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The formation of some catalytically active Cr(V) and Cr(III) species is studied when
the progressive thermal reduction of zinc chromate is enhanced by the addition of solid
zinc oxalate, the reducing agent CO being formed in situ, during thermal analysis.

When compared with the decomposition of pure ZnCrO,, Cr(VI) reduction, as fol-
lowed by EPR, is similar concerning the nature of the intermediate Cr species formed:
Cr(V), Cr{I1l) in a Cr,Og-like bulk phase and Cr(III) dispersed in ZnO. However, the
temperature range of “Cr,04”° formation, as well as the magnitude of the Cr(IIT)—
Cr(III) interaction in such a phase is found to be strongly dependent on the amount of
ZnO formed. On the other hand, after the Cr(V) species resulting from progressive
oxygen release have disappeared, some other stable Cr(V) species are formed again at
higher temperatures. Their formation may be related to a further reduction of the
remaining Cr(VI) species by CO stemming from the oxalate.

In a previous paper [1] we have shown how the electron paramagnetic resonance
(EPR)technique can be successfully combined with thermogravimetric analysis (TG)
for the elucidation of complex decomposition mechanisms of some pure copper(I1)
and zinc chromate phases. The progressive formation and stabilization of inter-
mediate Cr(V) and Cr(III) species was evidenced by EPR.

The present work is intended as a more detailed investigation of the progressive
vacuum decomposition of solid-state mixtures of zinc chromate and zinc oxalate.
We have shown previously [2] that the thermal decomposition of ZnC,0, * 2 H,0O
leads to the formation of gaseous and superficially adsorbed CO species. In this
paper, we examine how the in situ production of strong reducing species such as
CO will influence the Cr(VI) reduction and hence the intermediate formation and
stabilization of different chromium(V) and chromium(III) species.

Experimental

ZnCrO, and ZnC,0, - 2 H,O were prepared as described previously [I, 2].
Mixtures of the two solids were obtained by grinding a moles of ZnCrO, with 5
moles of ZnC,0, * 2 H,O, with @ : b = 2 : 1, corresponding to the hypothetical
Cr(VI) — Cr(V) reduction by CO, and with a : b = 2 : 3 corresponding -to the
hypothetical Cr(VI) — Cr(III) reduction by CO. TG and EPR operating conditions
are described in [1].
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Results and discussion
TG data

The thermal analyses of the mixtures a ZnCrO, + b ZnC,0, * 2 H,0, as fol-
lowed by TG are schematically shown and interpreted in Fig. 1. They are compared
in the same Figure to the curves obtained under the same conditions for pure
ZnCrQ, and ZnC,0, * 2 H,0.

The successive reaction intervals and plateaus clearly suggest a multi-stage
reaction, and from the quantitative interpretation of the weight losses it is possible
to identify all the intermediate phases and to conclude that each compound under-
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Fig. 1. TG and EPR data for the vacuum thermal decomposition of 2) ZnCrO,; b) 2 ZnCrO, -+
+ ZnC,0, - 2 H,0; ¢) 2 ZnCrO, + 3 ZnG,0, * 2 H,0; d) ZnC,0, - 2 H,0. EPR
signals as indicated
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goes its own decomposition more or less independently in the mixture. Nevertheless,
the following differences are observed.

a) After the ZnO phase has been formed, no further weight loss is observed. The
oxidative character of chromium(VI) ions prevents any further reduction of ZnO,
yielding a non-stoichiometric ZnO, _, phase. Such a reaction does occur when pure
zinc oxalate is calcined under vacuum [2}.

b) The decompositions of both CrO?~ and C,03~ ions seem to begin at some-
what higher temperatures that in the case of the pure compounds, as shown in
Table 1.

Table 1
Initial decomposition temperature, °C
Reaction
pure 2:1 2:3
compound mixture mixture
ZnCy0,9 — ZnOg + COg + COyp ) 290 330 340
ZnCrOyy— (ZnO + 1/2 Cr,03)g +3/20:p (2) 400 470 490

EPR data

EPR turned out to be sufficiently sensitive to reveal several solid—solid, gas—solid
and/or gas-surface interactions between the different intermediate species stemming
from the progressively decomposed chromate—oxalate mixtures. These data also
provide detailed information on the decomposition mechanisms, which are not
readily obtained by TG. Eight distinct EPR signals are successively and/or simul-
taneously detected, most of them being stable over a wide range of temperature.
Their assignments are given in Table 2 and their characteristics (g values and tem-
perature ranges of stability) are compared.

