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Isotherms were developed at pH 6.9 for adsorption (ADS) and
coprecipitation (CPT) of Cu by hydrous oxides of Fe (HFO) and Al
(HAO) to study the role of sorbate/sorbent ratio in metal cation
removal. For low sorbate/sorbent conditions, HFO had a higher Cu
retention capacity than HAO regardless of contact methodology.
For either oxide, CPT was consistently more effective than ADS in
removing Cu from solution. At high sorbate/sorbent ratios, surface
precipitation dominates and the oxide’s net cation retention ca-
pacity depends on the nature and solubility of the precipitate
formed at the oxide-water interface. X-ray diffraction patterns
and isotherms of HAO for both ADS and CPT suggest formation
of a solid solution [e.g., CuAl,O,(s)] with dramatically lower
solubility than Cu(OH),(s) precipitated in bulk solution. In con-
trast, Cu precipitated on the HFO surface exhibited a solubility
comparable to the bulk precipitated Cu(OH),(s). Therefore, at
high sorbate/sorbent ratios, HAO has a higher Cu “apparent”
sorption capacity than HFO. The relative utility of these oxides as
metal scavengers thus depends markedly on sorbate/sorbent
conditions.  © 1999 Academic Press

Key Words: surface precipitation; sorption; isotherms; X-ray
diffraction; hydrous iron oxide; hydrous aluminum oxide; copper.

INTRODUCTION

Hydrous oxides of iron (HFO) and aluminum (HAO) are
important mineral components of natural systems. These
ides have a high capacity to sorb heavy metals and thus pl
significant role in controlling their availability and mobility in
the environment. As strong sorbents, these oxides can als

a

act simultaneously and distinguishing them is difficult anc
requires analytical methods with molecular-scale resolutio
(2). Depending on the type of interaction, metals exhibit dif:
ferent solubilities that can dramatically alter environmenta
mobility and removal efficiency during wastewater treatment

Numerous studies of metal sorption by hydrous oxides ai
available (3—14), with relatively few considering coprecipita-
tion as a potential mechanism (4, 5, 10-13). In an earlie
publication, we compared adsorption and coprecipitation of C
with HFO and HAO as a function of pH (15). While most prior
investigations have focused on very low sorbate-to-sorbe
(e.g., Cu/Fe) ratios<(0.01), a wider range is required to study
the transition between adsorption and surface precipitatio
Recently, Katz and Hayes (16, 17) used surface polymerizatic
reactions to model the transition between adsorption and pr
cipitation. The primary objective of this study was, therefore
to investigate the interaction of Cu with HFO and HAO,
focusing on the effect of sorbate-to-sorbent ratio and the ons
of surface precipitation. X-ray diffraction was used to ascertai
the nature of Cu interaction with the oxide surface.

MATERIALS AND METHODS

HFO and HAO were prepared from ferric chloride [Fg€l

&HZO] and aluminum sulfate [alum, AISQ,); - 16H,0], salts

}pgt are commonly used in water treatment. Although anio
ype (CI” vs SG ) may influence precipitate morphology

0(1)%—20), it does not significantly affect the amount of Ct

employed to treat industrial and municipal wastewaters cor/Ped under the conditions of this study (21). The surfac

taining heavy metals.

Depending on the relative concentrations and contact me
ods, interactions between hydrous oxides and metals, can§
clude: (a)adsorption,a surface complexation reaction betweer|
surface sites and metal sorbates; @uyface precipitation,
formation of a multilayer solid phase on the oxide surface (
and (c)coprecipitation,the simultaneous precipitation of the )
sorbate ion with the hydrous oxide phase. These processes'&ectively,

areas of HFO and HAO were determined by BET-ddlsorp-
{'H)_n to be 187 and 99 fry, respectively. Experiments were
deucted at pH 6.9 0.05 with Fg and Al concentrations of
03 M. Assuming negligible soluble Fe/Al, ionic strength for
the HFO and HAO systems was 0.0135 and 0.0122 M, respe

ions were prepared and adjusted to pH2.2 and< 3.5,

1?’vely. Prior to each experiment, fresh Fg@ind alum solu-

to prevent premature precipitate formation. Th
Cu stock solution was prepared from reagent-grade cupr

