Chemistry & Theory of

Chromium Deposition:

Part | - Chemistry

By N.V.

Although electrodeposition of chromium has been prac-
ticed for 75 years, the mechanism is still open to conjeq
ture. Part of the reason is the complexity of the chemistry
of chromic acid and its existence in aqueous solutionin th
form of coordinated octahedral complexes. These com
plexes vary both structurally and kinetically at different
CrO ,concentrations. The chemistry of tri- and hexavalent
chromium is discussed, including polymerization and
related mechanisms relative to the overall deposition
mechanism.

Mandich

solution) isits strength as a reducing ageht-€e <—> Cr?;
-E,=0.41V. Because it is easily oxidized by oxygen, preser-

vation of the solution requires exclusion of air. Even under
esuch conditions, the Crion is oxidized by water with the
-formation of hydrogen. The rate of oxidation depends on

several factors, including the acidity and anions present.

It has been known for some tifnhat pure chromium
(usually obtained electrolytically) dissolves in acids to form
Cr2 with no (or very little) CF, if the solution is protected
from air, of course; impurities apparently catalyze formation
of Cr3. Chromium (+2) solutions may also be obtained by

Chromium, Cr, also loosely called chrome, is the twenty-firstectrolytic reduction of chromium (+3j.Recently, Leisner

element in relative abundance with respect to the eal
crust, yet is the seventh most abundant element becaus
concentrated in the earth’s core and mantle. It has at
number 24 and belongs to group (VI B) of the periodic ta
On atonnage basis, chromium ranks fourth among the m
and thirteenth among all mineral commodities in commer
production.

Chromium was discovered by Vauquelinin 1779 in Si
rian red lead, the minerarocoite, PbCrQ. In 1798, he
isolated the new metal by reduction of Gu@th charcoal at
high temperature. The name chromium (from Greek chrg
color) was suggested for the new element because of its
colored compounds. Chromium, relatively recently, v
recognized as a biologically necessary trace element.
first conclusive evidence demonstrating a metabolic role
chromium was obtained by Mertz and Schwinta series of
investigations, the first of which appeared in 1955.

Chromium has a ground state electronic configuratio
1<, 2, 2p, 3¢, 3p° 3P, 4<. This distribution of the outer
most electrons is favored over*3ts because of increase
stability of the half-filled 3d shell with 1 electron in each
the orbitals. The half-filled shell leads to the “S” state (L =
which is especially stable, supposedly because of the
amount of exchange energ¥he d orbitals project close t
the surfaces of the ions, so that the electrons in them int
with the chemical environment.

A typical transition element, chromium forms many co
pounds that are colored and paramagnetic. Chromium
oxidation states as follows: -2, -1, 0, +1, +2, +3, +4, +5,
the highest oxidation state, +6, corresponds to the sum ¢
numbers of 3d and 4s electrons. The lowest, -2, -1, 0 an
are formal oxidation states displayed by chromium in cq
pounds such as carbonyls, nitrosyls and organometallic
plexes.

Divalent  Chromium
Chromium in the oxidation state +2 was in the past

rtbtsal® proposed a chromium dissolution mechanism during
eahizdic dissolution of chromium in chromium plating solu-
Db, postulating Cr—> Cr2 oxidation under these condi-
bktons. Mandich and Vyazovikinaontemplated Cr dissolu-
etals in CrQ, solution as a seven-step mechanism under mixed
cidiffusion-kinetic control. Six steps are single electron elec-
trochemical steps, while the seventh step is associated with
peesorption of Cr(+6). Dissolution of chromium in acid media
(primarily H,SQ)) is examined extensively in corrosion stud-
ies of chromium metal and alloys. Active dissolution yields
nehyomous ions, according to most of the moéeishile in
migyactive-passive transition region, dissolution is associated
/agith the formation of the blocking passive layer.

