cm? s™' at 100 °C. These values are
considerably lower than those for common zeolites
[34, 35], for which the diffusion constants are more com-
parable with that in pure water, ~2 x 107> cm?s™'
[36, 37].

Conclusions

The thermal decomposition of CuHCF is found to be
similar to that of other PBAs in terms of dehydration
temperature and evolved gases. The water content is esti-
mated to 2.9-3.9 molecules of water n per formula unit
Ko, /sCu'[FellFelt (CN)glo/5-nH,O, with an additional
~10% of water, presumably surface adsorbed, that leave
very fast when samples become exposed to a dry atmo-
sphere. The whole water is found to leave in the first mass
loss step up to ~ 130°C, contrary to what has been reported
for PB [38, 39]. All data, except for x = 1.0, accord with a
single-step process with a constant activation energy. This
implies that the release of zeolitic and coordinated water is
energetically very similar. For x = 1.0, TG-MS and do/
dr curves show that the dehydration takes place by two
close overlapping processes. However, it was treated for all
x, including x = 1.0, as a single-step process in the kinetic
analysis and the obtained kinetic parameters describe the
reaction adequately as such. The dehydration was found to
be diffusion controlled, following the D3 Jander model,
and independent of x, with an activation energy of
~56 kJ mol™! at conversion degrees 0.2 < a < 0.8.
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Per mole of water, the dehydration enthalpy AH,
increases from 52 kJ (mol HZO)f1 for x = 0.0 to 68 kJ
(mol H20)7l for x = 1.0. These values can be compared
with the enthalpy of vaporization of water at 100 °C,
40.7 kJ mol ™" [30]. The dehydration enthalpy is thus 11 kJ
(mol H,0)™! for x = 0.0 and 27 kJ (mol H,O0)~! for
x = 1.0 higher than that of pure water. These low values
imply that the interaction of the water with the crystal
structure framework is moderate. The significant increase
with x implies also that this interaction increases with K
content, which can be explained by the H,O molecules
forming bonds to the incorporated K™ ions.

Prado and Vyazovkin have used DSC to study dehy-
dration kinetics of wet samples of laponite, sodium mont-
morillonite and chitosan, for which they determined the
average activation energies to be 47.90 (4), 52.6 (9), and
56.2 (2) kJ mol ™', respectively. They also determined the
corresponding dehydration enthalpies to be 54 (7), 57 (9),
and 62 (5) kJ (mol HzO)_l [40]. The activation energies
were thus found to be slightly smaller but of comparable
magnitude to the dehydration enthalpies. Similar activation
energies have also been determined for dehydration of
mixite, 54 (4) kJ mol ™' [41], and a zeolite, ~60 kJ mol
[42]. Our values comply well with these data. In this study,
the derived activation energy of ~ 56 kJ mol™' is quite
similar to the determined enthalpies of 52—68 kJ (mol H,.
0)~". For low x values, the activation energy is found to be
slightly larger than the determined enthalpies, but as
already mentioned, the latter are likely to be underesti-
mated due to the difficulty to define starting points for the
DSC peaks.

Prado and Vyazovkin conclude in their study that the
activation energy of dehydration should be larger than that
of vaporization of water, which in turn should be similar to
the evaporation enthalpy of water, except for dehydrations
that are diffusion limited. For these, the activation energy is
expected to be at least half as small as the dehydration
enthalpy. The authors provide a list of activation energies
for diffusion of water in various materials, similar to those
they studied, ranging from 11 to 21 kJ mol™"' [40]. One
may interpret this to imply that the dehydration of CuHCF
is not diffusion limited, despite the kinetic analysis show-
ing that it is best described by the D3 Jander model. Fur-
thermore, the dynamics of water in PB has been studied by
quasielastic neutron scattering by Sharma et al. [43] They
determined the activation energy for diffusion to be
~7kImol™" and the diffusion constant as
1.36 x 107> ecm? s~' at 300 K. We are not able to give a
satisfactory explanation for the discrepancy between their
and our values, except by stating the obvious, that the
removal of all water could be limited by movement along
energetically unfavourable pathways.

@ Springer
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