* To whom correspondence should be addressed at The Pennsylvania S(ig't!g”de_ [C_UC£ * 2H;0]. All SOIU“_O”S were made using dis-
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20% HNO,; for 16 h prior to use. The pH adjustments were
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Lt for at least 16 h, and then subjected to XRD analysis. Unle:

0 'LZ.L ; separated by centrifugation (2000 rpm for 20 min), freeze—drie
I=00135M /C/O go :
Lo . el otherwise noted, solid phases were identified using the stand:
| / _g,.—zs“" © “d” spacing for minerals given in powder diffraction files (22) or
/ T those found in the literature for similar compounds. All pattern:
! . o were collected using a Phillips diffractometer (Kt radiation,
& g p

/ o maximum intensity= 300 counts).

0.5

logT'ey

RESULTS AND DISCUSSION

¢ ; o | mrocer The effect of sorbate-to-sorbent ratio on adsorption an
| 0 | mFo-ADS coprecipitation is illustrated using sorption isotherms (Figs.

, . . B . s . a5 and_2) wherein sgluble Cq concentration (IogTQLS plotted

Cuglr Cotom  BQAINST the sorption density (Idg., wherel', is m.ol Cu
Iog Cur (¥ sorbed/mol Fe or Al added). In a double logarithmic format
FIG.1. Sorption isotherms for HFO-ADS and HFO-CPT.Guithe total  these isotherms typically have an initial region with unit slope
soluble concentration anid, is the Cu sorption density (mol Cu sorbed/molat low Cu; (called “linear,” since a unit slope in log—log format
Fe added). HFO was obtained by the addition of M as F€" of FeC - regyits in a linear arithmetic plot), a Freundlich region with les;
6H0. Clige = 107°°M from the Cu-PPT data in Karthikeyast al. (15). 4,0 1.1 glope, and a saturation region corresponding to ft
occupancy of sorbent reactive sites (6). As detailed below, tt

made with 0.02—1 N KOH and all experiments were conductdgéa and Freundlich portions reflect removal of Cu by ad
at 18+ 0.5°C. sorption (i.e., surface complexation reactions). At highef Cu

Batch experiments were performed in 150-mL beakers witfd/U€s, near the concentration sufficient for homogeneous pi
a reaction time of 45 min used to study the initial sorptiofiPitation of the sorbatdc, increased sharply with GuThis

process and mimic full-scale flocculation (3, 5). Solutions wef€9i0N corresponds to metal removal by precipitation reaction

mixed with a magnetic stirrer operated at 40 rpm. Gentle
mixing conditions (velocity gradient 5-10 S*) were em- HFO-ADS

ployed to facilitate stable floc formation. For the HFO—ADS system (Fig. 1), the concentration of site
Adsorption experiments.For adsorption experimentswith high binding strength (Type 1 sites) can be obtained fror

(ADS), hydrous oxide colloids were preformed by graduallshe I',, value at termination of the linear portion of the iso-

increasing the pH of a 100-mL solution of alum or Fg@ifter therm (23). From Fig. 1, the Type 1 site density was 0.028 mc

aging the hydrous oxide suspensions for 10 min, 5 mL of Cu

solution was added and the suspension was mixed.

Coprecipitation experiments.Coprecipitation experiments  ° T
(CPT) involved the formation of hydrous oxide colloid in the I=o0012 M
presence of Cu. The alum or FgGind Cu solutions were
initially combined, the pH was slowly increased to the target
level, and the system was mixed. After equilibration, pH was
measured and the suspension was allowed to settle for 20 mgin.'l

The samples were then filtered through a OutB-(Millipore) %
filter. The filtrate was acidified to pH 2 and Cu was analyzed .
using flame atomic absorption spectrophotometry (Cu detec-

tion limit = 2 ug/L). To account for metal sorption onto the //9
reaction vessels, blanks (no Fg@lum addition) were run for ? &

all experiments. It is important to realize that the abbreviations //c;
ADS and CPT used herein refer to experimental protocol and s ©

not necessarily the nature of the sorbate/sorbent interactions.
Cuy, for Cu,,, from

