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ABSTRACT

The i mputs of mdusmal wastes have changed the levels and forms of chromium in many lakes and
there is growing concem about the accumulation of Cr(VI) a known carcmogen, in drinking water
supplies. This report provides a critical review of the effects of speciation, transfonnations and

- solubility on tlle cyclihg of chromium in lacustrine environments. Unique features' of chromium
dynam:cs assomated w1th the decoupling of- redox-dnven chiomium cycle from those of iron and
mangancse at the sedlment-water and air-water interfaces are hlghhghted Reductive prec:pltatlon

is important in the immobilization of pollutant chromium in sednnents Photoondauve dlssoluuon
of Cr(III) especially at the air-water interface is identified as a key area for further research. The
avaﬂable database is madequate for establishing any hnkages between the Cr and biological cycles

| in lakes
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Introduction

The aqueous geochemistry of chromium shows an interesting pardadox in t‘emis

" of the contrasti‘rig behavior and toxicities of the two principal redox species (Murray et

al., 1983; Campbell and Yeats 1984). Tnvalent chromlum isa hard acid with a

tendency to form strong, kinetically inert complexes mvolvmg a va.nety of ligands found

in the env1ronmen;. The principal aqueous Cr(T1) vspecxes are Cr3"', Cr(OH)2+,

© Cr{(OH)3°, and Cr(OH)",with Cr3+ being prevalent at pH <3.6 (Elderfield, 1970; Rai et

al., 1987). The selubility of Cr(IID) in soils and natural waters is limited by the

- formation of highly insoluble oxides, hydroxides and phesphates. Dissolved Cr([II) has a
strong tendency to adsorb to surfaces (Cranston and Murray, 1980) and like other _

| first-row transition metals, it has a catholic affinity for O-', N— and S-@ntaining ligands -

and hence can form a multiplicity of organic complexes in natural waters (Nakayama et

al., 1981b). 'I'hus; in nature, Cr(Ill) behaves very much like Fe(IIT) and may be elagsiﬁ,ed

ﬁs a scavenged element and potentially can be used asa tracer for transpert and mixing m

lakes (Burton and Statham, 1990). Because .of the tetrahedral coordination of Cr(Vl) '

eompared to hexagbnai coordination of Q(IID, rtbe redox. poteeﬁal for the Cr(VI)/Cr(IH)

couple is so high that few oxidants in natﬁral waters are capable of effectixig the reacﬁon

In parncular the ox1datxon of Cr(III) by dlssolved oxygen is kmetwally very slow (Eary

and Rai, 1987).

* The chemistry of Cr(VI) is radically different from that of CrCII). Hexavalent |

- chromium forms a number of stable oxyacids and anions mcludmg Cry072-
(dlchromate), HCrO4~ (hydrochromate), and CrO44 (chromate), the last two bemg the

" only species of any environmental significance. Because of its large ionic potential and

_ tetrahedral coordination, the chromate ion is both a strong acid and an 'oxidizing agent.




Hexavalent Cr is not readily adsorbed to surfaces and since most of its salts are soluble,
Cr(VI) is very mobile iri the environment. In terms of its chemica.l beha(/iour,r Cr(VI) can
be classified as a conservative elénien’t and hencé rshbuld‘have a relatively long residence
| time in the water c_o_‘]umn and transportable in groundwater. The high oxidizihg
potential, high solubility and eaé_e of permeation of biological membranes combine 'tro
* make Cr(VI) more toxic thén Cr(IlI): An analogy can be drawn between the |
enviror,_\_me.n_tal'chemisll"ics_of Cr(VI), sulfur and molybdenum. The thermodynamiéally
_ stable forfns of all three in oxygenated waters are te&aCoordinated oxy-anions of |
i_dcmi_cal charge and nearly identical size. All three are actively acquired by plankton
using the sarhe anion channels. None of the three oxy-anions strbngly sorbs to inorganic
surfaces such.as clays, ferric okyhydroxi_des, alﬁmina or organic matter and none of the
elements strongly bioaccumula_tes_.. Chromium however differs from t_hc; other two |

elements in that _it is very readily converted to Cr(III) by a host of reducing agents

commonly found in soils and the aquatic enviromnem such as 82‘, Fé(II), fulvic acid, T

low molecular weight organic c.ompounds and proteins (Rai et al., 1989; Saleh et al.,
- 1989). - | B '

The toxicities of the two redox species are equally divergent: Cr(VI) is aknown
carcinogen and much more toxic in mar’nr'naliah SyStemS t'han Cr(IIl) which is required |
for glucose, lipid and protein metabolism. As ekpectéd; ﬁxe aitention of legislators is
now turning i’r_lc’r"gaé-ingly to thc‘ac‘tualv forms of chroinium inkey environmental media.
‘I;i‘ttle infoﬁrmatién is currently available on the s;;eciarion‘ of chromium in our ﬁcshwater
resources and most of the water quality guidelines have been based on total chromium
. concentrations. In thi.s report, a critical evaluation of the litcmmfé on the.éherrﬁsﬁy of
chromium 'inv aquatic .envi’ron_mems_ has been made m an éffort to discern the pro,cevésesb
~ that gq&cm the speciation and hence the bioavailability- and toxicity of chromium in

‘lakes.




* Sources of Chromium in Lakes

| Chrorhium is a vital commodity for which there is no ready substitute. Industrial |
consumpuon of chromium (as chromlte) has mushroomed from about 100,000 metric
tonnes in 1904 to over 10 million tonnes in 1988 (Nnagu, 1988a). On a tonnage basis,
chromium ranks 4th among the metals and 13th among all ,mmeral,} commodities. The -
global consumption 1s distributed among three principal end uses: 76%‘ metallm‘gical,
13% refractory and 11% for chemicals. The end uses in the United States are aboﬁ_t 58%
metallurgical, 23% chemical and 18%‘ refractory (Nriagu,‘ 1988b). Although each use

- category generates wastewaters conta,rriinated with ch’rorﬁium, the heaviest pollution

~ loads are associated with me'producﬁoh' and use of soluble Cr(VI) compouhds About

20-30% of all the Cr used annually is in the form of Cr(VI). Indusmal processes thus

tend to generate and dlsperse the more toxic and mobile Cr(VI) in the environment.

~ The principal sources of chromium i in surface waters include electroplaung and

metal ﬁmshmg plants, leather tanning, wood treatment, and fabric dyeing fac1lmes

pigment and cement industries, cleaning (industrial and domesuc) solutions, dnllmg

muds and the fallout of chromated aerosols (Nriagu, 1988_b; Nnagu and Pacyna, 1988).

In dé.velo‘ped areas, street runoff and corro‘sion ef steel and chrome-coated structures can |

become major contributors of chromium to Iglges (Ayres et al., 1985). Ther'common' use .

of chromium by many sriall industries isvreﬂected by the high concentrations in

municipal wasteWat_er_s. The geemenic mean cencemrations of chromium in raw 'seWag'e

entering 37 municipal water pollution coﬁtroi plants in Ontario rénge from 10 to 560 ug/l

- with the average being 170 ug/l (MOE, 1991). Similar Cr concentratmns have also been
reported in wastewaters of Regina, Edmonton Calgary, Wmmpeg and Vancouver

: (Vlraraghavan and Rao, 1991). After treatment, the efﬂuents are generally left with 10-
30 ug/1 Cr, while the landfill sites for the chromium-rich mumc;pal sludges have become

well-known sources for Cr pollution of groundwater and eurface. waters (Calder, 1988).



Solid waste dumpsites often contain large quantities}ofl steel, chrom‘e—coated and
chrome-painted objé’cts anid hence r’epresent a potential source of chrdmium pollutien in
surface waters. |
It has been estlmated that about 142 ,000 tonnes of chromium are dlscharged

annually into the world's aquatic ecosystems (Nnagu and Pacyna, 1988) Assurmng that
only 10% of the pollutant Cr is discharged first into lakes and rivers, the average
~concentration in these waters (volume: 1.3x1016 liters) would be increased by

| approximately 1.0 ug/l. Lakes and ritle_rs with elevated Cr concentrations above this

value, and which can be attributed to industrial pollution, are found in most parts of the
“world including the developing countnes |

Since chrormum—beanng rmnerals are very resistant to weathermg (hence the -

preponderance of detrital ermmerals in lacustrine sediments), the cortcentrauons of Cr |

in unpolluted lakes typically vary from 0.02_ to 0.10 ug/ (Borg, 1987; Rossmann and
. Barres, 1988; 'Balietrie'ri etal,, 1992). The baseline values may be compared with the '
average concen&aﬁons of total (dissolt/ed + parﬁeulate) chromium in the Great Lakes: |
0.09 ug/l in Lake Superior, 0.13 ug/l in Lake Hu_ron; 0.39 ug/l in Lake ﬁrie, 0.68 ug/lin
Lake M_ich_iga’n andA(),.Sl ug/lin Lake Ontario (Rossmanri' and Barres, 1988)." A regjonal
pattern in intensity of Cr pollution is evident in the increase in concentration from the
fairly pristine Lake Superior to the mere polluted Lakes Ontario and Michigan. The
~ dissolved 'cenéeritrations average 0.08 ug/l in Lake Superior, (‘)r07..,ug/1 in Lake Huron,
0.27 ug/l in Lake Erie, 0.68 ug/l in Lake Michigan and 0.71 ug/l in Lake Ontario,
.. implying that 70-90% ef the chrorium is in the soluble form (Rossmann and Barres, |
| 1988). Muclr higher concentrations have been reported in many tributaries and harbours

of the Great Lakes where industrial and municipal effluents are typlcally discharged. For
._'example, the 12 mbutary rivers ﬂowmg 1nto Lake Supenor average 1.4 ug1Cr (Poldoski
~v et al., 1978); Johnson (1991) likewise found the average chrormum concentration in -

rivers and streams drammg into Georgran Bay 0 be 14 ug/l The concentration in



Hamilton Harbour in 1984 was 3.0 ug/l (Harlow and Hodson, 1988).