Radicals stemming from the oxalate ions

The successive reactions occurring during the vacuum thermal decomposition of
ZnC,0, * 2 H,0 involve the formation of five different paramagnetic species which
are characterized by EPR. They are referred to here as signals E to [ in Table 2.

In particular, the formation of V; (03 ™) radicals supposes a mechanism involving
reaction of oxygen from the ZnO lattice:

O;(Iattice) + COZ(ads. on ZnO) g C02 (2) + Og—(ads) (mechanism A) (1)

On the other hand, only the O3~ species (signal E) are detected when both ZnCrO,
and the chromate/oxalate mixtures are calcined. Their characteristics (temperature
ranges of stability, g values and intensities) are slightly different from those of O3~
ions stemming from the vacuum treatment of pure zinc oxalate (Table 2), and this
suggests that the mechanism of their generation may be somewhat different from
mechanism 4. As confirmation, neither COZ4 species stemming from the C,07
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Table 2

EPR signals observed during the thermal decomposition

Signals and their
assignments

[ITI 1= Cr(II)/Cr,0,

+
[4’] = Cr(Ill)/ZnCr,0,

[B] = Cr(IIl)/ZnO

™ [C] = Cr(V)

[ [C']= Cr(vY

| [C7]= Cr(VY

ZnCrO, 2 ZnCrO, + ZnC,0,:2 H,0
T °C ’ g factors T°C \ g factors T
255520 | gy, = 1.975 25—>520 i o = 1.975
i i
900 | gio = 1.978 900 | guo = 1.977
g, = 1.9894 g, = 1.9884
440— 480 g, = 1.9653 | 400—440 g, = 1.9653
o = 1.9813 I = 1.9813
25 | (g, = 1.9804 25 | (g, = 1.9804
1 ng = 1.9487 | {g,l = 1.9487
D Vg = 1.9698 | Vg = 1.9698
perturbed between 200—250° | perturbed between 200— 250°
il g0 =19798 vl g = 19798
400 || g, = 1.9478 300 [ g, = 1.9476
g = 1.9691 i go = 1.9683
g, = 1.9817 ;g = 1.9800
[g, = 1.9352 g, = 1.9408
G = 1.9692 Jne = 1.9669
| 440 -480 400 — 440
lig =1.9792 g, = 19790
}[g‘ = 1.9450 {g‘ = 1.9439
Q gne — 1.9678 — 1.9671

[D] = Cr(V) \ not observed

[E]l = Og_ ’ 480 Giso = 2.0077
[F] = COgds '

[G] = ZnO,_, ]

[H] = COy

11 =0z

\ Yiso
450—560 | g, = 1.9828
;| g, =19410
650 Jiso = 1.9599

\

440 | gy, = 2.0065

entities nor ZnO; _, phases are detected in EPR. This is easily explained when we
consider that the former may react with superficial Cr(V) species already formed at
low temperature (referred to as signals C, C’ and C” — Table 2) in the following

way:

COfuasy + Cr(V)(ads or inbuiky = COsgy + Cr(II)

2

while ZnO,; _, cannot exist under strong oxidation conditions. We believe that CO”
formation is not possible in the present case, so the O3~ species must be formed via
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of zinc chromate, zinc oxalate and their mixtures

Signals and their 2 ZnCrO, + 3 ZnC,0,-2 H,0 ! ZnC,0,-2 H,0
assignments T°C f g factors l T °C g factors
i
[4] = Cr(Il)/Cr,0, 255>520 | gy = 1.976
‘ i
[4'] = Cr(l)/ZnCr,0, 900 | g, = 1.979

[B] = Cr(II1)/ZnO
only traces —

25 | ;g1 = 1.9804
- (€] = Cr(v) | (g” — 1.9487
| I = 1.9698
perturbed between 150—200°
i g, = 19813
300 (g[, = 1.9510
Gio = 1.9712 -
| [l = cx(vy
- not observed

L[C’] = Cr(VYy

400—600 g, = 1.9828—30

[D] = Cx(V) Volg, = 1917637 —
700 |y =1.9611—59

[E] = 0%~ 400—480 | g, = 2.0040 | 300—525 | g, = 2.0033

[F] = COX 240—260 | (gys, = 2.0043)

[G] = ZnO,_, 275—325 | (gxo = 1.96)

[H] = COj 475575

] =05 275325 | (gio = 2.0182)

475—575 | (gio = 2.0185)

a different mechanism when chromate(VI) ions are present. Wong et al. [3] have
detected a weak isotropic EPR signal (g = 2.008), similar to E, upon ZnO activa-
tion at 450° followed by reaction with molecular oxygen and further re-evacuation.
They attributed it to “spin-exchanged clusters of O~ ions” (V-type center), whose
shape, linewidth and g, , value proved to be equivalent to those of the O3~ radical
(triangular array of three superficial O~ ions), detected on MgO [4] and more re-
cently on TiO, [5].
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Comparable operating conditions are achieved when ZnCrQ, is calcined, and
O3~ formation may involve a similar mechanism: both ZnO and O, species formed
upon ZnCrO, decomposition are activated in vacuum at high temperature and can
react (Mechanism B). The same mechanism can also account for O~ formation
in the calcined chromate/oxalate mixtures, as supported by our EPR data (Table 2).