The

forivalent ~ Chromium

Chromium (+3) is the most stable and most important oxida-
tion state of the element. The E&lues' (Table 1) show that
nlobth oxidation of CPto Cr® and the reduction of Crto Cr?
- are favored in acidic aqueous solutions. The preparation of
dCr? compounds from either state presents few difficulties
ofind does not require special conditi$his basic solutions,
0dxidation of Ct3to Cr® by oxidants, such as peroxides and
ahypohalites, occurs with ease. Preparation 6fféom Cr?
oin basic solutions requires the use of powerful reducing
eagents, such as hydrazine, hydrosulfite and borohydride, but
Fe™, thiosulfate and sugars can be employed in acid solu-
ntions.

ha¥he chemistry of Cfin aqueous solutions is coordination
+ehemistry. It is demonstrated by the formation of kinetically
fithert outer orbital octahedral complexes. The bonding can be
dexplained by 8sp hybridization; a great number of com-
M-
C

considered to be of particular interest for electrodeposi
mechanisms. It does play a role, however, in the passiv

of chromium. Recently, ithas been accepted that possibly ¢ Cr®+ e —> Cr?
probably plays arole in the deposition and dissolution meg¢l Cr,0;% + 14H" + 6e —> 2Cr® + 7H0

nisms; this warrants that it be briefly introduced here.
outstanding characteristic of the'@on (sky blue in aqueou
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Table 1
Standard Reduction Potentials for Chromium lons *
Half-Cell Reaction E, V
Ncri+3e —Cr -0.740
tI Cr(OHY? + H* + 3e —> Cr + HO -0.058
t Cr2+2e—>Cr -0.910
-0.410
1.330
| Cr,0.2 + 10H" + 6e —> 2Cr(OH), + 3HO 1.100
Cro,;?+e —> CrQ;® 0.100
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plexes has been prepared. The kinetic inertness results

the 3d electronic configuration of Ction? This type of
orbital charge distribution makes liquid displacement
substitution reactions very slow and allows separation,

sistence and/or isolation of Crspecies under thermody

namically unstable conditions.

Hydrolysis
Processes

of Chromium (+3) and Related

Chromium (+3) is characterized by a marked tendenc
form polynuclear complexes. Literally thousands of3Q
complexes have been isolated and characterized and,
few exceptions, are all hexacoordinate. The principal chg
teristic of these complexes in aqueous solution is their redga

tive kinetic inertness. Ligand displacement reactions tf
complexes have half-times in the range of several hours

largely because of this kinetic inertness that so many cormj

species can be isolated as solids and that they persi

relatively long periods in solution, even under conditions

marked thermodynamic instability.

The hexaaqua ion [Cr(@).] "3, which is a regular octahg
dral, occurs in numerous salts, such as the violet hyag

f

a4+

AH.01]"S ACH HO) O H et [[Hp];:r{g} ciHo e (1)
AN further addition of base, a precipitate is formed that
Pebnsists of H-bonded layers of Cr(Qt#),0),, which readily
-redissolves in acid. Within a minute, however, this precipi-
tate begins “aging” to an oligomeric or polymeric structure
that is much less solubt&®®
Cr? ion also polymerizes, as a result of hydrolysis and

associated reactions, to form bridged complexes with a
Y dértain composition, the existence of which is indicated by
lndirect, but substantial, evidence. Complexes of this type
VitAr’ye from dimers through polymers of colloidal dimensions
ré§precipitated C? hydroxide. Except under special circum-
nces, such reactions are inevitable in neutral and basic
Cgolutions and highly probable in slightly acid solutions.
Itisvhat makes the chemistry of Cr3+ complexes interesting
P& often tortuous for researchers, is the number of steps and
Stni@Ehanisms possible. The processes include aquation, hy-
5 @folysis, olation, polymerization, oxolation and anion pen-
etration, as described briefly as follows:

ralguation

[Cr(H,0)JCl, and in an extensive series of alumschromium salts (chloride, sulfate, nitrate, etc.) are aqua

MCr(SQ),-12H0, where M usually is Nfior K* ion. The

aqua ion is acidic (pK = 4), and the hydroxo ion condensg

give dimeric hydroxo bridged species:

complexes characterized by ions such as [GD(H*?,

2§ (H,0).Cl]*2 and [Cr(HO),CL,]*. In agqueous solution, the
replacement of co-ordinated groups by water molecules
(aquation) is a common reaction:

