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S ECTI ON I

INTRODUCTION

The fate and transport of pollutants in the natural environment are
controlled by many complex physical, chemical, and biological .mechanisms.
It is necessary, however, to attempt to understand those significant
processes which either increase or decrease the environmental impact of these
pollutants in order to accurately establish effluent standards and/or develop
control strategies.

Chromium is a documented heavy metal contained in numerous eicctro-
plating solutions, corrosion inhibitors for cooling systems. paint- stripping,
and corrosion-resistant coatings.

The toxicity of chromium to aquatic organisms has been demorst-rated for
fish, Daphnia, invertebrates, aind algae in concentrations varying from
0.03 to 118 mg/lit with the lower trophic level organisms exhibiting the
more sensitive reactions(l).

Although in many cases other chemical, physical, or biological processes
may be important in the aquatic chemistry of metals, adsorption to inorganic
su_-;Ferned or lzposized sediments has been reported to be a signmificant con-
troll:nv aýchanism for the transport of? many metals( 2 , 3, 4, S).

Corsilp.oalie research has beer conducted on the reactions of hydroly-
able metal ions at -he oxide/soluti:on interface; however, there have been few
studies on the surface chemical rt-.actions of anionic metal comolexes such as
chro-,ate. Studies of the adsorption of anions at the oxide/aqueous solution
interface have in the past been Iim :ed mainly to Phosphate (6, 7, 8, 9, 10,
11, 12, 1 5)and molvbdenum (1"4, 1.-- Ib, 17)

Hun (11) wsal omdlteasrto fpopaea haluminum oxide/solution interface using a modification of the James and
ttealy (18) model for hydrolyzable metal ion adsorption. After James and
Hlealy, Huang assumes the total free energy of adsorption is equal to the
individual coulombic, solvation, and specific chemical-free energies.
Although included in the model, the solvation interactions of large anionic
species would be expected to be minor in contrast to those found for smaller
high charged metal ions. Itingston, Posner, and Quirk (10) investigated the

7.-i :competitive adsorption of phosphate, arsenate, and selenite on gibbsite and
geothite and found that at lower p1l's phosphate was adsorbed on sites which
were not coimmon to arsenate but that all of the anions were specifically
adsorbed. .tuljadi, Posner, and Quirk( 7 ) measured the adsorption of phosphate
on laolinite, gibbsite, and pseudoboehmite and proposed that the adsorption
occurs in three different regions. For the first two regions exchange takes
place between phosphate and Oil on the edge faces of the oxide or clay
crystals with the first type having the highest affinity. In contrast to
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the other regions which obey a Langmuir isotherm, region III is linear and
occurs at higher concentrations (10-' to 10-1 M).

Bache (8) also interpreted the removal of phosphate from solution in
the presence of gibbsite and ferric hydroxide as occurring in three stages:
(1) a high energy chemisorption, (2) precipitation of a phosphate phase,
and (3) a low energy sorption of phosphate on the precipitate.

Exchange with Oil is proposed by Low and Black (13), while Kuo and Lotse

(12) modeled the removal of phosphate on kaolinite by assuming replacement

of H.0 at the surface and the formation of a covalent bond between Al and

the 0 of the phosphate. It was h)ypothesized that the phosphate ions form an
octahcdral complex of aluminum phosphate.

In this study, an attempt has been made to show that the adsorption of
chromate at the oxide/solution interface can be modeled reasonably well using
a simple electrical double layer interpretation of the interface. In addition
to chromate, evidence is also presented that the model holds equally well
for another anion of environmental significance, phob..hate, and is applicable
to oxides of varying surface characteristics. Although Pt representative
of all surfaces found in natural waters, the oxides used here have isoelectric
points varying from 2.0 for SiO2 to 9.0 for Al 20..
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SECTION II

EXPER I•ENTAL

REAGEN7S

Reagents used in this study were of analytical reagent (.AR) grade
quality, and water used was deionized, singly distilled from an all-Pyrexo
still and stored in a PreTxo container. This water had a conductivity of
1.1 megohm cm-I or better at 25 0 C. The stock solutions of chromium were
generated from .kR potassium dichromate (K9 Cr0 7 ) and phosphate from AR

potassium dihydrogen phosphate (KJ1 2P0 4 ). Control of pH and ionic strength

was accomplished using kAv nitric acid and carbonate free potassium hydroxide
(DILbIJ-IT 9689).