X-ray diffraction. X-ray diffraction (XRD) analysis was con- €O CuPPT datx
ducted to characterize the oxides generated as above with Cu/Fe oreuan

molar ratio of 0.18 and Cu/Al molar ratio of 0.21 [Fe- 0.01875 _ F!G: 2. Sorption isotherms for HAO-ADS and HAQ-CPT. {is the
total soluble concentration anBg, is the Cu sorption density (mol Cu

M; Al = 0.0161 M; Cy = 0'0034;"_5 M]. Sampl_es WEre Pre-sormedimol Al added). HAO was obtained by the addition of*M as AF*
pared under a variety of pH conditions to provide a range gfai,(so,), 16H,0. Cu,, = 10~>*M from the Cu-PPT data in Karthikeyan

surface Cu coverages. After reaction and settling, the solids werrel. (15).

=25

® | HAO-CPT
O | HAO-ADS

<15 -7 -6.5 -6 =55 -5 -4.5 -4 -3.5
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Cu/mol Fe (logl'c, = —1.56), about an order of magnitudeinterface (24). On the other hand, solid solution formatior
higher than values reported in Dzombak and Morel (23). Thevolves a mixing zone where the sorbate and sorbent ions &
Type 2 site density (total reactive sites), which correspondsitdermingled and thus susceptible to simultaneous incorpor
thel', at the saturation region, is 0.25 mol Cu/mol Fe (Igg, tion into a single lattice. Whereas heterogeneous nucleati
= —0.6). This value is slightly higher than that of 0.2 reportedan reduce the extent of supersaturation necessary to initiz
in Dzombak and Morel (23). Estimates of site densities diff@recipitation, solid solution formation facilitates precipitation
between studies because they are affected by pH and sohdtisonditionsundersaturatedvith respect to a pure phase (24).
concentration (23). Isotherms reported by Dzombak and Moi®ince the surface precipitate formed during HFO-ADS wa
(23) were obtained at pH: 5.5. The use of a higher pH (6.9)only slightly less soluble than Cu-PPT, it implies that HFC
in this study could account for the higher Types 1 and 2 siparticles simply nucleate precipitation of Cu(Qk$) and there
densities measured. is no solid solution formation. This assertion is supported b
The linear region for HFO—ADS extended toCof 10 % the XRD data provided in a later section.
M and the Freundlich region (slope of 0.7) to between Gl
10 %*and 10 ** M. At I, approaching site saturation val-HFO-CPT
ues, the sorption isotherm should level off. However, as Cu The isotherms for HFO—CPT and HFO-ADS are nearl
increases above 162 M, there is an increase fi,, presum- parallel over the entire log Gurange and the breakpoints
ably signaling the onset of surface precipitation of Cu. At higbetween regions occur at similar £(Fig. 1). Such behavior
surface coverage, cation adsorption may lead to the formatioas also been observed for Cr(lll) adsorption and coprecipit:
of a surface precipitate (24). In theory, precipitative removébn by HFO (4). For HFO-CPT the site densities are highe
should exhibit a near-vertical isotherm (i.e., a stability boundhan for HFO-ADS, with the Type 1 density being 0.066 mo
ary). However, laboratory isotherms exhibit a gradual (finit€u/mol Fe (logI'c, = —1.18) and the Type 2 site density
slope) increase i, which, according to Farlegt al. (7), being equal to 0.437 (lodfc, = —0.36), the latter being in
indicates a continuum between surface reactions and precgmwod agreement with the value of 0.42 observed for Cr(lll) b
tation. The solubility product of the surface precipitatgf-) Charlet and Manceau (4).
formed during HFO-ADS calculated to be®1§ is slightly Using extended X-ray absorption fine structure spectroscoy
lower than that of 1928 obtained for homogeneous Cu precipEXAFS), Charlet and Manceau (4) showed that during
itation (Cu-PPT).Kgyc, is defined as {Ct"}{H *}°, where HFO-CPT of Cr(lll) a mixed Fe—Cr oxyhydroxide
{Cu?"} was obtained from the mean Gualues (10***Mfor  (Fe, 99,10 00OOH) phase is formed. In contrast, Waychuna:
HFO-ADS) corresponding to the best-fit of data in the surfaeg al. (13) did not observe a new oxyhydroxide phase durin
precipitation region. We assumed that [{Gu= [{Cu®*} + As(V) coprecipitation with HFO despite B, as high as 0.7
{CUOH™} + {Cu(OH)3} + {Cu(OH);} + {Cu(OH);}]. mol As/mol Fe. This higH ,, was attributed to adsorption of
Equilibrium constants for the hydrolysis reactions of?Cu As(V) during the growth of HFO crystallites. During HFO—