[Cra ] +H O «—-» [Cra a0 (2)
Hvdrati Oxolation where A is a singly co-
Adquation y rdy(m o T ordinated neutral mol-
n CI° nH n ecule €.9.,H,0, NH,)
+ + + and X s a singly charged
H 4 co-ordinated negative
H HeZ+1 A z-1 . z-4 ;
H,0 1 H,0 | e c o, ion (e.g.,Cl, CN, CNS).
SEAONEAO ol Gl sorl el Y The extent of aquation
Ao o7 7107 N No” No? q
) 1 [ -
H0 H:0 P H20 [, L n H,0 HyO Jn depends on several fac
tors, including the rela-
Anion \\\ Anion tive co-ordinating ten-
. nH,0 o frea dencies of HO and X
Penetration Penetration and the concentration of
CH, \ CH; X. Accordingly, every
i C=0 :
> =0 H . HZz aqueous solution of Cr
H S Hqz-1 O a Thol]? Q o WH,0p 29 tentiall luti
C 1o &1 ncHdeor | <1201 O] neHgC-0m|\I-ONZ| 4+ n I is potentially a solution
nH_O+|~\7ONE~ N : P A B of aqua complexes. The
2 AINA TN ! CP t 07| e : 'OQ P
o o o6 H,0 L H,0 i n H,O0 L H O Cr2ion (the complexes
2YH 27 H"n of which are labile) cata-
XN o lyzes such reactions,
o/ IT . M CHyC -0 which are usually quite
nCHs-C-o” 0G0, RN slow otherwise. Elec-
CH; V T H Y tron-transfer reactions
a § 10,52 o s o 1204 between C¥ and
o SO0 2n[C‘ (©.0) ]'3 07 + 1o ol [Cr(H,0).X]* proceed
AN g 150/, Ao NP7 0@ predominantly through
HO [ HO L n . HO CH; TH hem  |Pridged intermediates
m - .
3nH.O+4n OH {[Cr-X-Cr] *}. Ligand
+ nHt, n + transfer accompanies
OH- + 0l 2n OH - electron transfer. In the
n nt investigations establish-
Anion Anion Penetration Anion Penetration ing these conclusions, the
Penetration  Complete De-olation Partial De-olation reaction conditions have

Fig. 1—Reactions of polymeric Cr(Ill) complexés.
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generally been characterized by relatively low*fCand
relatively high [H]. With relatively high [Ct?] and relatively
low [H*], another pathway is availabtavith the rate deter
mining reaction involving a hydroxy bridged comple
[(H,0),-X-CrOHCr]*.

The role of Ct?is very important, however, in industri
“hard” chromium applications when plating thick layers
chromium or Cr-Ni and Cr-Ni-Fe alloys from trivalent chr
mium solutions, as an alternative for Cr(VI)-based solutig
Failure to control the transient levels of s recognized as
the reason for Cr(lll)-based solutions not to sustain he
deposition with an appreciable deposition rate. The proh
is recognized as massive olation, catalyzed by a build-y
Cr2 in the high-pH region in the vicinity of the cathod
Although the bulk of the electrolyte can be about pH 2,
diffusion layer can reach pH 4. At this pH and with?Cr

The diol and any other polynuclear products containing
water molecules (or a group that can be displaced by water
molecules) can still act as acids, releasing hydrogen ions and
xteaving co-ordinated OH groups.

Polymerization
alinstead of reaching a definite termination, reaction of Eq. (5)
afhay continue, with the formation of larger and larger mol-
oecules, the polymers, as a continued process of olation. This
nmeay continue if the product of each successive step contains
5 aqua ohydroxogroups. The ultimate consequence is precipi-
aagion of chromium hydroxide, Cr(OEIX H,O, a tri-dimen-
lsional olated comple®.Olation reactions are pH- and time-
pdefpendent. At moderate acidity they are quite slow. For
ehigher oligomers to be formed after addition of the base to
tgueous CPsolution, can take days, but they can subse-
quently decay, contributing to pH stabilization after a few

promoted catalysis, oligomeric species would be releasgdeks?®

into the bulk of the electrolyte, where they would build up
reduce the level of active species and, consequently,
deposition raté’?

