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Isotherms were developed at pH 6.9 for adsorption (ADS) and
oprecipitation (CPT) of Cu by hydrous oxides of Fe (HFO) and Al
HAO) to study the role of sorbate/sorbent ratio in metal cation
emoval. For low sorbate/sorbent conditions, HFO had a higher Cu
etention capacity than HAO regardless of contact methodology.
or either oxide, CPT was consistently more effective than ADS in
emoving Cu from solution. At high sorbate/sorbent ratios, surface
recipitation dominates and the oxide’s net cation retention ca-
acity depends on the nature and solubility of the precipitate
ormed at the oxide–water interface. X-ray diffraction patterns
nd isotherms of HAO for both ADS and CPT suggest formation
f a solid solution [e.g., CuAl2O4(s)] with dramatically lower
olubility than Cu(OH)2(s) precipitated in bulk solution. In con-
rast, Cu precipitated on the HFO surface exhibited a solubility
omparable to the bulk precipitated Cu(OH)2(s). Therefore, at
igh sorbate/sorbent ratios, HAO has a higher Cu “apparent”
orption capacity than HFO. The relative utility of these oxides as
etal scavengers thus depends markedly on sorbate/sorbent

onditions. © 1999 Academic Press

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

INTRODUCTION

Hydrous oxides of iron (HFO) and aluminum (HAO) a
mportant mineral components of natural systems. Thes
des have a high capacity to sorb heavy metals and thus p
ignificant role in controlling their availability and mobility
he environment. As strong sorbents, these oxides can a
mployed to treat industrial and municipal wastewaters

aining heavy metals.
Depending on the relative concentrations and contact m

ds, interactions between hydrous oxides and metals, ca
lude: (a)adsorption,a surface complexation reaction betw
urface sites and metal sorbates; (b)surface precipitation
ormation of a multilayer solid phase on the oxide surface
nd (c)coprecipitation,the simultaneous precipitation of t
orbate ion with the hydrous oxide phase. These process
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niversity, 208 Agricultural Sciences & Industries Building, University P
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equires analytical methods with molecular-scale resolu
2). Depending on the type of interaction, metals exhibit
erent solubilities that can dramatically alter environme
obility and removal efficiency during wastewater treatm
Numerous studies of metal sorption by hydrous oxides

vailable (3–14), with relatively few considering coprecip
ion as a potential mechanism (4, 5, 10–13). In an ea
ublication, we compared adsorption and coprecipitation o
ith HFO and HAO as a function of pH (15). While most pr

nvestigations have focused on very low sorbate-to-sor
e.g., Cu/Fe) ratios (,0.01), a wider range is required to stu
he transition between adsorption and surface precipita
ecently, Katz and Hayes (16, 17) used surface polymeriz

eactions to model the transition between adsorption and
ipitation. The primary objective of this study was, theref
o investigate the interaction of Cu with HFO and HA
ocusing on the effect of sorbate-to-sorbent ratio and the o
f surface precipitation. X-ray diffraction was used to asce

he nature of Cu interaction with the oxide surface.

MATERIALS AND METHODS

HFO and HAO were prepared from ferric chloride [FeC3 z
H2O] and aluminum sulfate [alum, Al2(SO4)3 z 16H2O], salts

hat are commonly used in water treatment. Although a
ype (Cl2 vs SO4

22) may influence precipitate morpholo
18–20), it does not significantly affect the amount of
orbed under the conditions of this study (21). The sur
reas of HFO and HAO were determined by BET-N2 adsorp

ion to be 187 and 99 m2/g, respectively. Experiments we
onducted at pH 6.96 0.05 with FeT and AlT concentrations o
023 M. Assuming negligible soluble Fe/Al, ionic strength

he HFO and HAO systems was 0.0135 and 0.0122 M, res
ively. Prior to each experiment, fresh FeCl3 and alum solu
ions were prepared and adjusted to pH, 2.2 and, 3.5,
espectively, to prevent premature precipitate formation.
u stock solution was prepared from reagent-grade c
hloride [CuCl2 z 2H2O]. All solutions were made using di
illed-deionized water and reaction beakers were soake
0% HNO3 for 16 h prior to use. The pH adjustments w

tate
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73Cu SORPTION ON HYDROUS OXIDES OF Fe AND Al
ade with 0.02–1 N KOH and all experiments were condu
t 186 0.5°C.
Batch experiments were performed in 150-mL beakers
reaction time of 45 min used to study the initial sorp

rocess and mimic full-scale flocculation (3, 5). Solutions w
ixed with a magnetic stirrer operated at 40 rpm. Ge
ixing conditions (velocity gradient5 5–10 s21) were em
loyed to facilitate stable floc formation.