PREPARATION OF SOLIDS

a - Quartz, SiO, a - Quartz was prepared by heating min-u-sil 5
(Pennsylvania 5xab.-.-Sand Corporation) at 500 0 C for 24 hours to oxidize any
organic matter present in the cor-mercial product. This treatment was followed
by refluxing in boiling 4M HC1 for 24 hours to remove substantial quantities
of iron oxide impurities. The a - Quartz was subsequently treated by careful
washing with distilled water until the plt of the supernatant was approximately
6. No chloride could be detected with AgNO_. The cleaned quartz was vacuum
dried at 80 0 C. X-ray diffraction identified the silica as a - Quartz.
The Brunauer, Emmett and Teller (B.E.T.) gas adsorption surface area was 3
±1.0 m2 /gn, and the isoelectric point was at pH 2.0 ±0.2.

a - Alumina, Corundtu AI10- a - alumina was prepared by the repeated

washing of 0.3 micron Liade A alumina abrasive (Union Carbide) with distilled
water. X-ray diffraction identified the alumina as a - alumina. The B.E.T.
gas adsorption surface area was 17 ±2.0 m2 /za. and the isoelectric point was
at p1! 9.1 ±0.2.

Anatase, TiO0. Titanium dioxide was obtained as the AR powder from

J. T. Baker Company. It was necessary to first wash the oxide in IM KOH to
remove residual phosphate contamination. This treatment was followed by
1N IM05 and repeated washing with distilled water until the pt! of the super-

natant was -7.0. X-ray diffraction identified the titania as anatase. The
B. E. T. gas adsorption surface area was 7 ±0.5 m2 /gm, and the isoelectric
point was at pH 7.2 ±0.2.-I
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ADSORPTION EXPERIMENTS

Adsorption experiments were conducted in 35-ml Pyrexl centrifuge tubes
with Teflon®-lined sLrew caps. The experimental procedure involved addition
of a known amount of solid in 23 ml of the electrolyte solution, addition of
2 ml of the Cr (VI) or phosphate stock solutions and equilibration for 24
hours. Mixing was achieved by gently rotating the tubes end-over-end at 10
rpm during the experiments-

After centrifugation at 300 rpm for 30 minutes a sample was carefully
withdrawn and analyVed. Chromium was analyzed using a Perkin Elmer 403
Atomic Absorption ýpectrophotometer with deuterium background corrector and
automatic averaging. Nitrous oxide was used as the oxidant gas. Phosphate
was analyzed using the ammonium molybdate colorimetric method (19).

The pDi of the equilibrated solutions was measured subsequent to with-
drawal of the samples for analysis.

The amount of chromium or phosphate adsorbed was calculated by sub-
tracting the residual solution concentration from the initially added con-
centration. Control experiments indicated that adsorption to the centrifuge
tubes and caps was undetectable.

ii4 |4
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SECTION III

AQUATIC CHEMISTRY OF CHROMIUM

The zhemistry of chromium in natural waters is complicated by the
possibilities of at least two oxidation states, Cr (III) and Cr (VI).
Under conditions of pH and pE found for most oxygenated waters the theoretical
log ratio of Cr (VI)/Cr (III) would be 20.5 (20, 21)- This does noV: imp.ly
that this is the actual ratio since non-equilibrium conditions are coiinion
in marine and fresh water systems (22). ,Measurements of the Cr (VI)/Cr (III)
ratio in marine waters reveaj a significant concentration of Cr (III). This
implies that either organic material is responsible for the Cr (III) content
or the oxidation reaction is kinetically unfavorable (23). In this investi-
gation, measured values of Cr V'I) and total chromium were the same, confirm-
ing the predominance of Cr (VI) in oxidizing environments.