The behavior of aqua complexes as acids leads to far real
consequences. The acidity of such solutions arises as fol

[CHH®) ] < [CHEO)CH] +H 3)

The equilibrium will be displaced to the right by heating an

of course, by the addition of base. The order of magnitud
the first hydrolysis constant is K =-10As the pH of the C?
solution is raised, the equilibrium is shifted and more of

co-ordinated water molecules may be converted to OH gra Uy

which brings into the picture a new process called olati

Olation

Olated compounds are complexes in which the metal a
are linked through bridging with OH groups. Such a grou
designated as an group to distinguish it from thieydroxo
group {.e.,aco-ordinated OH linked to only one metal ato
The process of formation @l compounds fronhydroxo
compounds is called olation. Olation results from the for

tion of polynuclear complexes consisting of chains or rings

Crions connected by bridging OH groups. The first ste
this process may be as follows:

(4)

[CHHO) ™ + [CHHO) CH] —— [[HLO]:CI: CHHO)J"+HO

q
+t "q'“ H
E[Cr[HL O ] —- [[I'IEQLQQEH:H.EOL] +ZH

5

Because thdiol produced by the reaction shown by Eq.
is stabilized by the four-member ring, there is a driving fg

(5)

and The continued process of olation starts with the hydrolysis
thisalts of such metals as Al or Cr. The acidity of solution of
such salts results from conversion of aquato hydroxo groups:

[CHHD)]® <—— [CHH ) CH] +H (6)
chung®
OEQ:T[H::-] J° == [CHHO) OH]'+H @)

The degree of hydrolysis increases as the temperature is

raised and depends on the nature of the anion, and especially

n the pH of the solution. If alkali is added to a warm solution
o?fhydrolyzed chromium salt, but not enough for complete

neutralization, polymerization occurs instead of precipita-
”Pl Bn of the basic salt or hydroxide. This can be explained on
basis of a series of hydrolytic and olation reactions. The
Pirst step might be presented as:

o LD pOH
E}LOLG' } -« Emom:r ] fE ()
P NHo NHO
m).
ma-

/OH
\HtO

D IEH.;C'].G

If the reacting groups in each ion are in dtiepositions, a
completely olated ion may be formed:

[PLO 1

Further hydrolysis and olation might result in a
polytetrahydroxy-dodecaaquo hexachromium(VI) ion:

5)

rce

T [ioma]— g Sy e

0

Cr [HEO]4:| —_— I:Hg-::-LCr

H

™~

/Cr (B2, [+ HeC' (10)
ol

tending to convert the singly bridged to a doubly bridged

complex. Thisdiol is produced by polymerization d@
[Cr(H,0).OH]*?, oxidation of Cf? by molecular oxygen
warming an equimolar mixture of €and NaOH and boiling
an aqueous solution of [Cr(@)]*2.

f
H

H H H H
HO
‘\CI}‘/OH\C!r/OH\CI:r/OH\C!r/OH\CI}‘/OH

(11)
Ho /Hlo\OH /Hlo\OH /Hlo\OH /Hlo\ OH /Hlo\OH
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If the aqua groups are attached to the metal atoms at th
of the chain, cross-linked polymers are formed:

_,,.-* CH, _,,.-*OH"-.._ _,,.-*OH“--..

éc OH""%“"-OH"“%O“‘HOH {}g)

SwgHST TwoH-T woH-"

(B0 —

12
Hol, (12)

Because of the octahedral configuration of complexe
metals such as chromium, the bonds of a given metal oc

pairs, each of which lies in a plane perpendicular to the pl ﬁe@

of the other two pairs. Accordingly, such cross-linked p
mers are three-dimensional.

These processes account for the results obtained wh
warm solution of a chromium salt is titrated with a base. Wi
the addition of an increment of base, the pH rises immj
ately, but falls slowly if the solution is allowed to stand bef
more base is added. This continues with successive i
ments of base until enough base has been added to pred
the hydrated oxide. As base is added to the solution
hydrogenions are removed. The equilibrium then shiftsint
direction of further hydrolysis and olation, with the formatio
of more hydrogen atoms. In this way, small amounts of
can be added without precipitation; otherwise, precipita
would occur if added all at once.