Paramagnetic ions stemming from the chromate(VI) ions

When compared with the decomposition process of pure ZnCrO,, the Cr(VI)
reduction sequence in the chromate/oxalate mixtures is similar as regards the nature
of the intermediate Cr species formed. EPR shows that Cr(V) ions, Cr{III) ions
dissolved in ZnO, and Cr(III) ions incorporated in a Cr,O5-like phase are present.
Figure 2a—e gives typical examples of EPR spectra recorded during the thermal
decomposition of the 2:1 mixture. The successive growth and decay of most of the
resonances can be related to a reduction sequence of Cr(VI) ions [1]. However,
the gaseous CO reducing species, as well as their relative amount and the total
amount of the residual ZnO formed upon the oxalate decomposition (Table 3),
are found to influence to a large extent the initial mechanisms of the chromate(VI)
ion decomposition.

On proceeding from a non-reducing system yielding low ZnO residual concentra-
tions (pure ZnCrOy,) to a strong reducing system yielding a high ZnO residual con-
centration (2 : 3 mixture) (see Table 3), the following differences are observed:

Table 3

T° - [2 ZnO + Cry05] — ZnCr,y,0, + ZnO for b = 0
T° - [3 ZnO + Cry04] = ZnCry,0, + 2 ZnO (+ 1 CO%)

2 ZnCrO, + b Zn,C,0, forb =1
T° >[5 ZnO + Cr,05] - ZnCr,0, + 4 ZnO (+ 3 CO?T)
forb =3

Cr(IIT) ions

The changes in the Cr(III) ions concentration (some being initially present in
ZnCrO,, formed by a partial reduction of Cr(VI) ions during the hydrothermal
synthesis at 200° are strongly dependent on the amount of ZnO formed. Figure 3
shows the comparative variation of the linewidth of signal A4 as a function of tem-
perature for the three systems. EPR results indicate that:

— Between 200 and 520° the total amounts of Cr(IIT) ions formed are compa-
rable. This indicates that CO has little or no influence upon Cr(VI) reduction.

— The Cr(III) ions formed are incorporated into a phase of which the Cr(III)
concentration increases up to 520°, and this incorporation must be progressive.

— The increasing linewidth results from an increasing interaction betweenneigh-
bouring ions. This means that the Cr(III) ions initially formed are progressively
transferred into another CryOg-like phase where ZnO seems to play an important
role.
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— The more ZnQ is formed, the more Cr(IIl) ions are incorporated into such a
phase.

— The maximum Cr(IIl) incorporation does not depend on the calcination
temperature of the precursor (mixture).

— Above 520°, a progressive decrease of the linewidth assumes a reordering of
the material, finally resulting in the crystallization of spinel zinc chromite. The lat-

Signal Acri/cr,0p

P

Signal Ccrvy

Signal ¢’
. c,} (crv)

+B
(Cr 111/ 2n0)

Signal A’
{CrRM/ZnCraCy)

Fig. 2. EPR spectra of the mixture 2 ZnCrO, 4 ZnC,0, * H,O after vacuum activation.
a) at room temperature; b) at 335°; ¢) at 440°; d) at 520°; ¢) at 850°. EPR signals identified
and assigned as indicated

ter begins to form above 600°, when additional Cr(IIl) ions resulting from the spon-
taneous thermal reduction of the remaining Cr(VI) ions are formed, as seen by TG.