were obtained from Stumm and Morgan (24). For Cu-PPTPT, As(V) apparently adsorbs onto extremely small HFC
Cu; of 1038 M at pH 6.9 was obtained by the extrapolatiomnits that are either a single Fe octahedron or a dioctahed
of our Cu-PPT data (15). Therefore, the surface precipitatbain. Therefore, there is a tremendous increase in surface ¢
formed on HFO had a slightly lower solubility compared t@vailability during coprecipitation since As(V) is adsorbed
that seen with homogeneous Cu(Qf8) under similar exper- during Fe—O—Fe polymerization.
imental conditions. The shape of our HFO-ADS isotherm The highl'c, (0.437) of this work warrants comment. Given
conforms to that developed by Van Cappellen (25) [reportedtine measured specific surface (187gyand Fe content (63%)
Stumm and Morgan (24), Fig. 13.29, pp. 812—-816] for intenf HFO, the site density corresponding to tHig, is 15.8
action involving adsorption followed by surface precipitatiosites/nm. In modeling Co(Il) adsorption by-Al ,O,, Katz and
via heterogeneous nucleation. Hayes (16) found an optimal site density of only 2—3 site$/nm
Formation of a solid phase may proceed via homogeneodisite density of 2.5 sites/nfirequires a surface area of 1182
nucleation (when the critical supersaturation ratio is exceededj/g to yield al'c, of 0.437. Therefore, enhanced Cu remova
or at lower saturation ratio on a suitable nucleating surfaayring HFO—CPT was likely to be more than a simple surfac
e.g., the process of heterogeneous nucleation (24). Thereforatea effect and could be attributed to a combination of (e
solid phase formed heterogeneously could have a slighthixed (Fe, Cu) oxyhydroxide formation and (b) adsorption o
lower solubility than the homogeneous phase, especiallyGu during the growth of HFO crystallites. As with HFO-ADS,
sufficient reaction time is not available during the latter proceise HFO—CPT isotherm increases sharply at log Qalues
to attain equilibrium. However, if the Gt ion is incorporated close to that of Cy, observed during Cu-PPT.
as a minor constituent in a solid solution (e.g.,Ge&, _,OOH),
Cu solubility should be significantly lower than with the puré/AG—ADS and HAO-CPT
Cu(OH),(s) phase (24, 26). With heterogeneous nucleation, theThe HAO isotherms (Fig. 2) have similar shape to those c
interface is fixed and there is no migration of ions across ti#O. The linear region extends to £of 10 %° M (compa-
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rable to HFO), whereas the upper limit of Freundlich regionis °*T—=—=
reduced to a Cpof 107>4 M (an order of magnitude lower )
than observed for HFO). The Type 1 site densities were 0.009
mol Cu/mol Al (log I'c, = —2.05) and 0.013 (lod’¢, = 2 .
—1.88) for HAO-ADS and HAO-CPT, respectively, both | °8 -
lower than for HFO. The Type 2 site densities, determined
from the abrupt change in slope at logCt —5.4, were 0.063
(logT'¢, = —1.2) and 0.1 (lod"¢, = —1.00) for HAO-ADS
and HAO-CPT, respectively, much lower than the value ex-
pected for amorphous oxide sorbents. This could reflect incip- - .
ient surface precipitation at more than an order of magnitude e TTTmmmmmT o
lower Cu; of 107 >4 M compared to Cy, (10 38 M). The ] e B
Koo, Of the surface precipitate formed during HAO-ADS is s —
10525 (mean Cy = 10~ >?2M). Because surface precipitation ~ * ° ° ! - ¢ * ° "
occurred at lower Cy the saturation region was not observed

. . . . . " FIG. 3. Solubility of surface precipitates (SP) formed during HAO-ADS
in the HAO isotherms, resulting in low Type 2 site denSItIe%lnd HFO-ADS in comparison to Cu-PPK{,cs of the surface precipitates

At T, below 10", HAO-CPT appears to enhance Cukere obtained from the isotherms. Experimental (expt.) data plotted corr
sorption compared to that seen with HAO-ADS. The magrspond to residual soluble Cu levels measured when obtaining solids for XR
tude of this enhancement, however, is lower than for HFO (Figalysis]-

1). Surface precipitates formed under both adsorption and
coprecipitation conditions for HAO have similar solubilitiesX-ray Diffraction Analysis

From these experiments, a coprecipitate cannot be unambigu- . L . .
P precip g HFO-ADS. In an earlier publication (15), we investigated

ously distinguished from a discrete mixture of Al and C .