The process of olation is favored by an increase in con
tration, temperature, and basicity. The process reverses §

when the solution of olated complexes is diluted or wher t

solution is cooled;(e.,olation decreases the reactivity of ¢
ordinated OH groups).

Oxolation
Oxolation may accompany or follow olation, particularly

the reaction mixture is heated. This reaction converts bri

ing OH groups to Ogroups.

g z (l) £ 2]
AP P 4
al o —> e s +2H
:::7 r\o/rg :a’ r\o/ r« (13)
| I
H

Olation and oxolation account for changes in reactivit
chromium hydroxide as it ages. Freshly precipitated c
mium hydroxide usually dissolves quite rapidly in ming
acids, but after standing some hours, it becomes difficu
dissolve. Presumably, olation continues in the precipit
because bridged Olgroups react more slowly with aci
than singly co-ordinated OHjroups, the reactivity of th
precipitated hydroxide progressively diminishes. If the
drate is heated, there is a drastic decrease in reactivit

e@aihated water molecules, Ogtoups, OHbridges or other
ligands are replaced by anions in the solution. The extent to
which anion penetration occurs wibhcomplexes is deter-
mined by the relative coordination tendencies of the entering
anions and the groups that they replace, and the length of time
that the solutions are allowed to st&hénions that can enter
the co-ordinated sphere easily and displace OH groups can
effectively prevent olation. Penetration by anions into basic
chromium complexes decreases in the following ofder:

s Qf . .
S ?ﬁalate > glycinate > tartrate > citrate > glucolate > acetate
L onochloracetate > formate > sulfate > chloride > nitrate
perchlorate

QJ

)Iy

&pﬁsequently, if a solution of [Cr(B)]** is required, the
anion should be weakly co-ordinated nitrate or perchlo-

e te because those of greater co-ordinating tendency may

o splace one or more of the co-ordinated molecules. In a stock

L SRlution of basic chromium sulfate, Seréasl* found ionic

ipﬁ%‘f’&ies having molecular weights of 68,000.

actlon Rates
ter some parameter of a system contamm‘ﬁ €mplexes
)dgé:hanged the corresponding change in com.posmon of the
ki Iqmp_lexes _generally occurs only slowly. Heating a solutlon
or dispersion) of such complexes promotes olation and
olation, both of which reverse at a low rate when the system
oled. Reversal of oxolation is much slower than reversal
lation. If the pH of a solution containing olated complexes
Isteduced to a value at which normally only monometrié Cr
complexes would exist, it may take a long time for the state
of aggregation corresponding to the new pH to be attained.
The complexity of chromium coordination chemistry is illus-
i]arated in Fig. 1.

c&n
|

(]

ICi—q’exavalent Chromium
The mechanisms of the electroreduction of chromic acid are
of greatinterest, not only from a theoretical point of view, but
for their application in industry as well. The vast majority of
decorative, and almost all hard, chromium plating is carried
out using CrQas the electrolyte. The fact that chromium can
be deposited from Crsolutions but not from simple aqueous
solutions of lower valency salts is unfortunate for the follow-
ing reasons:
y of
hr@,)
ral
It to
ate;
S

Because the electrochemical equivalent of Cr in a CrO
solution is 0.3234 g/hr and cathode current efficiency is
typically 10-20 percent, one A-hr yields only 0.032 to
0.064 g of metal. This is 15-30 times less than for nickel,
18-36 times less than for copper from acid solution and
63-126 times less than for silver. The only way to offset
hy- thisis to increase the working current density via increase
as ain mass transport and temperature and/or plating time.

result of oxolation, a process even more difficult to reverse

than olation. While olation and oxolation are both reversiblg) The minimum current density at which electrodeposition
the long times required for the acidity of solutions, that have takes place is two to three orders of magnitude larger
been heated and then cooled, to return to the original values, than in the case of other metals (Zn, Ni, Sn, Ag, Au, etc.).
leads to the conclusion that deoxolation is extremely slow. In

generalpl groups are more readily depolymerized than | (3) The electrodeposition of chromium is more sensitive to
compounds, because protons react more rapidlypwitroups. operating conditions (temperature and current density)
than any other deposition process.