- Average Cr concentrations in lakes and rivers of Ontario vary from 1.2 ug/l in the

' northern reglon t05.5 ug/l in the more developed southeastem area (MOE 1991) A

summary of the reported Cr concentratlons in lakes is presented in- Table 1. The
literature data thus suggest that chromium concentrations in polluted lakes generally fall .

in the range of 0. 51050 ug/l. By companson, the total Cr concentrations in the drmkmg

- water of the United States range from 0.4 to 8 0 ug/l and average 1.8 ug/l (Syracuse

Research Corporation, 1989); the average concentration in Canadlan drinking’ water is

also about 2.0 ug/l '(M'eranger et al., 1979).

Outline of Adueo‘us Chenﬁstry

Although chromium can exist in nine different oxidation states, from (-II) to (VI),

. itis found almost exclusively as reduced Cr(I1I) and oxidized Cr(VI) under most

environmental conditions. The speciation of Cr is controlled by the pE and pH of the

system. Assurhing thermodynamic equilibrium, the stability field of each species can be

defined using' the ‘available dissociation constants. The plot from Palmer and Wittbrodt _

- (1991) is shown in Flgure 1to ﬂlustrate the dominance fields of the more 1mportant Cr

species under changmg pE and pH conditions.
The two dlssoelatxon reactions and the associated equilibrium constants for

chromic acid are represented by:

1. H 0102 & HCrO] + H*  pK,y = -0.2
2! 4 al =

2. HOO; & CiOF + HY pKyy = 65

Under OdeIZCd condmons Cr(VI) would occur as HCrO4 atlow pH (<6 5) and as

Cr04 - at higher pH It is also possible to form the hydrochromate jons, HCrzO7 and :, |
Cr2072‘ at hlgh total Cr(V]) concentration (> 10-2 M) and pH values below 4. 7 (Baes

and Mesmer, 1976), conditions that are unllkely to be observed in lakes (Rai etal.,, -



©1989). |
Under moderately reducing cénditidhs Cr(IIT) dominates (Figure 1). Possessing
onc of the higher octahedral site preference energies #Vailable to the transition metals
(Burns, 1970), Cr(III) forms kinetically inert complexes with various ligands which can
persist even under thermodynamically linfavo’rable conditions. The .rat'es of ligand
one water molecule in the primary solvauon shell of Cr(II) which has been estimated to
be 3.6x10-5 M-1s-1 (Burgess, 1992). | ' |
The Cr(III) readily forms octahedrally c_oordinan:d cationic or anic'mic' complexes
with a large number of ligands, the amphoteric character being dependent on the number
and charge of the Iigands at_t_éched. The moSt éommon ligand that reacts with Cr(III) is
the hydroxyl anion (Fig.1), the most stéb_le' the hydrolysis products béi_ng Cr(OH)2+,
Cr(OH)3° and CrOi (Rai et.al., 1'987). The available thermochemical constants have
~ led to some disagfégmcnt as to the dominmt hydroxy species; Figure 1 indicates that
Cr3* and Cr(OH)z* are not formed to any significant dégrec within the pH range from
.4to 14. Cr(IIl) also forms cémp‘léxes, fo a lesser cxtént, with such ions as 8042'; Cclr-
and F- (Richard and Bourg, 1991; Saleh'et.al, 1987), may react with CO32- and
B(OH)4~ (Pettine et.al., 19915, but complexing with such ions as PO33-, HPO42- and -
HpPOgq~ has not been inVéstigate_d (Erel and Morgén, 1991). In acidic solutions (pH <
| 4.0).With high Cr'(II'Iv')‘ concentrations, polynuclear complexes are formed through the
linkage of adjacent atoms by hydroxo- and oxo-bridges (Stunzi et.al., 1989; Burgess, |
-1992). These complexes are unlikely to be formed in lacus't_'rine environmehts,. however
' (Rai etal,, 1987; Pettifie and Millero, 1990). | o |
One of the first investigations of naturai organo-Cr complexes in surface waters
was undert’aken by Nakayama and co WOrker‘s (Nakayama etal, 1981 a b,c;d); "I'hey |
found that the most effective complexing agcnts in pure water were low molecular |

weight, polybas1c orgamc acids like citric, mahc and ascorblc acid; monobasic higher ,'

A



' fatty acids and amino acids had little effect. In contrast to these findings, Mayer et.al.
(1984) found that high molecular Weight dissolved/colloidal substrates bound more
efficiently to Cr(IIT) than low molecular weight fractions. In fact, tne use of Cr(IIl) in

~ leather tanning, introduced in 1854, depends on its propensity to form stable complexes
~ with proteins, enzymes, cellulosic material, dyestuff and synthetlc polymers (eragu,

1988a) Apparently, there is no shortage of organic molecules that can react with Cr(IlI)

in lakes. The higher biological productivity, the smaller depths and large sediment-to-

" water volume ratios ixnply rapid degredation of organic matter which can result in metal-

organic complexation being more prevalent in freshwater environments compared to the

ocean.

~ Controversy in Geochemical Cycle of Chromium

The geochemical cycling of chromium in lakes is determined by a combination of
hydrod_y‘namic, chemical and biological processes. ‘The interplay can be illustrated By |
conéideﬁng the interconversion of Cr(VI) and Cr(III) over the pHv range of 4 to 9 which

“can be described by the following two reactions:

3. HOO; + 6H +3e o Cr(OH)2+ + 3H20 (acidic envn'onments)

4. . CrO7  + 5H"’ +3e” Cr(OH)3 + H20 (alkaline environmerits)
From the standard electrode potentials and free energles of formation, the following

: relatlonshlps between Cr(III) and Cr(VT) as a function of pH and Eh have been derived:
5. Eh =130 - 0.020 log{Cr(OH)2*)/{HCYO; } - 0.118 pH

6. Eh = 117 - 0.020log{Cr(OH)? MICrOT) - 0.098 pH

Accordmg to the equilibrium reactions, equ:molar concemratlons of Cr(IID and Cr(VI)
should be expected in lakes where the pH is 8.0 and the Eh is about 400 mV. This
. prediction is rarely conﬁrmed by field _measu_rementsf Fori ms,tanc_e, Johnson et al. (1992)

and Masscheleyn et al. (1992) could still detect significant concentrations of Cr(VI) in

9 .




water samples with low (<200 mV) Eh values. The field data simply show little
agreement with the predicted abundance of the redox species in natural waters (Table 2).
'A number of explanations have been proposed for this diScr,eﬁancy, including site
specific condi_tiens‘ (like point sources, ‘lo_cal biota and climate) and the time of year
during which sampling occurred (CranSto,nl and Murray, 1980); slow attainment of fedox
equilibrium due to kinetic restraints (Ekert et.al., 1990); the stabilization of Cr(.III) by

complex formation with DOC (Nakayama et.al., 1981a);'or“problems associated with the
analysis of trace metals at nanogram levels, such as incoxﬁplete separation of the redox
species (Johnson, 1990; Pankow et.al., 1977; Osaki et.al., 1983; Cranston and Murray,
1980). All these factors that determine chrosﬁium SpeCiation are also related to the
followmg key processes that affect the distribution and ultimate fate of the elementin -
lakes: (1) authigenic precipiation of mineral phases, (ii) scavenging by adsorption onto
' settling particles, (iii) reduction/oxidation reac_:ticns coup}ed to the cycling of elements

such as S, C, Fe and Mn, (iv) bioaccumulation and biouaﬁsformaﬁon, (v) photolysis ahd
' (vi) hydrodynamic forces N | |

| Thei importance of these processes and reaction pathways in the
geochemlca.l cycling of chromium in lacustrine envuonments (Figure 2) are dlscussed in -

detail below.