Adsorption experiments.For adsorption experimen
ADS), hydrous oxide colloids were preformed by gradu
ncreasing the pH of a 100-mL solution of alum or FeCl3. After
ging the hydrous oxide suspensions for 10 min, 5 mL o
olution was added and the suspension was mixed.

Coprecipitation experiments.Coprecipitation experimen
CPT) involved the formation of hydrous oxide colloid in
resence of Cu. The alum or FeCl3 and Cu solutions wer

nitially combined, the pH was slowly increased to the ta
evel, and the system was mixed. After equilibration, pH

easured and the suspension was allowed to settle for 20
he samples were then filtered through a 0.45-mm (Millipore)
lter. The filtrate was acidified to pH, 2 and Cu was analyze
sing flame atomic absorption spectrophotometry (Cu d

ion limit 5 2 mg/L). To account for metal sorption onto t
eaction vessels, blanks (no FeCl3/alum addition) were run fo
ll experiments. It is important to realize that the abbreviat
DS and CPT used herein refer to experimental protocol
ot necessarily the nature of the sorbate/sorbent interact

X-ray diffraction. X-ray diffraction (XRD) analysis was co
ucted to characterize the oxides generated as above with
olar ratio of 0.18 and Cu/Al molar ratio of 0.21 [FeT 5 0.01875
; Al T 5 0.0161 M; CuT 5 0.003415 M]. Samples were pr
ared under a variety of pH conditions to provide a rang
urface Cu coverages. After reaction and settling, the solids

FIG. 1. Sorption isotherms for HFO–ADS and HFO–CPT. CuT is the tota
oluble concentration andGCu is the Cu sorption density (mol Cu sorbed/m
e added). HFO was obtained by the addition of 1023M as Fe31 of FeCl3 z

H2O. Cusat 5 1023.8M from the Cu-PPT data in Karthikeyanet al. (15).
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or at least 16 h, and then subjected to XRD analysis. U
therwise noted, solid phases were identified using the sta
d” spacing for minerals given in powder diffraction files (22)
hose found in the literature for similar compounds. All patte
ere collected using a Phillips diffractometer (MoKa radiation,
aximum intensity5 300 counts).

RESULTS AND DISCUSSION

The effect of sorbate-to-sorbent ratio on adsorption
oprecipitation is illustrated using sorption isotherms (Fig
nd 2) wherein soluble Cu concentration (log CuT) is plotted
gainst the sorption density (logGCu, whereGCu is mol Cu
orbed/mol Fe or Al added). In a double logarithmic form
hese isotherms typically have an initial region with unit sl
t low CuT (called “linear,” since a unit slope in log–log form
esults in a linear arithmetic plot), a Freundlich region with
han 1:1 slope, and a saturation region corresponding to
ccupancy of sorbent reactive sites (6). As detailed below

inear and Freundlich portions reflect removal of Cu by
orption (i.e., surface complexation reactions). At higherT
alues, near the concentration sufficient for homogeneous
ipitation of the sorbate,GCu increased sharply with CuT. This
egion corresponds to metal removal by precipitation react

FO–ADS

For the HFO–ADS system (Fig. 1), the concentration of s
ith high binding strength (Type 1 sites) can be obtained f

he GCu value at termination of the linear portion of the i
herm (23). From Fig. 1, the Type 1 site density was 0.028

FIG. 2. Sorption isotherms for HAO–ADS and HAO–CPT. CuT is the
otal soluble concentration andGCu is the Cu sorption density (mol C
orbed/mol Al added). HAO was obtained by the addition of 1023M as Al31

f Al2(SO4)3. 16H2O. Cusat 5 1023.8M from the Cu-PPT data in Karthikeya
t al. (15).
o
e
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74 KARTHIKEYAN, ELLIOTT, AND CHOROVER
igher than values reported in Dzombak and Morel (23).
ype 2 site density (total reactive sites), which correspon

heGCu at the saturation region, is 0.25 mol Cu/mol Fe (logGCu

20.6). This value is slightly higher than that of 0.2 repor
n Dzombak and Morel (23). Estimates of site densities d
etween studies because they are affected by pH and
oncentration (23). Isotherms reported by Dzombak and M
23) were obtained at pH, 5.5. The use of a higher pH (6.
n this study could account for the higher Types 1 and 2
ensities measured.
The linear region for HFO–ADS extended to CuT of 1026.4

and the Freundlich region (slope of 0.7) to between CuT of
026.4 and 1024.5 M. At GCu approaching site saturation v
es, the sorption isotherm should level off. However, asT

ncreases above 1024.2 M, there is an increase inGCu, presum
bly signaling the onset of surface precipitation of Cu. At h
urface coverage, cation adsorption may lead to the form
f a surface precipitate (24). In theory, precipitative rem
hould exhibit a near-vertical isotherm (i.e., a stability bou
ry). However, laboratory isotherms exhibit a gradual (fi
lope) increase inGCu, which, according to Farleyet al. (7),
ndicates a continuum between surface reactions and pr
ation. The solubility product of the surface precipitate (KspCu)
ormed during HFO–ADS calculated to be 109.46 is slightly
ower than that of 109.88obtained for homogeneous Cu prec
tation (Cu-PPT).KspCu is defined as {Cu21}/{H 1} 2, where
Cu21} was obtained from the mean CuT values (1024.11M for
FO–ADS) corresponding to the best-fit of data in the sur
recipitation region. We assumed that [{CuT} 5 [{Cu21} 1
CuOH1} 1 {Cu(OH)2