— ZnCryO, resulting from the Cr(II)-rich Cr,O4-like phase seems to be well
ordered and to crystallize at lower temperatures, as suggested by the narrow line-
width of the Cr(IIT)/ZnCr,0, EPR signal at 850° (Fig. 3 and Table 4).
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Fig. 3. Variation of the linewidth of EPR signal 4 (Cr(II1)/Cr,O5) as a function of activation
temperature; 0 = ZnCrO,; & = 2 ZnCrO, + ZnC,0, * 2 H,0; O = 2 ZnCrO, + 3 ZnC,0,,
- 2H,0
Table 4

2 ZnCrOy + b ZnC,0,

b=0 b=1 b=3 Remarks
Z,0/Cr,0;, ratio 2 3 5
AH ,,(Cr(IIT)/Cr,03) 1120 1330 2100 Influence of [ZnO]
at 520° (gauss) No influence of [CO]
AH ,,{Cr(IIT)/ZnCr,0,) 470 400 370 (Spontaneous Cr(VI)
at 850° (gauss) — Cr(III) reduc-
tion)
Cr(II)/ZnO (signal B)
stable between ‘ 440—480° | 400—440° | traces Influence of [ZnO]
Cr(V) (signal C)
changes at 250° 250° 200° | Some [H,O] influence?
disappears at 400° 300° | 300° | (Spontaneous Cr(V)—
Cr(V) reduction)
Cr(V) (signals C* + C”) not
stable between 440— 480° 420— 440° observed Influence of [CO]
Cr(V) (signal D)
intensity not obs. medium strong
stable between — 450— 500° 400— 650° | Influence of [CO]
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Finally, the amount of Cr(IIl) ions dissolved in ZnO, forming a solid solution
(signal B), decreases as the ZnO concentration in the residue increases. When com-
pared to the decomposition of pure ZnCrQ,, signal B is weak and appears and
disappears at lower temperatures in the case of the 2 : 1 mixture, while only traces
of such a signal can be detected in the case of the 2 : 3 mixture. This suggests that
Cr(III) ions incorporated into a ZnO-rich Cr,QO,-like phase are more stable than a
solid solution of Cr(IIl) ions in ZnO.

Further studies are now being carried out to elucidate the stabilizing role of ZnO
towards the Cr,O,-like phase.

Cr(V) ions

In ZnCrO,, some chromium(V) ions (EPR signal C) are detected at room tem-
perature and found to be stable up to 400°. They are formed during the hydrother-
mal synthesis and could be due either to a partial thermal reduction with oxygen
release and/or to a possible influence of the reducing character of water on Cr(VI)
ions around 200°. These Cr(V) species undergo some structural rearrangement near
250°, as supported by the slight change in the g value of the corresponding EPR
signal.

When oxalate is added to the chromate, signal C appears earlier and a similar
structural rearrangement occurs, but at a lower temperature (Table 4). We con-
clude that the reduction of such Cr(V) species leading to Cr(III) ions is enhanced
either by some H,O resulting from the oxalate dehydration occurring at this tem-
perature, or by the affinity of the Cr(IIT) ions so formed for a ZnO-rich Cr,O,-like
phase.

When pure ZnCrO, is heated between 440 and 480°, two other different Cr(V)
intermediate species appear (referred to as signals C’ and C”). Similar signals are
observed during the thermal treatment of the mixtures. In the 2 : 1 system they
appear and disappear at lower temperatures (400 —440°), while they have complete-
ly vanished in the case of the 2 : 3 system. Their genesis is therefore supposed to
be independent on the former Cr(V) ions (signal C). We suggest that their reduction
to Cr(I1l) is favoured by the release of CO from the oxalate.

Finally, a narrow and asymmetric EPR signal (signal D) is observed at higher
temperature only in the case of thermal analysis of the chromate/oxalate mixtures.
Its g values (g, = 1.98 and g;; = 1.915) compare favourably with the g values char-
acterizing Cr(V) (Table 2). Both the concentrations and the stabilities of these new
Cr(V) species increase with the amount of oxalate in the mixture: they appear at
450° in the case of the 2 : 1 mixture (400° for the 2 : 3 mixture) and remain remark-
ably stable over a wide range of temperature. The intensity of signal D begins to
decrease only above 500° for the 2 : 1 system and some traces of it are still detected
at 650° (650 and 700°, respectively, for the 2 : 3 system). As these Cr(V) ions are
generated at a temperature at which some Cr(VI) still remains unreduced, and at
which CO begins to be released, we can assume that the latter must be responsible
for this Cr(VI) reduction to the intermediate oxydation state (V). The great stability
of these Cr(V) species accounts for the fact that they are not reduced further by CO
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to the oxidation state (IIT). The role of CO as selective reductor is supported by the
fact that no D type Cr(V) ions are observed in the thermal analysis of pure ZnCrO,.

The influence of ZnC,0, on the successive formation and disappearance of differ-
ent Cr(V) and Cr(III) ions stemming from zinc chromate is summarized in Table 4.