Anion  penetration
Itis well known that the addition of neutral salts to a solufidd) In contrast to other processes, the cathodic current effi-
of basic sulfate changes the hydrogen ion concentration. Co- ciency varies inversely with temperature but is propor-
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tional to current density (which causes low throwingnd common name. This compound is also known as chromic

power). oxide and chromic acid anhydride. Chromium (+6) forms a

large number and considerable variety of oxygen compounds,

(5) Chromium will plate only in the presence of a catalystost of which may be regarded as derived fror @tide.
(e.g.,H,S0O), the concentration of which influences th& hese include the oxy-halogen complexes and chromyl com-
plating rate. In Fig. 2, the influences of temperature ppdunds, chromates, dichromates, trichromates, tetrachromates
catalyst concentration, expressed as the ratio of/Qr@nd basic chromates. All these*Crompounds are quite
H,SO,, are showri.Higher temperature and a less thapotent oxidizing agents, although kinetically they cover a
optimum ratio (50:1) are shifting the potential towardide range; CFf does not appear to have anywhere near the
more positive values, away from the Cr electrodeppsiapability of forming the isopoly anions so characteristic of
tion potential of -1.12 V. molybdenum and tungsten.

Chromic trioxide has a molecular weight of 100.01 and

(6) On the positive side, hexavalent chromium electrolyté&srms dark red prismatic crystals belonging to the orthorombic
are relatively less sensitive to the presence of impuritieystem, the bipyramidal subclass. The density of the solid is
and the anode material is lead or lead alloys, which|c279 g/cr. It melts with some decomposition at €7 CrQ,
easily be made to conform to any shape. is very hygroscopic. Its solubility in water varies from 61.7

percent at OC to 67.5 percent at 10C. Oxidation potentials
Despite its paramount technological importance and withCrO, and chromate solutions are augmented by increasing

all the advances of modern science and instrumentatitre acidity of the solution.

exact mechanisms of Cr electrodeposition are still open taOxidation potentials for chromate iGhat 23°C are listed

conjecture. The main difficulty is the necessary formatian Table 3; thermodynamic d&tdior the ions of chromates,

and presence of a cathodic film on the surface of the matahromates and bichromates at°@5are listed in Table 4.

being plated. The argument, whether the reduction 8f Cr Chromic acid, HCrO4or CrQ,-H,O, is not known except

ions to chromium is direct or indirect, during the last decade solution, where it shows a marked tendency to form

developed into a discussion of whether the cathodic filmpslyacids by elimination of watét.

useful or not (and how it should be modified to improve [the

process, inasmuch as the existence of this film is no longerdf,CrO, —> H,O + H,Cr,0, (dichromic acid) (14)

guestion). 3H,CrO, —> 2H,0 + H,Cr,0,, (trichromic acid) (15)

Because of the absence of complete understanding of the
deposition mechanism, it is important to understand |t