(hydr)oxides. However, the significant lowering of Cu squbiIL'—&D.S/CPT of Cu by HFO and_ HAQ using pH as the maste
. . : ; . variable. The surface Cu loadings, and therefore the nature
ity (1.5 orders of magnitude) associated with this surfa

T : . . : . C(,eu interaction with the surface, will be influenced by pH. As
precipitation is consistent with formation of a solid solutior . o !
ith the sorption isotherms, in the pH-edge study we foun

(i.e., mixed Al, Cu oxide). Since HFO is less soluble than HA T
(from our residual Fe/Al measurements), higher agqueous t below pH 6.5 (low removal conditions and hence Iay)
» 9 q O-ADS resulted in greater Cu uptake than HAO-ADS

might increase the tendency to form a solid solution. Figure owever, above pH 6.5, HAO—ADS consistently producet
also indicates the Qu for tenorite [CuO(s)] formation. The higher Cl’J removal than I-’|FO—ADS. The fact that HAO—ADS

onset of surface precipitation occurs at soluble levels higi\ﬁ s more efficient than HEO—ADS could be attributed to th:
than Cu,for CuO(s) but lower than Cu(OB{g). These results oot of surface precipitation at a lower surface coverag
could a_lso be explamed_ by mvokmg the formation of a MOfBance lower PH, in the presence of HAO compared to HFC
crystalline Cu (hydrjoxide phase in the presence of HAQpp hatterns for solids generated at different pH values (¢
compared to the homogeneously precipitated Cul@) constant [Cuj loading) will be used to distinguish adsorption
However, given the relatively short reaction time, such a drgm syrface precipitation. Specifically, the XRD data will be
matic change in the crystallinity of Cu (hydr)oxide solid phasgseq 1o discern the nature of surface precipitation reaction, i.
is less plausible than solid solution formation. The shapes gjiq solution formation versus heterogeneous nucleation. It
our HAO isotherms are also remarkably similar to those prggjieved (27) that simple adsorption does not alter oxide cryst
posed in Van Cappellen (25) for systems where solid solutigfiimensions, whereas solid solution formation will change lat
formation occurs. tice geometry and, in turn, XRD patterns.

Upon comparison of all the isotherms in Figs. 1 and 2, it is Figure 3 illustrates the link between the sorption isotherm da
apparent that afc, < 10 % Cu sorption follows the order and the pH-effect on the adsorption/surface precipitation domair
HFO-CPT> HAO-CPT~ HFO-ADS> HAO-ADS. In this |n this figure, Cu solubility limits (solid and dashed lines) of the
lowerI'c, region, corresponding to a low sorbate/sorbent ratigurface precipitates formed during HAO-ADS and HFO-ADS
Cu removal occurs solely by adsorption. Previous studies cafte compared to that of Cu-PPT. These plots were construct
firm that HFO is a slightly better sorbent than HAO whelising the respective solubility product&.f,) of the surface pre-
adsorption dominates removal (9). However, at higher sorbaggfitates obtained from the isotherms {16 for HFO-ADS;
sorbent ratios, where removal is dominated by surface precig?*° for HAO-ADS; 16%8 for Cu-PPT). The data points cor-
itation, HAO exhibited greater removal than HFO. Quantitaespond to the residual soluble Cu (Cmeasured when gener-
tively, precipitation commences on the HAO surface when ttating solids for XRD analysis. For HFO-ADS and HAO-ADS, at
soluble Cu is roughly 1/10th the level needed to initiate preH < 7.5 and<< 5.6, respectively, the Gwalues are lower than
cipitation on the HFO surface. the levels dictated by the solubility of the surface precipitate

@ HAO-ADS (expt)
O HFO-ADS (expt)