Dissolution/Precipitation of Chromium Minerals

Although over 40 chromium-containing minerals are known and hundreds of -
| insoluble chromium compounds have been synthesized (Nriagﬁ, 1988b), the number
expected to form and persist in lacustrine environments is limiited. In nature, the mbst
common chrome minerals include chromite (FeO. Cry03), croebite (PbCrOy),
vaugquelinite '(szCu(CrO4)(PO4).OH) chromiﬁrri vaﬁeties of magnetite’ (Loring, 1979)
and hematite (Schwertmann et al., 1989), and various chromium wcontammg silicates such

as uvarovite (Ca3Crz(Slo4)), knnov1te (NaMngr(Sl3010)) and pyrope. In lakes, these
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minerais are likely to occur in detrital form in sediments, and have been shpwn to

account for 76-98% of the chror;ﬁi_um in the St. Lawrence River sedirAnents. (Loring,
11979). Since mc;st lake sediments tend to be reduc‘ing, it is unlikely that the detrital
chromium minerals are mobilized by conversion to Cr (VD). '

A number of anthropogenerated chromium minerals have been reported. Iramte

- (PbCrO4.Hy0), tarapacaite (K20r0_4) and crocoit have been identified in plating tank
sludges in Corvallis, Oregon (Palmer and Wittbrod, 1991). Cromatite (CaCrOy) was
likewise isolated in a drainage ditch containing the plating wastes The ore processmg
re51dues in Hudson County, New Jersey contain chromatite, calcium alummochromate
(3CaO.A1203.CaCrO4), tribasic calciochromate (Ca3(CrOy4)3), and basic ferric _
chromate (Fe(OH)CrOy4) (Burke et al., 1991). The formation of ha#hemite (BaCrOy4)

~ (see figure 4) and related compounds with a generalized composition of Ba(CryS1.x)04

has been recorded in chromium contaminated soils (Rai et al., 1989) and at the plating
dump sites in Corvallis (Palmer and Whittbrodt, 1991) The formation of some of the

| minerals above and their analogs in lakes can be expected especially near point sources
of chromlum pollution.

Laboratory studies sﬁgges; that the cbncehtrations-of chromium in aquatic
environments can be ‘l_ir'nited by the forfnation of amorphous &(0H)3. ‘or crystalline
Cr(OH)g,.HzO in the pH range of 6 to 1_2‘ahd by Crp03 (eskolaite) under more acid (pH‘

<6 éonditions as indi{:ate& in Figure 3 (see also Rai et al., 1989; Richard and Bourg,
19 91). In the presence of iron, a number of stable solid solutions can be fonned ‘
including Cerel-x(OH)3 — the hydroxide seriés (Figure 3); CryFe1.x)OOH — the
goethite-bracewellite series; and Fe,Cry_xO3 — the hematite-eskolite series (Sass‘_and
Rai, 1987, Scﬁwertma'nn etal., .1989). These ferrochromium inincrals are probably .

formed in sediments during the reduction of Cr(VI) by Fe(IT) and can play a role in the

, immobiIization of chromium in lakes. Recently, Pettine et.al. (1991) reported that Mg2+

. ions in seawater lowered the oxidation kinetics and increased the aging of Cr(Il). The

11




effect was attributed to the formation of mixed Mg-Cr hydroxide‘s With the formula -
CrxMg(1-x)1. 5(OH)3, similar to the Fe-Cr hydroxide solid solution discussed above,
Such a phase may be formed in lakes with unusual chemical composmon

I contrast to the Cr(III) compounds the solubility of pure Cr(VI) compounds -

are so high that their precipitation is unhkcly to be an important buffer mecharism for

: Cr(VI) concentrations in lakes. Figure 4 shoWs the effects of pH on the solubilities of

BaCrOy4 (log Ksp = 9.7) and PbCrO4 (log Ksp = 13, 7), two of the least soluble of t.he
Cr(VI) compounds. Even under the most favorable c1rcumstances, the dissolution of
PbCrOy4 in pure water will result in Cr concentration of about 5 ug/L (Figure 4), well

above lével in most lakes. Chromate, however, can form much less soluble solid’

- solutions with sulfata, phosphate and similar molecules. Rai et al. (1988) proposed that

- Cr(VD) concentrauonsﬂm fly ash leachates may be controlled by prempuation/dissolution :

of phases in the BaS04-BaCrO4 solid solution. _

Lacustrine environments also favor the formauon of many other low temperature
mmera]s whlch remam dlfﬁcult to identify or have not been sought for. In aerobic
systems, for example, dona;hne (Fe2+,Mg,Zn)(Cr,-Fe3+,Al)2'04 can readily be formed
by the coprecipitation of the constituent metal oxyhdro,xi,dcs‘; the coprecipitation of Cr
and Al has already been reported in soils by Bartlett and Kimble (1976). In more.
reducmg environments, mixed sulfide mmerals such heldclte [(Fe,Cr)l-x(Tl,Fc)xS4]

may be formed when Cr(VI) is reduced. In carbonate rich lakes, the formauon of

‘ bercsovxte (Pb6(CrO4)3(CO3)02 and vauquelinite (see above) should be possible if the

lead levels are elevated. Pyromorphite (Pb5(PO4)30H) is an extremely insoluble

- mineral that occurs widely in the environment (Nriagu, 1984; Cotter-Howells and

Thornton, 1991). The replacement of PO4 by CrOy can lead to the formation of

“embreyite (Pb5(Cr04,PO4)3OH) in sediments with high Cr(VI) concentrations.

The wide range of redox conditions and metal concentrations favor the formation

many chromium minerals even in unpolluted environments. Where they form and how

12



they affect the chromium concentrations in lakes remain an unexplored territory.

.Sorptlon and Scavengmg of Chromium
Although mineral solubility i is hkely to control the concentration of dlssolved

chromium in the pore waters of lake sediments, Cr concentrations within the water |
column are usually below the solubxhty limits of most Cr-bearmg minerals. In sea water,-
scavengmg by seston is an important mechamsm controlling dissolved Cr concentrations
| (Murray, 1987; Jannasch et al., 1988), a featurev that has recently been demonstrated in
lake waters (Johnson et al., 1992; Balistrieri et al., 1992). Chromium, in its various |
forms, can bind to colloidal or particulate organié matter, hydfated Fe, Alor Mn oxides,
clay particles, or plankton and other organiSms (Jackson gt;al,‘, 1980; Davis and Leckie,
1980; Hiraide and Mizuike, 1989). Adsorption unto suspended parﬁéula;es can be
described adequately using the c;lif,fuse double layer and constant capé.citance models (seé a
Rai et al., 1988; 1989 for an excellent discuséion of C‘r_' adsorptioﬁ mechanisms). The
adsorption of Cr species onto the inner-sphere of a seston with a variable charge can be
represented by the followiri g complexation reaction;

7. =S-OHO + Cr3* + HaO & =5-0-CrOH* + 2Ht; K&~

8). =S-OHC + CrOy + H* & =S-CrO; + Hp0; K& |
. where =S-OH?, =S-OHO, and ES-Q- represent particulate surfaces and K3 and
K"gf’;’ are the intrinsic formation constants for the surface complexes. The outer-sphere
| complexation mechanisms can be represented by: - |
'9). =S-OH + CrO} + H+ & S-OH;-Cro¥ ; Kg;';;'
10). =S-0- +HCIO] + H+ S-OHj -HCrO; ; K2

At ethbnum, the extent of retention of a chromium specnes can be derived for the

_inner sphere complcxatlon

13



12). K=

[=S- Cr04]
[-S OH°YCrO¥ Y{H"}

1). Ko =

exp(¥.F /RT)

- where ¥, is the electrical po‘tential. at the charged surface. For the outer sphere reacﬁon,

" . the expression becomes:

[=S-OH; - HCO; 1
[=S~O0"}HCrO; }{H+}

-exp(y.F /RT)

The equations show that the adsorpuon of either chromium species is pH dependent, but
whereas the retention of Cr(III) i_n_,cr’eases'wim pH (Figure 5), the adsorption of Cr(V‘I')‘
(exemplified b'y‘CfOz') decreases with pH (Figure 6). In addition, the adsorption

: complexatlon constant. . Table 2 shows the intrinsic outer-sphere adsorption constants for

CrOZ" and HCrO; for various surfaces. In general, the equlhbnum constants match the

adsorpnvny sequence, Fe oxxdcs> Al oxides>clays (Flgure 5), and point to iron oxides

and hydrox1des as being parncularly effective scavengers for Cr(III) in acidic to neutral
lakes (Rai et al 1988). Sorptlon by Mn oxides is often less important (Chuecas and
Riley, 1966). » ' | |

In the presence of competing ions like SO42- or H4Si040, the sorption of

. chromate has been 'sh_o_svn to decrease dramatically (James and Bartlett, 1983; Zachara -

et.al.,, 1987). Many dissolved organic compounds contain negatively charged phenolic

~‘and cafboxylic acid funcﬁonal groups and hence can also compete against the chromate
ions for adsorption sites. Many i morgamc pamcles are coated thh an organic film which - s

. can change the surface properties (Balistrieri et.al., 1981; Johnson and Xyla, 1991). This = =

effect has been observed in lake waters, where goethlte pamcles in the presence of

varying concemrauons of DOC (as low as 0.1 ppm) became negauvely charged due o

: humlc acid sorptlon (Tipping and Cooke, 1982) Also Kemdorff and Schnitzer (1980) .
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found thatata pH of 5.8, 100% of the avaﬂable Cr(IIT) was sorbed by a clay loam soil
w1th 0. 05 0.5 mM humic acid whereas in the absence of hurmc acid, over 50% of the
chromlum was precxpxtated as an unidentified hydroxide, suggesting that sorptlon and
solubility processes do compete for available trace metals. Douglas et. al. (1986) and
eragu et.al. (1983) studied the formauon of Cr complexes within lake sedtments and
showed that sorption / complexation of Cr(IIl) with organic matter is an important

. process which can control dissolved Cr concentrations in pore water.