Cr (VI) is the highest oxidation state of chromium and exists in aqueous
solutions as oxo compounds. Unlike some of the other high valent oxo com-
pounds such as V (V), Mo (VI), and I%* (VI), chromium (VI) does not exist in
numerous polyacid and anionic forms (20, 25). The only aqueous species -2
which are important are those formed from the hydrolysis of chromate, Cr04

These are shown in Table 1 along with the hydrolysis constants selected from
Sillen (21) and Arnek (25). The hydrolytic speciation of Cr (VI) is shown
in Figures 1 and 2 for total chromium concentrations of 10-1 MI and 10-4 .
The change in the speciation with a change in total chromium concentration
at a constant pH is due to the dinuclear species Cr207 -. As can be seen
in these figures, the predominant species for concefitrations of chromium
which might exist in natural water are Cr04 - and llCr0-. Only in those

instances of heavy industrial pollutian would Cr 2 07 - become important. The

hydrolysis of phosphate is shown in Figure o.
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TABLE 1. EQUILIBRIUM DATA (21, 25)

Chromate

Reaction Log Constant

H+ + Cro• HC *K1 = 6.50

I + HCrO 7 - H2Cr0 *K7= -0.8

2HCr7 + H 0+H K2 2  1-53

K +Cr04KCrO- K = 0.511& + r4 , r4

Phosphate

le + P HPO *K = -2.1
044 41

"+ + HPO4 - %04* = -7.2

+ H2PO- H3PO4 * = -11.8

4-6 ill6
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"SECTION IV

.•1ODELING

Basically, it is possible to use three models to interpret the inter-
facial reactions of aqueous ions:

I. Surface reaction or exchange, where the uptake of the species
is due to the formation of a surface complex analogous to a mass action
reaction in solution.

2. Solubility controls, where precipitation of a solid phase occurs.

3. Electrostatic controls, where the driving force for the uptake
is a result of electrical double layer forces.

As has been discussed previously2 6 ' 27, 28) the experimental
differentiation between these models is not possible due to the similarity
of their quantitative form.

In this report, the uptake of Cr (VI) and phosphate are interpreted
using the simple Grahane-Stern model of the electrical double laver-(29) The
original model has been modified to account for the adsorption of the anion
of interest in a supporting electrolyte of higher concentration and the
variation in speciation due to the solution phase hydrolytic reactions.

After Grahame, the charge at the adsorption plane is given by

£7 1.6 x 1 0 -13 NS

SI + - e:xp (Ze vj + €)

-.'here . is the charge,

NS is the maximum adsorption density calculated from the hydrated
radius,

Sis potential at the adsorption plane,

6 is the specific adsorption potential which accounts for all other
forces which either retard or enhance adsorption.

This specific adsorption potential is, in fact, a fitting parameter, and the
value has no physical significance except for relative comparison of different
species and/or surfaces. 6 is assumed to be zero for the inert electrol•te
and acquires a positive or negative value depending on whether a species
displays an increased or decreased affinity for the surface as compared to
the electrolyte. C is the concentration of all solution species which, for

10
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the work described here, will be the ionic strength. This is necessary -A

because of the changing charge of the hydrolytic species and their varying
concentration in solution with changing p11. By using a swamping inert
electrolyte which remains constant throughout the p1t range of interest, it
is assumed that the charge can always be calculated from the ionic strength
of the solution. This assumption disregards the influence of the small
solution concentration of the species of interest on the surface charge.

The charge in the diffuse layer is given by:

od = -11.74 C sinh (Ze .kT) (2)

and through electroneutrality the total surface charge a is equal to the

sum of the charge at the adsorption plane and that in the double layer. In
FaiEuation 2 k is the Sol:,tzann constant and T is the absolute temperature.
Assuming a linear decrease in potential between the two planes and choosing

a value for the capacitance (::) of the inner layer, it is possible to calculate

the surface potential, •) 0 :

ýo= + o (3)

In calculations of surface adsorption on oxides, it is necessary to
know the concentrations of 1tf and Oi- for two reasons. First, the speciation
of =-any -etal ions and weak acids is controlled by hy~droly-tic reactions and
is therefore p1 dependent. Second, it has been documented that t.W and 011-
are potential determining ions for oxide surfaces (30). If the oxide/
electrolyte interface acts as a reversible electrode, the p1l of the solution
is given by the \ernst equation:

PHl = 1 -pc. /0.1059 (4)

where p11tzp is the pli of the zero point of charge.