4 HFO-ADS (SP)

log Cu,

&
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'0-ADS (pH 10.2)

HFO-ADS (pH 8.1)

HFO-ADS (pH 7.8)

Intensity
;;;

5

HFO-ADS (pH 5.9)

HFO (pH 6.0)

T T T

peaks at 7.6°, 10.8°, 14.9°, 17.6°, 18.2°, and 244dllik2ly result
from CuO(s) or Cu(OH)s), although not all their characteristic
peaks are observed. These patterns suggest the presence of t
in the sample precipitated either homogeneously or present on
HFO surface above pH 7.8. It is essential to note from Fig. 4 th.
patterns corresponding to surface Cu precipitation are observa
only at pH values greater than that corresponding to bulk precij
itation of Cu. Harvey and Linton (8) also found, using X-ray
photoelectron spectroscopy, that surface precipitation of Cu
HFO occurs only when bulk homogeneous precipitation ©
Cu(OH),(s) is favored.

HFO-CPT. Diffraction patterns were obtained for samples
at three different pH values under CPT conditions (Fig. 5). Th
pH 5.8 sample pattern resembles pure HFO. However,
contrast to HFO-ADS, the patterns for samples at higher p
(8.2 and 10.4) have no peaks characteristic of HCO (seconde
peaks surrounding the main ferrihydrite peak at 16}, ihdi-
cating the absence of surface Cu precipitation. It was difficu
to match patterns for HFO—CPT with those of a mixed (Fe, CL
oxide like copper-spinel [CuE8,(s)]. This spinel has major
peaks around 16° and 27.56,2vhich would be masked by the
major peaks for HFO. Therefore, unlike HAO-CPT discusse
below, XRD could not resolve whether mixed oxide formatior
or adsorption on HFO crystallites was the predominant mecl

30 2 2 13 14 10 6 anism for HFO-CPT.

Diffraction Angle °26 (Mo-Ko )
FIG. 4. X-ray diffraction patterns of HFO-ADS samples.

Therefore, under the experimental conditions used to generate the
XRD samples, surface precipitation is expected above pH 7.5 and
5.6, respectively, for HFO-ADS and HAO-ADS. Comparing
XRD patterns above and below these pH values can provide
insight into the type of interaction between Cu and the hydrous
oxides. Also, for Cy of 10 >4"M used in the XRD experiments,
homogeneous Cu precipitation (Cu-PPT) can be expected at pH
6.22 (based on Fig. 3).

Patterns for pure HFO and with Cu adsorbed at different pH
values are shown in Fig. 4. The XRD pattern for the pure HFO
at pH 6.0 is characteristic of a 2-line ferrihydrite (28) and,
though not shown, is similar to patterns for pure HFO at pH 7.8
and 10.4. With Cu adsorbed at pH 5.9, the pattern resembles
pure HFO but with greater disorder as indicated by shorter
peak heights. There are no peaks characteristic of hydrous Cu
oxide (HCO), suggesting no surface precipitation. The diffrac-
tion pattern obtained for HCO formed under Cu-PPT condi-
tions exhibited peaks at 14.9°, 16.2°, 17.6°, 22°, 25.95°, 27.3°,
29.2°, and 29.9° @ characteristic of CuO(s) and at 7.6°, 11.1°,
24.1°, and 28° 2 attributable to Cu(OH)s) (21, 22).

XRD patterns for the samples at pH 7.8, 8.1, and 10.2 show
new peaks not observed for the pH 5.9 sample. These samples
also have the characteristic 2-line ferrihydrite peaks. With increas-
ing pH, secondary peaks can be observed as shoulders around the
main ferrihydrite peak at of 16°@2 For the sample at pH 10.2 the

Intensity

<

5

HFO-CPT (pH 10.4)

HFO-CPT (pH 8.2)

HFO-CPT (pH 5.8)

HFO (pH 6.0)

T T T T ¥ T T T T T T
30 26 22 18 14 10

Diffraction Angle °26 (Mo-K « )

T 1
6

FIG. 5. X-ray diffraction patterns of HFO—CPT samples.
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HAO-CPT (pH 8.7)

HAO-ADS (pH 7.9)

HAQ-ADS (pH 7.6)

HAO-ADS (pH 5.6)

HAO-ADS (pH 5.2)

HAO (pH 6.5)

32 28 24 20 16 12 8

-

Diffraction Angle °26 (Mo-K o)
FIG. 6. X-ray diffraction patterns of HAO-ADS samples.

a monolayer coverage (29-32). Besides possessing high s
face coverage, the reaction time in our study (45 min) was als
adequate for surface precipitation. Scheideggeral. (32)
found that during Ni(ll) sorption on pyrophyllite, surface pre-
cipitates were observed after about 15 min reaction time.