The strong role of adsorpuon/desorpuon on the distribution of chrommm in lakes
~ is well established. Jackson et al. (1980) reported that about about 40-60% of the

v | S1¢e@m) added to softwater lakes in the Experimerital Letkes Area (ELA) of northern

Ontario was removeti by chemisorption onto >0.45 um seston in only 20 days The half-

| time for the removal of chromium from the water column was about 11 days in control

lakes and 6.5 days in an expenmentally acxdlﬁed lake. Analyses of the NaOH extracts of
| the sediments and their Sephadex eluates suggested that tne Cr was sorbed primarily to
peptized colloidal hydrated ferric oxides. From studies using radioactive isotopes,

Santschi (1988) obatined a rate constant of about 0.02 day~! for sorptive removal of

S1cr(VI) and a mtxch higher rate for 3 1Cr('II"’I). The depletion of Cr(VI) in the

hypoliminion of Lake Greifensee in Switzerland was similarly am_-i_buted to scavenging |

removal by seston with the rate constant estimated to be 0.005 day-1 (Johnson et al.,
©1992), | o |
| The adsorption of Cr(III) by Raisin River sediments (going into LakeMichigan)

- was found to be linear with a 48-hr adsorption density of about 6000 ug/g and a
sediment-water partition coefficient of 30 L/g (Young et al., 1987). The desorption of "
the Cr was incomplete after 24 days ar_ld the irreversible sorntion/desomtion of Cr was
attributed to kinetic constraints or to the precipitation of Cr and Fe oxyhydroxides. The
adsorption/remofal of chromium on mineral surfaces is probably more complex and can

- entail (i) the adsorption of Cr(VI) on th_e seston surface, (ii) the reduction of the Cr(VI) |
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followed by sor‘p‘tioﬁ or precipitation of the Cr(III), (iii) the compiexation or sorption of
the formed Cr(III) by or.gariic ligands/matter (Masscheleyn et al., 1992). Pettine et al.
(1992) showed that the particulate Cr concentrations in Po River (Italy) were stfongiy |
~ correlated with ’suSpended matter (r=0.93), and partic_ulate iron (r=0.8), aluminum
* (r=0.81) and magnesium (r=0.76) cdﬁc_entrations.
| Sediments provide additional evidence for sorptive removal of Cr from'the water
" column. Cahill and Shimp (1984) fouind a strong correlation between Cr and the organic
carbon (r=0.81) and 2 um clay (r=0.54) contents of Lake Michigan sediments. A
significant correlation (r=0.69) vx;as reported betWeen'HCIfeX'ttactaEIc Fe and Crin
- surficial sedimen;s of western Lake En’e (Lum and Gammon, 1985). In the Bay of
Quinte sediments (Lake Ontario) with 6-71% organic matter, about _1 5-43% of the '
- chromium was associated wn.h organic fnatt_er and 5-15% with metal oxides (Ajayi and
VanLoon, 1989). The predominant association of Cr with Fe/Mp/Al oxyhydroxides and
_ organic matter has been reported in many polluted sediments including those of Lake .
Huzenbachersee in'GermAny (Steinberg and Hogel, 1990), River Nilé (Elsokkary and
Muller, 1990), Huang{Ho an Rhine Rivers (Hong and Forstner, 1983), Axios and
Aliakmon Rivérs in Greece (Samanidu and Fytianos, 1990), Gulf of Maine (Mayer and
~ Fink, 1980), and the Dalhousie and Belledune Harbours, Nova Scotia (Samant et al.;
1990)." These studies, bascd on the use of various extracts to remove the chromium,
| suggest that most of »,tﬁc chromium is sorbed onto the oxide or organic fraction rather

than held in the mineral lattice.
Oxidation/Reduction of Chromium

. Electron transfer in chromium redox :eéctions is limited by the slow water
exchange (Burgess, 1992), high redox potential (Rai etal., 1989), as well as the transition

* from tetrahedrally to octahedrally coordinated species (Murray, 1983). Although the
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redox reactions often occur throu gh the formation ol' ‘chromium species with intermediate
_ oxidathn states, and rate laws have been determined showing‘ the formation of Cr(V) and
Cr(IV) tolbe the rate-limiting steps (Palmer and Wlnbi'odt, 1991), the reactions described
- in this report depict only the sum of all the steps. Any Cr(V) and Cr(IV) formed can
remain in sblution for up to one day (Boyko and Goodgame, 1986) but since both species
are strdng oxidants, they are likely to react fairly rapidl_y'wi__th relatively inert rediced

complexes (Kieber and Helz, 1992).

Chromium reduction in sediments
Chromate ion is a strong oxidizing agent and éan be reduced éasﬂy in anoxic

sediments or érganic ooze at the bottom of ' some lakes, in anoxic hypolimnic v.Vatersv

during stratification in some lakes, during gl'oundWater ﬂo’w prior to discharge ihto the

lzlke, and possibly as an endogehic biological process (Kieber and Helz, 1992). In near
neutral solutions, the approximate redox potennal (Eh value) for the HCrO; /Cr(OH)2+

couple of 1.3 V is higher than those for NO; /NH+ (~ 0.9 V), Fe3+/Fe2+ (~ 0 7V),

humic acid (~ 0.7 V), fulvic ac1d (~05 V), SO%‘/HS ( about -0.7 V), C02/CH20

(about -1.7 V). Al these reaction couples can therefore reduce Cr(VI) under favorable -

circumstances. By cbnn_'ast, the higher redox potential fOr’MnOQ/Mn(AII) couple (~ 1.8
~ V) is consistent with the observation that Mn(II) rarely reduces Cr(VI) in aqueous |
environments (Palmer and Wittbrodt, 1991).

Simplified reactions showing the reducuon of Cr(VI) by sulfate reducuon Fe(ID),

NO; , and CH4 are shown below along with the rates of the reaction.

13). 2CH20 + 807 & HCO3 + HS- + coz + H20 [rmcrob1a1 sulfate

reductlon] _ ‘ .
14). 3HCGO; + HS" +9H* + e & 3Cr(OH)2* + SO} + SH0 [rate:

- instantaneous]
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15). HCrO] + Fe2* + 6H* + 2¢ e CHOH)2* + Fe3* + 3Hy0 [rate:
instantancous] | _ |
16). HCrO; + NO; + 4H* + e & Cr(OH)2* + NOj + 2Hp0 [rate: fast]
17). . HOrO; + CHy + 4e & Cr(OH)2* + COY + 4H* [rate: slow but can be
biologically mediated) | - | |
Both sulfide and sulfite ions formed in eq (14) can reduce Cr(VI) with the former

requiring Fe(Il) as a catalyst. In lake sediments, most of the sulfur is bound to ferrous
iron (Nriagu and Soon, 1985), which can reduce the chromilim itself. The Cr(Il) and
Fe(II) formed fr‘ombeq (15) may hydrolyze, combine and coprecipitate (see below). -
High. COncentratidns of 1/’03[ would encourage the removal of Fe(II) by the precipitation
of insoluble FePO4.2H,0 (strengite) and hence can speed up the reaction. Feitous iron
bound to mineral phases in sediments such as hematite, biotite and chloﬁte have also
| been shown to be effective in reducing Cr(VI) (Eary and Rai, 1988).- The reaction
apparently occurs in solution rather than on the mineral surface, implying that the rate of
Cr reduction is determined by the rate of dissolution of the mineral phase. The schematic |
reaction |

18). [FellK*],,,, + HCrO; = Fej,Cry(OH)3 + K+

suggests that Cr rcduction'can affect the stability and composition of Fe(II)-con_taining
clay minerals in lacustrine sediments. _ | | |

| Many naturally occuring and indust’riall}; produced organic compounds,

including alcohols, phenols, carboxylic acids, proteins, cresols, etc, can reduce Cr(VI)
effectively. Since the r_edixcti_on of Cr(VI) by natural organic matter in soils is a first-
order reaction (Afna_cher et zil.i 1988), the amount of reduction of diéhromate by soils has
been used as a rﬁqésure of the soil organic carbon con'tént (Nelson and Sommers, 1982);
this low cost analyﬁcél technique needs to be applied to lake ;ediments. A large fraction
of the organic matter in sediments is in the form of humic and fulvic acids which are

effective Cr(VI) reducers (Palmer and Wittbrodt, 1991). Reduction of Cr(VI) by the
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-sugar-like molecule d-galacturonic acid (produced by pectic sﬁb'stances on plant roots) in
acidic s,olu‘tions (~ 4.2) occurs only if Cu(II) or Cr(IIl) is present to catalyze. the reaction