Since in the experinents described here the majority of the ions in
solution were due to the supporting electrolyte (HO_-Kdll), the concentration

of the species of interest, Cr (VI) and phosphate, at the adsorption plane
can be calculated from the electrical potential at the adsorption plane and
a specific adsorption potential which gives the best fit to the data.

Since the concentration of any solution species is dependent not only

on the hy-droly-tic reactions which are p11 controlled but also on the affinity
of the iý-dividual species for the surface, the mass balance Must take into
account both of these reactions:

N11
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+ 1"C a (I +)K

where n = charge of unprotonated metal

S. = overall hydrolysis constants

K.i adsorption constant

Using the potential at the adsorption plane, an appropriate specific
adsorption potential 6, and assuming the surface coverage is small (< 25
p coul/c2), the adsorption constant can be calculated

K. = 2-S-X-e e"x (Zie (0 + (i)
-i x (6)

where S is the surface area in cmr2-lit and X is the hydrated radius of
species i.

It is assumed that all species of the same metal exhibit the same
specific adsorption potential regardless of the extent of hydrolysis. In
the case where other liganis are present, this would not necessarily be
the case. As has been shown previously for Hig (II), the chloro complexes
are weakly adsorbed a: compared to the hydroxo complexes (26). The total
adsorption of the m.etal is then the summation of the adsorption of the
individual species.

Total Adsorbed = UI.K. (7)

, 12
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SECTION V

RESULTS AND DISCUSSION

Tne absorption of 2 x10-4 M Cr (VI) from aqueous solutions of 0.1,
0.01, and 0.001 M KLO3 onto a - alumina along with that predicted by the

EDL model are shown in Figure 4. It can be seen that adsorption below pH
4.0 is relatively pH independent. However, as the pH is increased above
-. 0, there is a large decrease in percentage adsorption, reaching approxi-
mately zero in the pH range 7 to 8.S. It is also apparent from this figure
that there is a decreasing percentage adsorption as the concentration of
the supporting nitrate electrolyte is increased. The calculated adsorption

S - isotherms for Cr (VI) are shown by the solid lines in Figure 4. The model
predicts minimal adsorption of chromate for 0.1 M ionic strength and there-
fore this line is not shown in the figure. While reproducing the pH
response reason~ably well, the electrostatic model predicts a more substan-
tial decrease in the percentage adsorption with increasing ionic strength
than observed. This same observation has been made by Hunter and Wright
(31), who concluded of the Nernstian prediction that the s-irface potential
as a function of pH as given in Equation (4) gives too high a value.
Table 2 shows the measured adsorption of Cr (VI) on Alg 0 as a function
of ionic strength at pH 4.0 compared with that calculareg using the Nernst
equation and that calculated using a potential which gives the best fit
to the data. The 140 my found is close to the 120 my found by Hunter
and Wright (31) to givethe best fit to the AlI0 zeta potential data of
Modi and Fuerstenau .

Using a zeta potential of 84 my as found by Modi at pH 4.0, an ionic
strength of i0"3, aad the qurface charge measured by Sadek et al (33) of
14.3 P coul/cm2, it is posThlo to calc-ilate a surface potential for com-
parison. Using a capacity of i4• pf/cI- for the inner Helmholtz plane and
"a value of 20 pf/c=2"for the outer ttelz4holtz plane, as found by Yates et al
(34) for oxide surfaces, the calculated surface potential is 142 my which
is in close agreement with the 140 my found in Table 2. Therefore, in order
to model the adsorption of solution species at the oxide/water i:,terface
using an electrostatic model, a more complex model of calculating surface
potential such as proposed by Yates et al must be used.