chemistry of chromium with all its intricacies of condens: Table 2
tion, polymerization, number of different valence state  Hydrolysis,  Equiibium  and Complex Formation
ability to make anion/cation compoundasd.,Cr,(Cr,0,),], Constants  **
existence of a number of double-salts (alums), isome _
oxyhydrates, etc. Virtually all Crcompounds contain a Cr- Reaction Log K
O unit; the halide CrfFand unstable hydrides are the spl S () (G Tl 5 3
exceptions®The other C halides have the formula Cg,, [0 <—> Cr(OH) '
where X is F, Cl, or Br. Cra + HO <—> Cr(OH)? + H' 42
Chromic  Acid o . Cr3 + 2HO <—> Cr(OH) + 2H -10.4
The primary Cr-O bonded species is chromium (+6) ox|d
CrQ,, which is better known as chromic acid, the commergci Cr? + 3H0 <—> Cr(OH), + 3H -18.7
z Cr? + 4H0 <—> Cr(OH) + 4H' -27.8
I, [mA/fem’]
2Cr3+ 2H0 <—> [Cr(OH) ] * + 2H 5.3
-300 3-10m:1 (55°0)
E i / 3Cr3+ 4H0 <—> [Cr(OH) ]* + 4H -8.7
L] |
E 1-108:128°C) ACP® + 440 <—> [Cr,(OH)]* + 6H -13.9
L]
= 200 } Y s |
e | A | Crs +3C0,2<—> [Cr(C,0,)]® -15.4
£ Filky
2 Cr? + HEDTA? <—> [CTEDTA} + 2H 23.4
<]
=
= -100 Cr? + SQ2 <—> CrsQ’ 1.8
g
E H,CrO, <—> HCro, + Hr 0.61
0 : . 5 . HCrO,; <—> Cro2 + Hr 5.9
G E IR =l 2HCrO, <—> CrO2 + HO 2.2
Potential E, mV ‘ 2T '
H,CrO, + Ct <—> CrQCl- + H,0 1.0
Fig. 2—Linear cyclic polarization (LCP) potential scans for a chromiyin
cathode in a Sargent bath, with concentration ratios of 100:1 (1-1") ar HCrO4 + HS04 <—> Cr,SO? + HO 0.60

50:1 (2-2') at 20°C; 50:1 (3-3') at 55°C; v = 142 mV/sec.
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Table 3
Oxidation  Potentials  for Chromate lons %
Reaction E,V
Cr?+ 4H,0 —> HCrQ; + 7TH + 3e -1.3
Cr?+ 4H,0 —> HCrQ, + 7H" + 4e -0.9
Cr + 4HO —> HCrQ; + 7H" + 6e -0.4
Cr?+4H,0 —> CrQ? + 8H" + 3e -15
Cr2+ 4H,0 —> CrQ? + 8H + 4¢ -1.1
Cr + 4H,0 —> CrO;? + 8H' + 6e -0.6
HCrO, —> CrQ,? + H* -0.2

Table 4
Thermodynamic Data for Chromate,
Bichromate and Dichromate lons ?’

lon Entropy Entropy of Heat of Free Energy
Cal/°’K/mol  Formation Formation of Formation
Cal/°K/mol Cal/mol Cal/mol
CrO,? 10.5%1 -124.5+1.0 -208,500 -171,400
HCrO, - - -180,140
Cr,0,? - - -305,800

4HCrO, —> 3H,0 + H,Cr,O,, (tetrachromic acid) (16

The change from €rQ, to HCr,O, is rapid, but further
polymerization takes measurable time. The color of .G
indicates that it is itself highly polymerized, for it is redd
than the di- or trichromates and is approached in color by
tetrachromates. Depolymerization of Gidlution in water
is very rapid. It also seems to depolymerize on heating.

Chromic trioxide can be produced by the action of wate
chromyl fluoride. It is most commonly produced, howey
by action of concentrated sulfuric acid on a chromate, usl
sodium dichromate.*

CrQ, is a powerful oxidizing agent. Bromine has no act
on CrQ, solutions. lodine, however, turns a solution of Cf
black, probably forming a chromium hypoiodite. In t
presence of sulfuric acid, iodine is oxidized to iodic acid
CrQ,.

Chromates and Dichromates
Chromates are salts of the hypothetical chromic agiit®,,.
Salts of the hypothetical polybasic chromic acid& 0,
H,CrO,, H,Cr,O,,, known as dichromates, trichromatg
tetrachromates, etc., respectively. Basic salts, derived
hypothetical para and ortho chromic acig€HD, and HCrO,
also exist.

Acid solutions of chromic salts are also oxidized

chromates by permanganates and hydrogen peroxid

* A boiling persulfate solution, in the presence of silver
as catalyst, oxidizes chromic salts to chromic acid;
method can be used to rejuvenate spef@rjO./H, SO,

alkaline solution, chromic salts are oxidized by hydrogen
peroxide, persulfates, oxides of noble metals, hypochlorites,
hypobromites, etc. Electrolytic oxidation, in either acid or
alkaline solutions, will also convert chromic salts to chromates.