 (Deiana et.al., 1991). | | | |

. Bacterial reduction of Cr(VI) can be quite important in lake sediments. Most

re_search in this area has been conducted with the goal of develdping bacterial strains that
could be used to detoxify polluted waste wéters (Beveridge and Doyle, 1989; Cervantes,
1991). Natural strains do exist that have the capability to reduce Cr(VI). These specxes
include the anaerobic species Pseudomonas dechromaticans and Aeromonas
dechromatica, and the acrobic species P. putida (Cervantes, 1991). There is nd reason
why many otﬁer hetcmmbhic bécteria that use nitrate, sulfate and carbonate as electron
ac;éptors in their metabolic processes cannot also do the same. with chromate, resulting
ina decro‘m,iﬁcation proeess (Bartlett, 1991). Recent studies s‘ﬁg'ge’st that instead bf

reducing Cr(VI) indirectly through the production of sulfide, some of the sulfate

-reducing bacteria can reduce the Cr directly by an enzymatic mechanism (Coleman etal., = -

1993). Many enzymes are known to reduce Cr(VI) (Nieboer and Jusys, 1988) but their
prevalence in the environment needs to be confirmed.
The ox’idation/rcduction processes described above control the cycling of Crin

- lake sedimenfs in the following manner: (A). Hexavalent Cris unli_kél_y to persist in the
~ anaerobic sediments found below the o‘xidized microlayers which characterize most

_ lakes. Indeed, Saleh et al. (1989) showed that a squfy cdntainihg oniy 10% of an
anaerobic lake sediment reduced Cr(V D)) instantly. (B). Most of the reduction reactions
(above) gerjc_ra‘_t:e alkalinity (cons_umé protons) hence in softwaters, chromium pollutiori
- would terid to mit_igéte the effects of acid rain. (C). There is a geochemical decoupling
of the Crcycle from those of iron, manganese and other redox-sensitive ele_nients.
While Fe and Mn form mobile reduced spécies in anaerobic sédiments and hypolimnion,
the chromiu_m_is easily immobilized as Cr(ﬁI) as Othydro'Xidés.- In meromictic lakes

and lakes that develop bottom anoxia during stratification, _th’e sediments represent an-
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important source of Fe, Mn and associated metals but would be a sink for Cr(Ill). The
converse should be expected in ollgotrophlc la.kes (D). The forms of Cr in sedlments
represent a potentlal indicator of the cultural influences on the lake ecosystem. In the
natural environment, most 'of the Crin sediments would be associated with detrital
minerals derived from the weathering of vrocks in the drainage basin (Gibbs, ,1977;
Loring, 1979; Sager et al., 1990). An increase in the input of Cr pollution or in the
eutrophication of the water body would orchestrate the immobilization of Cr(Ill)
resulting i‘n} the enhanced accumulation of Crin the oxyhydroxide and organic fractions.
Se\}esal stﬁdies heiVe demenstr’ate,d such changes. Elsokkaryand Muller (1996) showed
that the residual fraction accounted for nearl’y'60% of the total Cr in slightly polluted |
River Nile sediments compared to about 20% in the hlghly polluted sediments. Stemberg
and Hogel (1990) presented changes in proﬁles of the dlfferent forms of Cr in Lake

development in the dramage basin.

Chromium reduction in the water column N o
In anaerobic waters, Cr(VI) reduction would be dominated by the reduced species

‘released from the sediments or by resuspended sediment particles. The Eh at which the
r‘ed_ilcticn '0ccurs. r_e_t'r"xéﬁns equivocal, however. Johnson et al. (1992) observed high

" concentrations of Cr(VI) in anoxic hypolimnetic waters and concluded that Cr(VI)
reduction is possible under strongly reducing conditions where snlfate reduct_io_n ca.n
oceur. MasscheIeyn etal. (1992) likewise found that Cr(VI) in ﬂoodwater of wetland

» soxls ‘was not reduced at Eh of 460 mV and pH 7.3 where Cr(III) is predicted to be
thermodynamwally stable It would therefore appear that suspended partlcles and thelr

* surfaces are more important than thennodynamw equilibriurh processes in Cr(VI)

| reduction in 1akesj. "Sevevral studies have indeed noted that Cr reduction in soil and

- sediment mixtures is strongly dependent on solid-to-solution ratio (Saleh et al,, 1989;
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Eckert et al., 1990; Masscheleyn et al., 1992). N
The reduction of Cr(VI_) to Cr(IIT) by organic matter in soils and sediments,
especially by the humic and fulvic acids, has long been documented in the literature |
(James and Bartlett, 1983; Saleh et al., 1989; Mas‘schcleyn et.al., 1992). One of the first
| to address Cr(VI) reduction by DOC in sea Wa,ter was Nakayama et.al. (1981c), who
observed approximately 90% reducﬁbn of 10 nM Cr(VT) with 5 micrograms of hurﬁic. )
acid under natural pH conditions (7.5-8.2). Eck_ér; et.al. (1990) st_u,d_ied the many factors
that affect the r_aie of Cr(VI) reduction by DOC, including the te‘mpera‘tﬁre and pH of the
solution, the éonccnt'rations of the reacta.nts and the intensity and wavelength of light
present as well as tﬁe presence of catalysts and the labile nature of the DOC; They
showed that the Cr(VI) reduction proceeded faster under ﬁeld:condi_tions thanina
synthetic medium (pseudo first-order rate éonstant of 0..6Ah'l vs. 0.2 h-1 respectively)
due to either more labile DOC or the presence of catalysis in the natural system.
Stollenwerk a_rid Grove (1985) noted a decrease in the concentrations of Cr(VI) in water
samples preserved by standard techniques and that the rate of reduction increased with .
increasing NOp, DOC, H* and temperature. They showed that the addition of fulvic acid
' fo an acidified groundwater samplé resulted in complete loss of Cr(VI) within 5 days of
storage at 250C. | | |
Direét photoreduction of Cr(VI) finds applicaﬁon'in phétographic plates which
contain mixtures of Cr(VI) and org’éhic_ solé such as gelatin (Kiebér and Helz, 1992).
The reaction is generally believed to involve initial formation of a ligand-to-metal
charge-transfer (LMCT) excited-state complex: | '
19). HCrO, + ROH & [RO-HCrO; 1,4, + HoO- —2 [RO}* +A Cr3+ + products
20). [RO]" + Oy — RO} —¥£_, ROH + HO; |
ROH refers to an alcohol funct_ional.group, HO; is a superoxide radical and [RO]* and
RO; are radical groups. Potentially, this type of reaction may also be impo_rta_nf in the

oxidation of natural and synthetic ofganic- molecules in surface waters (Zepp et al., 1992;
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Pignatello, 1992; Sun and Pignatello, 1993). Photochemical reactions between DOC
and Cr(VI) have been investigated by Riedel (1985) and Waite (1988). For DOC related
reduction of Cr(VI), two péthWays have been suggested. First, near UV photolysis was
- found to greatly increase the amount and rate of Cr(VI) redu'ction under écidic conditions
(Waite, 1988). Second, in the presence of glycine, charge transfer irradiation of HCrO4-
has been shown to cause the forrhation of Cr(V). This reactio‘n is pH independent when -
HCrO4 is the absorbing species. o |
Domenech and Munoz (1990) showed that 30-70% of the Cr(VI) in neutral to

alkalme solutions can be reduced on ZnO. Because ZnO is unlikely to be a common
phase in lakes, other more abundant photochemical initiators such as nitrate, 'nit'n'te,
_organic matter and 1ron ox_i‘de‘s and hydroxides ~a're more 'l_ikely to be involved in the -
photoredtrction. In particular, several §tudies have documented the formation of Fe(II)
during the photol_ysis’ of ‘ferric eompounds in the presence of organic ligands yields
ferrous iron (Collienne, 1983; Waite and Szymczak, 1993b): -

21). [ROH,Fe3*] —% 5 [ROJ" + Fe2* + H*

‘The Fe2* 5o produced has been shown to rapidly reduce Cr(VI) even in air-saturated
| systems (Eary and Rai, 1988; Palmer and Wittbrodt, 1991; Kieber and Helz, 1992). The '
Cr'(III)‘may then comloine with any ferric ions present to forrrl a hydroxide solid solution:
22).  CH(VD)+Fe) — Cr(ID +Fe(lll) = FeyCrix(OH)3

The importance of md1rect photoreducuon of Cr(VI) was recently demonsnated by -
' Kreber and Helz (1992) who reported that the: dxurnal changes in the Cr(VD/Cr(dID)

ratios of Black Rlver, Maryland was due primarily to Cr(VI) reductlon by
photochemically denved Fe2+, Photoly31s of natural and organic. compounds in lakes

E often yields H2O3 (and the superoxide anion, HO; , ) which is-also able to reduce both
‘ Fe(IIT) and Cr(VI) especrally under acidic condmons (Cooper et al 1988; 1989 Kleber

* and Helz, 1992; Waite and Szymczak 1993a)

23). Fe3* + Hy0y =» Fe2* + HO;
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24). Ci6t + HyOp — Cr3+ + HOS

The Fe(lIl) from reaction 23 can participate in further Cr(VI) reduction whilé the
hydrogén peroxide can be regenerated by the dismutation of the superoxide radical:
25). 2HOj + H¥ - Hy0p + Oy

or by the Dorfman reaction (Sun‘aﬁd Pignatello, 1993).