The XRD pattern for HFO—ADS at pH 5.9 (Fig. 4) does not
indicate surface precipitate formation, although XRD is les
sensitive than EXAFS. Based on surface coverage calculatior
about 68% of the total sorption sites were occupied by Cu «
pH 5.9. With HFO-ADS, XRD patterns begin to show evi-
dence of precipitate formation (pH 7.8) when the surfac
coverage is about 75%. It thus appears that surface precipi
tion occurs at a lower pH and coverage during adsorption on
HAO than that onto HFO. XRD seems to provide a simple an
convenient tool in this case for distinguishing surface adsory
tion from a precipitation reaction.

HAO-CPT. The diffraction tracings for HAO-CPT (Fig.
7) differ markedly from that of pure HAO. At pH 8.7, the peak
positions at 16.8°, 20.4°, and 28.48 2an be attributed to a
mixed (Al, Cu) oxide—CuAJO,(s) (22) [a peak at 14.27°62
for CuAlL,O,(s) was not observed]. The relative peak intensitie
also match well with those for CuhD,(s). Based on the
evidence, we conclude that a mixed (Al, Cu) oxide forms
during HAO-CPT.

HAO-ADS. The diffraction patterns for HAO-ADS are = Since the diffraction patterns are similar for HAO—ADS
shown in Fig. 6. The pattern at pH 5.2 and pH 4.9 (not showgbove pH 5.6) and HAO-CPT, it suggests that surface pr
resembles that of HAO at pH 6.5 [XRD patterns for HAGipitation under HAO-ADS conditions also resulted in the
obtained up to pH< 9 (not shown) are also similar to those oformation of a mixed oxide. Mixed metal oxides typically have
the pH 6.5 sample]. Diffraction patterns start to deviate frofgwer solubilities than their pure counterparts (26). Our mac

that of pure HAO at pH> 5.6, but peaks characteristic of
Cu(OH),(s) and CuO(s) are not observed. Therefore, from Fig.
6 one can surmise that during HAO—-ADS, adsorption appears
to be the dominant reaction below pH 5.6, above which surface
precipitation of a solid solution dominates removal. Also, the
patterns for HAO—ADS at pH above 5.5 are similar to those of
HAO-CPT (Fig. 6 [topmost pattern] and Fig. 7). In contrast to
HFO-ADS, patterns indicative of surface Cu precipitation are
evident during HAO-ADS at pH 5.6. This pH value is lower
than that required for homogeneous precipitation.

Surface coverage for the different HAO-ADS samples was
calculated assuming the 0.25 mol Cu adsorption sites/mole Al
obtained from our HFO-ADS isotherm. Under HAO-ADS
conditions, 8.7x 10°° total sites are available for Cu adsorp-
tion. Based on Cu removal at pH 5.6 and 5.2, about 61.4 and
21.2%, respectively, of the total HAO surface sites are occu-
pied by Cu.

The surface coverage at pH 5.6 is sufficient to induce surface
precipitation. Xiaet al. (14), using EXAFS, showed that Cu(ll)
hydroxide clusters form on silica surfaces even at surface
loadings as low as 0.8% of a monolayer coverage. Charlet and
Manceau (4) present evidence for multinuclear Cr(l1l) complex
formation on HFO at surface coverage of 10%. Similarly, other
EXAFS studies indicate the formation of Co(ll), Cr(lll), and
Ni(Il) polynuclear species at surface coverages as low as 5% of

HAO-CPT (pH8.7)

HAO-CPT (pH 7.2)

HAO-CPT (pH 6.2)

HAO (pH 6.5)

o

32 28 24 20 16 12 8 4

Diffraction Angle °26 (Mo-Ko<)

FIG. 7. X-ray diffraction patterns of HAO-CPT samples.
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