The chromate ion and most of the normal solid chromates
are yellow, but on acidifying, the solutions pass through
orange to red. The dichromates are red in the solid state and
in solution. The higher polychromates are even redder than
the dichromate in the solid state. Although the various ions,
CrQ,? Cr,)0,? Cr,0,? Cr,0,,? etc., exist together in equi-
libriumin solution, the ions higher than dichromate exist only
in the most concentrated solutiocfigVater is easily added to
the higher polychromate ions, causing them to revert to the
dichromate. On further dilution, even the dichromate ion
adds water, forming the chromates. The HCi@ exists in
guantity only in dilute solution, according to Uthjgut more
recently, Raman spectroscopy proved non-existence of HCrO
ions in dilute and concentrated solutidhs.

In basic solutions above pH 6, Crforms the tetrahedral
yellow chromate ion Cr¢¥. Between pH 2 and 6, HCy@nd
the orange-red dichromate ion,Or? are in equilibrium; at
pH values < 1, the main species igCHD,. The equilibria
are?

HCrO, <—> CrQ,;?+ H* K =10°° (F=8850cal) (17)
HCrO,<—>HCrQ; + H* K=4.1 (18)
Cr,0,2+ H,0 <—> 2HCrQ K= 10?? (F° = 2240 cal) (19)

In addition, there are the base-hydrolysis equilibria:

Cr,0,?+ OH? <—> HCrQ, + CrQ,?
HCrO4 + OH <—> CrQ,?+ H,0O

(20)
(21)

which have been studied kinetically for a variety of bases.
The pH-dependent equilibria are quite labile and, on
"Qddition of a cation that form insoluble chromateg(Ba*?,
€bly2 and Ad), the chromates, not the dichromates, are
tE?ecipitated. Moreover, the species present depend on the
acid used, and only for HN@nd HCIQ are the equilibria
as given. With the addition of sulfuric acid, a sulfate com-
I Bex with chromates is formed in an essentially quantitative
er(']:onversion?."3
ally
o rg:roa(OH)' + HSQ; —> CrQ,(0SQ)? + H,0 (22)
Owith polychromates, a heteropoly acid of,G(0SQ)?
1et¥v1pe is formed? Conversion of chromates to dichromates
b volves formation of an oxygen linkage between chromium
atoms. Acid solutions of dichromates are strong oxidants.
Cr,0,2+ 14H +6e=2Cr*+7HO E=133V (23)
The mechanism of oxidation of Peand other common
Sions by Ct® has been studied in detail and, with one- and
'%o-electron reduction respectively,"€and Ct* are ini-
tially formed. The reaction with J@, in acid solution has a
very complex and imperfectly understood mechanism.
Orhe chromate ion in basic solution, however, is a much
- WBaker oxidizer:

?]Y_Cr04'2+ 4H,0 +3e=Cr(OH), (s) + 50H E,=-0.13V (24)
this

The crystalline trioxide (Cr), is built of infinite chains

laboratory “cleaning” solutiof?.

May 1997

formed by the linking of CrQtetrahedrd?3*as depicted in
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Fig. 3—Structure patterns of simple crystalline chromates.

Fig. 3a. In this bridging, the Cr-O bond has the length of

A and the end terminal lengthis 1.6 A. There are only Var
Waals forces between the chains, consistent with the

paratively low melting point (197C). In simple crystalline
chromates; there are tetrahedral CyQons in which the Cr4
O bond is about 1.6 A. In (NMCr,0,, the anion has th
structure shown in Fig. 38.

Polychromates

Polychromates result from sharing corners between,
tetrahedra, as depicted in Fig. 4. The central Cr-O bond
found to be much longer (1.8} than the terminal bond
(1.6A).

Polychromate ions are of particular interest becaus
their role in chromium plating from hexavalent solutiong
is recognized and accepted that chromium cannot be
trodeposited from Cf solutions without the addition of
catalyst, usually in the form of the sulfate. Because

1.75
diéy. 4—Structure of polychromates.

com-
Editor’s note: Manuscript received, July 1996; revision received,
January 1997.
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