26). [RO]' + Hp0 — [ROH] + HO}

27).. HO; +H* +e - HpOy + 0y

The exact roles of these species in determining the fate chromium in lakes remain unclear

" at this time.

One can conclude from the preceeding discussions that significant reduction of
Cr(VI) in the water column can be expécted in humic and colored lakes and bogs w1th
high dissolved organic carbon where photolytic reactions yield high concéntrations
ferrous iron, hydrogen perox_idé, superoxide anion and LMCT complex. In clear water

lakes, the sediments are likely to remain the primary foci for Cr(VI) reduction.

- Oxidation of Cr(1ll)
-Because of the high redox potential of the Cr(VI)/Cr(III) couple, there are very
> few natural ox1dants in-natural waters that are capable of oxidizing Cr(III) (Rai et.al.,
- 1989). In addition, the ox1danon.k_1net1cs are very slow with the calculated half-life for
the transformation of Cr(I1I) to Cr(VI) in surface waters varying from 1 to 20 months
(Schroeder and Lee, 1975; Cranston and Murray, 1980). The discussions below focus
primaﬁly on prdccsses that are expected to occur m lake eéosystems and since they result ’.
in the undesiréblé formation of the more toxic Cr(VI) species, they the processes have
been described in mucﬁ greater detail. | |
Perhaps the most studied potential environmental oxidants for Cr(VI) are the
| various manganese oxides and oxyhydroxides. Johnson and Xyla (1991) claim that |

MnOOH is the most reactive manganese oxyhydroxide while Eary and Rai (1987)
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maintain that BMnO; is the least reactive. Stoichiometric reactions for the Cr(IH)
oxidation by the Mn oxyhydroxides ar’é_, Shown below (see Eary aﬁd Rai, 1987; Johnson
and Xyla, 1991; Fendoif and Zasoski_, 1992), and the estimated rates are s_ho§vn in Table
a. | |
28). COH)2* + 3MnOOH -« HCrO; + 3Mn2* + 30H-
29). Cr(OH)2* + 3BMnOj + 3Hy0 « HCrO; + 3MnOOH + 3H*
30). 2H+ + Cr(OH); + 1.56MnO2 < HCrO, + 1.5Mn2+ + 2H,0
In an aerobic environment, the reactive interf;aces, rhay be regenerated cqnﬁnuosuly as the
Mn(II) produced is quickly r‘eoxidi‘ied so that the role of Mn cén thus be fega;‘dcd as, |
catalytic. | ' ' _ | |
Johnson and Xyla (1991) suggest that three electrons are transferred stepwise via
Cr(IIl), Cr(IV) and Cr(V) as Cr(III) is oxidized by manganese oxides. Sorption onto,
oxidation by and subsequent desbrpt_ion of these intermediate \COmpounds areall
involved in the final _prodﬁction of Cr(VI). The proposed mechanism is corroborated by
Eary and Rai (1987) who showed that oxidation of Cr(III) by 8MnO» was the same
under both aerated and deaerated condmons, implying that the-reaction is dlrcctly
between Cr(III) and the Mn oxide, and that oxygen was not an mtermedlate phase ora
_ catalyst. The rate of Cr(IlII) oxidation by Mn oxides is non-hnear under acidic condmons‘
(Eary and Rai, 1987). Factors that may affect the rate and extent of Cr(III) oxidation
include the surface area and 'conéentratioh of the Mn oxide, the pH of the solution, the
concentranon of Cr(III) (Fendorf and Zasoski, 1992), and the ionic strength of the |
solution (Van- der Weldjcn and Reith, 1982).
An increase in the surface area pf Mn oxide results in a,n'increase in Cr(II)
- oxidation; the relationship is first ordér and th¢ slope is close to unity (Johnson and Xyla,
. 1991; Eary and Rai, 1987). Surface area (and thus oxidation rate) may be reduced by
reactions at the mineral surface, and such mechanisms have been proﬁoSed to gxplain the

non-linearity. of the 6’xi‘d'ation reaction. Eary and Rai (1987) suggested that this effe@t N
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~was due to the adsorption of the Cr(VI) produced onto the Mn surface. Fendorf and
Zasoski (1992), however, pointed out that if sorption of the Cr oxyanions inhibits Cr(III)
oxidation, then the rate of oxidation should decrease with decreasing pH due to surface

protonation of the oxide; this effect was not observed. Recently, Masscheleyn et al.

(1992) showed that a manganese and iron oxide film or layer floating on the floodwater :

surface was solely responsible for the oxidaﬁ_on of Cr(II) at their study site, and their _
results cast further doubt on what is.kno_v&_n‘ about the oxidation mechanism. _
Pettine and Millero (1990) inveStigéted the rate of oxidation as a function of pH.
The relationship has a slope almost equai to unity, and thus _fof each unit drop in pH, the
rate of oxidation aléo decreases by ﬁpp_roximately an order of magnitude. .A_s a result
this relationshipv, Cr(III) oxidation may be much less pronounced in neutral to acidic
lakes compared to ocean waterﬁ well buffered at pH = 8.2. At low pH;, however, the
dissolution of Mn oxides will compete with the oxidatiqn‘ reactions \';vhile at high pH, the
prcéipitation of Cr(OH)3 on the surfaée of the Mn oxide will limit the available reaction
sites and hence slowing the rafe of oxidation (Fendorf and Z,asdski, 1992).
The effect of ionic strength has not been resolved. Schroeder and Lee (1975‘)
state that the oxidation of Cr(III) by MnO; is greatly inhibited m filtered lake water
| compared to distilled water, due possibly to competition for sorption sites with Ca(Il)
and Mg(II). Contradicting this hypothesis,‘Johnson and Xyla (1991) cénch_i,de that the
| reaction with MnOOH is ind_epe_ndem of ionic strength. It has been proposed that the mté
of Cr(III) oxidation will be more rapid in freshwater due to lesser competition for
sorption sites (Van der Weidjen and Reith, 1982). | v
‘Numerous au__thbrs have examined the dxidation of Cr(III) to Cr(VI) by dissolved
oxygen in well mixed surface waters. Eary and Rai (1987) observed no Cr(VI)
. formation when 19 mM Cr(III) was in contact with 8 ppm dissolved oxygen, Nakayama

et.al. (1981c) reported no oxidation of 10 pM Cr(Il) with O after 300 hours, while Van -

der Weijden and Reith (1982) detected no oxidation of 2 uM Cr(ITI) after 6 weeks. Saleh

25



et al. (1989) estimated the hall-life fof_Cr(III) oxidation by dissolved oxygen in several
freshwater samples to be about 9 years. These studies pdint to the fact that even though
‘the oxidation by O is favoured the‘rmddyném_ically, the kinetics are extremely slow, and
the reaction can be considered to be efivironmentally unimportanf. .

In a number of recent papers, Pettine has proposed that HyO» is the dominant
oxidant for Cr(1lI) in natural waters (Pettine and Millero, 1990; Pettine et al., 1991;
1992). Baloga and Earley (1961) were, in fact, the first to show that low concentrations -
of Hy0» can readily oxidize Cr(IIl). Under alkaline conditions, the reactions can be |
represented schematically as follows: ‘ A '

31). 2Cr(OH); + 300H" & CrO + 4Hy0 + H* |
In acidic systems, the reaction can be considered to be analogous to the 'Fenton.rcaction:
©32). Feb* + Hy0p - Cr3* + OH + OH'

The calculations by Pettine and Millero (1990) actually suggeét that such a reaction can

- control the Cr(VI)/Cr(III) ratios in thé ocean; Using a cbncemration of 1.9 pM Cr(III)
and 0.4 mM Hy03, they derived a half-life of 24 days for Cr in the ocean (Pettine and
M_i“ue_ro,' 1990), but subsequently changed the fi gure to 45 days by considering the
interactions Cr species with CO32' and B(OH)4~ (Pettine et.al., 1991). In the original
paper it was stated that as 10\,'& a concentration as 100 nM Hy0p f;ould control the half-
life of Cr(III). Whetﬁer the information regarding oxidation kinetics and speciation
_presented by Pétti_ne et.al. (1991) are applicable to lacustrine environments r’er_nains
uncléar‘ at this time. _ _

Pettine et al.(19§1) have also prbposed that Cr and B may combine to form mixéd
ligand complexes such as Cr(H0) 5B(__OH)42+ or Cr(H0)5.x(OH)x[B(OH)4](2-X)+,
and have suggested 'thé_t' these compl#xes may influence the'ki‘netics of Cr(Ill) oxidation

to Cr(VI) especially in environments containing appreciable concentrations of boron.