The adsorption of phosphate onto a - alumina from 0.1 and 0.01 M
potassium nitrate solutions is shown in Figure 5. Although exhibiting the
same generalized shape adsorption isotherm as chromate, the decrease in
percentage adsorption does not occur until a pH of -7 is reached. The
response to increasing electrolyte, while measurable, is not nearly as
significant as found for chromate. Also. the maximum percentage adsorption
measured for phosphate at the sane concentration and solution conditions is
mlich higher than chromate, indicating a stronger specifiz adsorption energy-.

13 
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TABLE 2. PERCENTAGE ADSORPTION OF Cr (VI) AS A FUNCTION OF IONIC STRENGTH

SIonic Calculated* Calculated**
Strengtb Experinental Nernst EQuation 140 mv

10- 1.1 12 0 10
_,

10- 2& 49 6 41

10-.3 1 67 67 70

*Chemical potential = 4.0 Kcal/mole.
"**Chemical potential = 1.6 Kcal/mole.

The results for phosphate shown in Figure 5 are interesting in that
the predicted increase in adsorption with increasing ionic strength
above the isoelectric point is observed in the data. This occurs because
of the reduction in the repulsive electrostatic charge of the negative
surface at the higher electrolyte concentration.

It has been proposed that the adsorption of phosphate on slumina is the
result of complexation with the central M-tal cation (12). Since, unlike
phosphate, Cr (VI) forms no known aluminum coordination there should be
m'inimal competition for adsorption sites.

In Figure 6 the influence of increasing phosphate concentration on the
percentage Cr (VI) adsorption is illustrated. This implies that either both
anions are specifically adsorbed into the adsorption plane and compete for
space or that they are adsorbed at the same sites on the surface. Conversely,
the presence of chromate results in little or no decrease in phosphate
adsorption up to Cr (VI) concentrations of 10-3 M, again confirming the
higher specific adsorption of phosphate. As shown in Figures 7 and 8 the
model does duplicate the response to changing the surface charge properties
of the solid. Neither chromate (Figure 7) nor phosphate (Figure 8) adsorb
strongly on S302 (IEP - 2.0) which has a negative surface charge at all
but the lowest pH values, but both adsorb to A1 2 0 3 (IEP - 9.0) which exhibits
a positive surface charge below pH - 9.0. Ti02 with an isoelectric point
of - 7.0 gives minimal adsorption for Cr (VI) but does adsorb the phosphate
species even at low surface potentials-

m _ m• ( ( mM ) N N(m i g( m i 15
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SECTION VI

CONCLUSIONS

From the adsorption results presented here, ft appears that both Cr
(VI) and phosphate exhibit the same generalized adsurption behavior on
A120 3 : (1) adsorption is appreciable at low pHs, however upon increasing
pH tnere is a decrease in percentage adsorption. Adsorption at low pHs
is due to the strcng coulombic attraction between the negatively charged
anions and the positively charged surface of the Al2 3O ; (2• a decrease
in percencage adsorption results with increasing electrolyte concentrations.
This reduction occurs due to the compression of the electrical double layer
at the oxide interface and the resulting decrease in the electrical potential;

(3) phosphate exhibits a higher specific affinity for all the oxides thin
does chromate. This implies that the surface reaction is not dependent on
the type cf central metal cation of the oxide and that coordination between
the anion and the metal is not responsible for the interfacial reaction.

Except for the use of the Nernstian equation in determining surface
potential, the simple EDL model of the oxide/solution interface gives
reasonable estimates of the pH and surface charge response for adsorption
of anions. As has been reported previously, the surface potential must
be calculated using a more complex procedure (28, 29).

From the data presented here, indications are that if chromium is
in the +6 oxidation state it will be associated predominately with the
solution phase except in the presence of particulate matter with high
I.E.P.s such as Al.0 , CaCO3 , and possible some of the magnesium silicates
such as chrysotile-(30).

For purposes of pollution control, the use of alumina adsorption colums
or alum precipitation would appear to present efficient mehtds for removal
of chromate and phosphate from solution.
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