Conclusions

As general conclusions, this work shows that:

a) The thermal behaviours of the various chromate/oxalate mixtures can be
elucidated by the use of combined TG/EPR techniques.

b) EPR yields important and detailed information about the formation of inter-
mediate Cr(V) and Cr(I1I) paramagnetic species and of some radicals such as O3~
ions.

¢) The most important findings concerning the role of oxalate ions in the reduc-
tion process of Cr(VI) are the following:

— Cr(III) ions can be stabilized in large concentrations in a CryO,-like butk
phase when the amount of ZnO in the residual solid mixture is important;

— the ZnO concentration in such a phase can indirectly influence the formation
of some other species, such as Cr(II) ions dissolved in ZnO, or Cr(V) ions resulting
from the spontaneous Cr(VI) reduction;

— CO released during the decomposition of the oxalate ions plays a major role
in reducing some Cr(V) ions preliminarily formed, and in reducing some of the
remaining Cr(VI) ions, leading to the formation of large amounts of other Cr(V)
species which remain stable over a wide range of temperature.
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ZUSAMMENFASSUNG — Die Bildung einiger katalytisch aktiver Cr(V) und Cr(IIl) Species
wird fiir den Fall untersucht, bei dem die progressive thermische Reduktion von Zink-
chromat durch Zugabe von festem Zinkoxalat gefordert wird, wobei das Reduktionsmittel
CO in situ, wihrend der Thermoanalyse gebildet wird.

Ein Vergleich mit der Zersetzung der reinen ZnCrQ, ergibt die Ahnlichkeit der durch
EPR verfolgten Cr(VI)-Reduktion hinsichtlich der Beschaffenheit der gebildeten Cr Inter-
medidrspecies: Cr(V), Cr(IIl) in einer Cr,O,-artigen Hauptphase und Cr(lIl) in ZnO
dispergiert. Jedoch sind Temperaturbereich der »Cr,Oy-Bildung sowie der Umfang der
Cr{IID) - Cr(ITY) Wechselwirkung in einer solchen Phase stark von der Menge des ge-
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bildeten ZnO abhéngig. Andererseits werden nach dem Verschwinden der durch die prog-
ressive Sauerstoff-Freisetzung entstandenen Cr(V)-Species wider einige andere stabile Cr(V)
-Species bei hoheren Temperaturen gebildet. Thre Bildung mag mit einer weiteren Re-
duktion der noch vorhandenen Cr(VI)-Species durch aus dem Oxalat stammendes CO
verbunden sein.

Pesrome -— Hzydero o6pa3oBaHue HEKOTOPEIX KaTanorndecky akTuBHEIX Yactal Cr(V) u Cr(I1T)
IIPY TEPMHYECKOM BOCCTAHOBJIEHHH XpOMATa IHHKA, YCKOPIEMOTo 106aBleHHEM TBEPAOIO OKCa~
JlaTa NEHK4, BoneacTsre obpazosanma CO, Kak BOCCTAHOBHTENS, BO BpeMs TepMonm3a. M3 qan-
HeIX OIIP cneayer, uTo BoccTanopieHre Cr(VI), Tak ke kak ® B cilydae pasnoxenus ZnCrO, 6e3.
IobGaBKM OKCalaTa IMHKA, SBIACTICA IOXOOHBIM OTHOCHTENBHO IPHUPOABI 06Pa3YIOMAXCS PO~
mexytounpix Cr vactmr: Cr(V) u Cr(I1I) B 065éMe daser, mogobHo# Cr,0,, a Cr(I1I) oucrep-
rupoBas B ZnO. YCIaHOBJIEHO, YTO KaK TeMIepaTypHas obmacTs obpasoBanmsa «Cr,O.», Tak |
3ravenne Cr(II1)—Cr(I11) B3ammoneiicTBus B TaKo# (ase CHIBHO 3aBHCHT OT KOJIHYECTBA 00—
pasyroleiics OkacH rHEKa. C Apyroif CTOpOHSI, YCTAHOBIIEHO, YTO MOCIIE PACIana 06pa3youxCcs
Ha 9To# crammd Cr(V) yacTHI, HEKOTOpEIe Apyrue cTabuinbieie Cr(V) 4acTuusl BHOBL 00pa3o-
BHIBAJIACH TIPH BRICOKHX TeMIlepaTypax. OGpa3oBanme STHX HOBBIX YACTHIX MOXeET BLITh 06ycno~
BJICHO NaybHEHITEM BOCCTaHOBNEHWeM ocraBmmxcs Cr(VI) gacTmiy MOHOOKHCEIO YTIIEpOia,
BBIIEIAIOMEHCS B3 OKCAJIATOB.
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