They emphasized, h6chcr,- that while bc':rate. does not seerh to affect equilibrium‘Cr(IiI) e

speciation or solubility, it can influence the dynamics of chromium in natural waters.
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Although N akayéma etal. (1981b) also observed that borate ions decreased the recovery
of Cr(IID) with their coprecipitation technique, they provided no further insight on this'
| observation. The addition of othef elements can likewise effect the oxidation of Cr(IIl)
by Hy0», most notably Mg _é_nd CO32'. High Mg concentrations (over10-2-9 M) slowed
the oxidation kinetics by strongly increasing the aging of Cr(IIl) while the addition of
CO32- did not affect the rate of ox'idatiph but increased the rate of precipitation of solids |
compounds such as CrCO30H. (Pettine et.al., 1991). When Spikcs of Cr(III), B and
Hp05 were added to natural seawater, the effect of B was much less pronounced,
possibly due to the faster CO32- precipitation kinetics (Pettine et.al., 1991). Addition of
sulphate ions caused novobser’vabl_e effect. | |

One reaction pathway fdr the ox'idatién of Cr(III) that does not appear to have
been examined in thé literature is reaction with hydroxyl radiéals, OH". Hydr'oxyl _
radicals are extremely reactive transien,ts that can oxidize most organic substances (Zep_p
_etal., 1992), and are arﬁong the strongest known environmental oxidants (Walling and

Johnson, 1975; Zafiriou et.al., 1984). In natural waters, these radicals result from the
photolysis of nitrate, ferric hydroxide complexes and HyO, and as a product of otlier
photochemical reactions (Zepp et_.él. , 1992; Sun and ’Pignatello, 1993). A possible
formation reaction for the hydroxyl radical has been given above, and its oxidation of
Cr(lIT) can be depicied as follows: o |
33). C3* + OH' - G+ + OH-

Zepp et.al. ( 1.992) showed that the production of OH- is quantitative over the pH range
of 3 to 8 for Fe, and thus should occur readily in surface Watef environments containing
adequate DOC, Hp0p, particulate ferric hydroxide and sunlight. The hydroxyl radical is
extremely reactive, however, and numerous other species could s_caverige it, such as |
H09, Fe(ll), Fe(IIT) and vari01__1s organic ligands (Kiebér and Helz, 1992).

: ‘The linkage between the iron and ch‘rb_inium cycles thus goes beyond the simple

scavenging of chromium by particulate Fe compounds. Both iron and hydrogen peroxide
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patticipate in several looped photochgﬁmical reé;:tions which can result in either the
~reduction or \oxidation of Cr in natural waters. These reactions reinforce the role of the
surface microlayer in the cycling of chromium. Many lakes acqulrc a significant portion
of their Cr budget from the atmosphere. The aerosbls froxh high tempcré.t_mfe combustion
sources often contéin' large amounts of Cr(III) which can be dissolved by photochemical
reactions upon entering the lake The mobilization of Cr in the phouc zone is a matter of

51gn1ﬁcance to the aquauc biota with an essential rcqulrement for chromium.

Biological Inifluence
Sincc chromium participates in the ocean biological cycle, its concentration
should be positively correlated w1th the major nulnent elements, notably phosphate,
nitrate and dissolved silica (Burton and Strathan, 1990) The avallable data suggest that
Cr s better comrelated with silica, suggeting that it is preferentially mcorporated.mto the
| diatom frustules (Mayer, 1988). Pettine et al. (1992) reported a sxgmﬁcant positive
correlauon between total dlssolved chromlum (Crp and total dissolved phosphorus in Po
River (Italy), the correlation equanon being. |
34). Cr,(aM) = 4.04 + 645 M PO} ; r=0.69
Few other studies h;ﬁre fo‘uﬁnd any significamcmrelaﬁon bet&‘een Cf énd the nutrient
elements in lacustrine envirohménts, however, |
) * Asan essential element, chromium is bioaccumulated by a variety of organisms
in lakes (Mance, 1987). The bioaccumulation factors (ratio of concentration in-organisﬁa
to that in water) for freshwater organisms rahge from 100 to ovei 120,000 in polluted
waters (Jackson, 1988_'; Havas and Hutchinson, 1987). The Cr assimilated by an
- organism is reduced to Cr(IIl) within the cells so that the organic debris and remains are
likely to be enﬁc'hed' in chromium. Particulate organic matter and fecal pellets are
excellent scavangers fc¥r’ both Cr(1I) and Cr(VI) in the water column (Jackson et al., - :

1980; Santschi, 1988). Intuitively, therefore, one would expect the Cr cycle to be
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strongly influenced by biological processes in lakes. Unfortunately, most of the available
databases on Cr concentrations in lakes have been compromised by éontaxninatibn
artifacts and the poor data quality has tended to mask any linkages between the Cr and

biological cycles in lakes.

General Conclusions |

The dominant physical and chemical pfoccsses that control the distribution and
fate of Cr in various zones of given lake are shown in Figure 7. In general, the behaviors
of trace metals in lakes can be classified into twd principal categories: (a) conservatively
behaved, and (b) particle dominated or scavenged. The concentrations of elements in
group (a) are controlled pﬁmaﬁly by prbxi'mity to pollution sources and by the mixing of
waters with dif_ferenf ,lévels of the particular trace element. They havé high mean
residence ﬁmeé in the water column because of the low geochemical reactivity. Group
®) elerhents are readily hydrolzed and becauSe they are highly particle-reactive, their \
residénce time in water tends to be short. During the summer time, they may show a
positive correlation with the biologically essential micronutrients, and their
production in the lake.

Becaﬁse of their geochemical charécteristics, the two principal redox species of .
chromium fall into the two different categoﬂeé defined above.. In an oligotrophic lake,
such as Lake Ontario, where Cr(VI) predoriinates (Beaubien, 1993, thesis in '
preparétion), the profiles of dissolved Cr tend to remain constant or show slight features
-assoéiated with atmospheric ﬂu;{cs to the epilimnion or Cr removal in the nepheloid
la’yer.‘ The spatial distribu'tibn should also be uniform but with elevated levels cxpectéd
near the. major point sources and close to the major tributaries. Algal bloom may chaﬁge

the paxﬁculaté-to-diSSo_lved Cr ratios and can result in patchiness in both dissolved and
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particulate concentrations especially in nearshore waters.
| The contrasting geochemistries of Cr(IIT) and Cr(VI) are better demonstrated in

~ meromictic lakes. Because of the permanent stratification, a build-up of Cr in the

epi_limnion can be expected because of atmospheric inputs and the photo-oxidation of

a_er,osol-bound Ct(IH) to Cr(VI) in the surface microlayer. The anaerobic hypoliminion,

bycbmra_s_t, should marked by severe depletion of Cr due to thé reduction of Cr(VD) to

. particle-seeking Cr(III). In anaerobic lakes that tur’novér in the spring and fall, a

seasonal removal of chromitifn from the water often occurs but the Cr cycleis
complicated by the devélopmen_t of oxidized sediment layers where any deposited Cr(III)
is re-oxidized (see Johnson et al., 1992; Balistrieri et al., 1992). The combined effects of
stratification and bi'ogeocher"niCal processes on the development of the various types of
dissolved Cr profiles in lakes are shown in Figure 8.

The processes that determine the levels and di#trib_utions of the various Cr species :

' are depicted in ‘Figurés 2and 7. It shows the unique features of the chemistry of
chromium which are unlike those of any other element. I'n.confrast to Cr, both Fe and
Mn are readily oxidized to insoluble and highly particle-reactive species and reduced to
soluble reacﬁve species. The interfaces serve different functions in the geochemistries of
Cr, Fe, and Mn: oxidative dissolution of Cr 6cci1rs at the air-water interface while
reductive dissolution typifies the sediment-water interface. The time-dependent
pfoc.esses at the interfaces and the slow kiﬁeﬁcs of the redox-sensitive reactions often
result in a departure from equilibrium conditions in the distribution of the various

chromium species in lakes.
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FIGURE CAPTIONS )
FIG. 1: Diagram showi_ng the stability fields for the redox species of chromium under
typical environmental conditions. From Palmer and Wittbrodt, 1991. B

FIG. 2: Schemanc dlagram showing the dominant reactions, transformatlons and transport
mechanisms involved in the geochemical cycling of chromium in lacustrine environments.

~ The figure represents a period during thermal stratification, where the oxic/anoxic

boundary has migrated from the sediments into the water column. Note that many of the

reactions can occur in numerous parts of the system (as shown in Fig.7) depending upon

local conditions. _

FIG 3: Plot showing the relationship between pH and the Cr(III) concentration as
controlled by mineral solubility. The lines represent various mineral phases as calculated
or mcasured by the authors indicated. After Saleh et.al., 1989.

FIG. 4: Figure showmg the dependence of various metal chromate solubilities on solunon .
pH. MlN'I'BQAZ (Allison et.al., 1990) was used to generate the curves, assuming an initial
solution of pure water and chermcal equilibrium at 25°C.

FIG 5: Percent Cr(III) sorbed onto the surface of hydrous femous oxide under the
conditions shown as a function of pH. Figure shows the model fit by Dzombak and Morel
(1990) of experimental data by Leckie et.al. (1984).

FIG. 6: Percent Cr(VI) sorbed as a function pH onto various mineral phases. Note the
strong sorptive capacity of the various Fe oxides and oxyhydroxides in comparison to the
. other phases, and the c1rcumneutral position of the sotpuon edge (From Rai et.al., 1988),

Fig 7: Schemanc dxagram showmg the various regions within a lake over which a physical
or chemical process may dominate the cycling of chromium. The various boundary layers
shown may or may not occur in any given lake, and relative positions may change with
time. Note the large number and common overlap of the various mechanisms, implying the
" interaction of multilple processes. :

Flg 8: Schematic diagram showing total dissolved chromium concentrations as a funcuon
of depth within a thermally stratified lake. The four curves represent control of Cr
concentration by the following mechanisms: (1) surface enrichment due to atmospheric
input, river input, or photic or biological reactions; (2) depletion with depth due to
scavenging of Cr by sorption to settling particles; (3) depletion of total dissolved
chromium at depth within a strongly reduced environment due to the lower solubility of
the reduced Cr(IIT) form relative to the oxidized Cr(VI) form; and (4) surface depletion
and enrichment with depth due to the uptake of Cr by siliceous organisms. The figure

~ assumes equilibrium conditions and that only one mechanism dominates each
concentration profile. :
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TOTAL DISSOLVED
CHROMIUM (pglL) = | | |
MIN. MAX. AVG. STUDY LOCATION SAMPLING SPECIATION  REFERENCES

0.30 048 038 - Lake Ontario (Canada) Column Yes Beaubien nr&.?ancc data 1991)
020 320 0.0 = Lake Ontario | | Column No  Neilson (1983)
- - 0.07 - Lake Huron (1981) Surface -~ No Rossmann and Barres (1988)
. - 027  Lake Erie (1981)  Surface No o
- - - 068  Lake Michigan (1981) * Surface ~ No "
- - 008  Lake Superior (1983) _ Surface No
- - 071  Lake Ontario (1981) ~ Surface No | "
.- - 6.00  Bayof Quinte (Canada) - "~ Surface No woﬂ_:o:. (1992)
003 . 008 - Lake Sammamish (USA) Column No Balistrieri et.al. (1992)
008 016 -  Greinfensee (Switzerland) Column Yes  Johnson etal. (1992)

TABLE 1. Values of total dissolved chromium in lakes globally. The 8:%::.%0& measured vary widely, reflecting both the
different pollution sources and local chemical processes occurring within the water column. Another factor that may contribute to
this wide range is the analytical methods used. Note that very few of S&.« qEE&. sample with depth throughout the water column;
of these, very few have examined the redox speciation of Cr.



Table

2. CHROMIUM REACTION EAQUATIONS'
/

Reaction - Sorbent Log K Reference
SOH + (Cr0}) + H* » (SOH{ - Cro%) Fe;0;.H,0(am) 1 10.1 Zachara et al., 1987
SOH} + (Cro}) « (SOH} - Croz) Fe,0,.H,0(am) 4.7 "
: : Fe,0,.H,0 (am) 5.5 Davis and Leckie,
: 1980 .
Fe,0, (22 sites/nm?) 6.11 Raijet al., 1988
Fe,0, (10 sites/nm?) 6.74 " .
a-FeOOH 5.6 .
a=-Al,0, 5.84 -
(Calculated from
4 Honeyman, 1984)
Kaolinite (6 sites/nm?) 3.68 Rai et al., 1988
" (0.6 sites/nm?) 5.21 "
SOH + (CrO}) + 2H'+w (SOH! - HCro,)° Fe,0;.H,0(am) 10.1 Zachara et al 1987
SOH; + (HCrO) « (SOHj - HCro,)° Fe,0;.H,0(am) 7.5 -
Fe,0,.H,;0 (am) 6.5 Davis and Leckie,
. 1980 .
Fe,0; (22 sites/nm?) 7.79 Rai et al., 1988
Fe,0, (10 sites/nm?) 8.15 "
a-FeOOH i 8.7 "
Q"HNOU mnﬂ "
(Calculated from
Honeyman, 1984)
Kaolinite (6 sites/nm?) 4.42 Rai et al., 1988
. (0.6 sites/nm?) 5.36 ol

- * From Richard and Bourg (1991).



EFFECT OF pH ON

NAME FORMULA - pHy,t EXPERIMENTAL CONDITIONS = Cr(ll) OX. RATE - OXIDATION RATE - REFERENCE
Pyrolusite  BMnO, 73 pH=3-10; [Cx(ID)] = 1.9-38.5 10% in 100 hrs decr. with incr. pH. Bary and Rai,
9.6)f x 10° M [MnO,]= 0.7-71.4 : . 1987 - :
(35.6) m¥L
" PH =3.8-79; [C(OH),] =10 mg/.  t,, = 1.95 yrs - Saleh et.al.; 1989
[MnO,] =50 mg/L: :
Bimessite ~ SMnO, ~23  pH=3.5 [Ci(I] = 33.5-770 (77)  4.5% in 50 hrs decr. with incr. pH > 4 Fendorf and
, pM; [MnO,] = 0.1 m\r (NaNO] = ‘ . Zasoski, 1992
01 M ‘
Manganite.  yMnOOH ~20  pH=8.1; [CiOD] = 10° M; 10,0008 M1 5% — Nakayama etal.,
: : [MnOOH]= 30 mg/L; [borate buffer] 1981c
=002M |
" em 3.5:9.5 (4.5); [Cr(@D] = 0.25- - 0.0108 L m" constant over exp. range  Johnson and Xyla,
5.0 (0.5) pM; (MnOOH] = 0.11-0.57 1991
(0.34) mM; [KNO3] = 0.001-0.1 _
0.01) M; T = 4.1-25.0 °C :
Unspecified  MnO, — pH = 83-8.7; [Ce(ID] = 125 pg/L;  1.34 M* s} - Schroeder and -
: . [MnO,] = 25, 100, 250 mg/L Lee; 1975
—  pH=55-80; [Cx(lll] = 100 pg/L; - Van der Weidjen

[(MnO;] =100 mg/L

0.0063 M st

and Reith, 1982

TABLE . Information regarding the various manganese mineral phases studied in the oxidation e..\. Cr(hl). 1- Values from. Healy et.al., 1966; § - Bold values
are experimental conditions used for Cr(IIl) oxidation rate values; 1 - Calculated values \SS Johnson and Xyla, 1991; 1,, is the half life for CH{III) oxidation
in synthetic "hard SSRX. -=- - indicates not a&&&a& in this study.



% Cr(ll)

% Cr(VI) % Ctona ~ SAMPLE LOCATION _ METHOD . REFERENCE
5-60 3-48 . 0-91§ Pacific Ocean (N. of mﬁ:&.‘.}:mﬁ:& Co precipitation Ahern et.al., 1985
- 95%5 55 NM - Pacific Ocean (Cascadia Basin) " Cranston, 1983
<50 > 50 NM Adantic Ocean (N. Wales) Differential Elderfield, 1970
25 15 60 Pacific Ocean / Japan Sea | Co precipitation  Nakayama etal, 1981c
98 3 NM Mediterranean Sea (S. of Marseille, ma_..o& Voltametric Boussemart .mo.»_”... 1992
50 50 NM Atlantic Ocean (Britany, France)  Isotope dilution  Jeandel and Minster, 1984
86 13 NM Mediterranean Sea (E. of Alexandria, Bgypt) Co precipitation - ZSE. Dahab O., 1989
96 5 NM Saanich Intet - oxic (Canada) Co precipitation  Cranston and Murray, 1978
a1 NM  Saanich Inlet - anoxic (Canada) . Cranston and Murray, 1978
36 35 27 Harima-Nada (SW of Himeji, Japan) " Ozaki etal., 1991
4 38 57 Tbo River (SW of Himeji, Japan) . . |
77 15 -8 Shonai and Kiso Rivers (Japan) Ion exchange Hiraide et.al.,, 1989
50-68 12-24 10-24§  Georges, Cooks and Parramatta Rivers (Australia)  Co precipitation Mullins, 1984 .
NA 50 NA  Susquehanna River (USA) | lonexchange  Pankow etal, 1977
90 10 NM  Columbia River (USA) Co precipitation  Cranston and Murray, 1980
86 17 NM Po River (Italy) Solvent extraction  Pettine et.al,, 1992
21 41 37 - Sau Reservoir (Spain) Co precipitation  Obiols et.al; 1987
100 ~0 ~0 Lake Greifen - oxic (Switzerland) Ion exchange Johnson, 190§
41 ~0 59 Lake Greifen - anoxic (Switzerland) " .
- ~100 ~0 ~0 _ " Johnson et.al., 1992

Lake Greifen - oxic (Switzerland)

Table IV, Percentages of the three major forms of dissolved Cr in oceans, rivers and lakes,
in values, various methods used and paucity of lake water data. Single numbers represent
. drradiated total dissolved Cr minus dissolved Cr(III) +.Cr(VI) values;

species); { - results are single samples.

measured using various .q%ax&.mg techniques. Note the wide range.
averages unless otherwise stated, § - "boitnd chromium” defined as
NIM - Not Measured; NIA - Not Applicable (ie method does not clearly separate out
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