0} 1 {Cu(OH)3
2} 1 {Cu(OH)4

22}].
quilibrium constants for the hydrolysis reactions of C21

ere obtained from Stumm and Morgan (24). For Cu-P
uT of 1023.8 M at pH 6.9 was obtained by the extrapolat
f our Cu-PPT data (15). Therefore, the surface precip

ormed on HFO had a slightly lower solubility compared
hat seen with homogeneous Cu(OH)2(s) under similar expe
mental conditions. The shape of our HFO–ADS isoth
onforms to that developed by Van Cappellen (25) [reporte
tumm and Morgan (24), Fig. 13.29, pp. 812–816] for in
ction involving adsorption followed by surface precipitat
ia heterogeneous nucleation.
Formation of a solid phase may proceed via homogen

ucleation (when the critical supersaturation ratio is excee
r at lower saturation ratio on a suitable nucleating surf
.g., the process of heterogeneous nucleation (24). There
olid phase formed heterogeneously could have a sli
ower solubility than the homogeneous phase, especia
ufficient reaction time is not available during the latter pro
o attain equilibrium. However, if the Cu21 ion is incorporate
s a minor constituent in a solid solution (e.g., FexCu12xOOH),
u solubility should be significantly lower than with the p
u(OH)2(s) phase (24, 26). With heterogeneous nucleation

nterface is fixed and there is no migration of ions across
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nvolves a mixing zone where the sorbate and sorbent ion
ntermingled and thus susceptible to simultaneous incorp
ion into a single lattice. Whereas heterogeneous nucle
an reduce the extent of supersaturation necessary to in
recipitation, solid solution formation facilitates precipitat
t conditionsundersaturatedwith respect to a pure phase (2
ince the surface precipitate formed during HFO–ADS
nly slightly less soluble than Cu-PPT, it implies that H
articles simply nucleate precipitation of Cu(OH)2(s) and ther

s no solid solution formation. This assertion is supported
he XRD data provided in a later section.

FO–CPT

The isotherms for HFO–CPT and HFO–ADS are ne
arallel over the entire log CuT range and the breakpoin
etween regions occur at similar CuT (Fig. 1). Such behavio
as also been observed for Cr(III) adsorption and coprec

ion by HFO (4). For HFO–CPT the site densities are hig
han for HFO–ADS, with the Type 1 density being 0.066
u/mol Fe (logGCu 5 21.18) and the Type 2 site dens
eing equal to 0.437 (logGCu 5 20.36), the latter being i
ood agreement with the value of 0.42 observed for Cr(III
harlet and Manceau (4).
Using extended X-ray absorption fine structure spectros

EXAFS), Charlet and Manceau (4) showed that du
FO–CPT of Cr(III) a mixed Fe–Cr oxyhydroxid

Fe0.994Cr0.006OOH) phase is formed. In contrast, Waychu
t al. (13) did not observe a new oxyhydroxide phase du
s(V) coprecipitation with HFO despite aGAs as high as 0.
ol As/mol Fe. This highGAs was attributed to adsorption
s(V) during the growth of HFO crystallites. During HFO
PT, As(V) apparently adsorbs onto extremely small H
nits that are either a single Fe octahedron or a dioctah
hain. Therefore, there is a tremendous increase in surfac
vailability during coprecipitation since As(V) is adsorb
uring Fe–O–Fe polymerization.
The highGCu (0.437) of this work warrants comment. Giv

he measured specific surface (187 m2/g) and Fe content (63%
f HFO, the site density corresponding to thisGCu is 15.8
ites/nm2. In modeling Co(II) adsorption bya-Al2O3, Katz and
ayes (16) found an optimal site density of only 2–3 sites/n2.
site density of 2.5 sites/nm2 requires a surface area of 11
2/g to yield aGCu of 0.437. Therefore, enhanced Cu remo
uring HFO–CPT was likely to be more than a simple sur
rea effect and could be attributed to a combination o
ixed (Fe, Cu) oxyhydroxide formation and (b) adsorptio
u during the growth of HFO crystallites. As with HFO–AD

he HFO–CPT isotherm increases sharply at log CuT values
lose to that of Cusat observed during Cu-PPT.

AO–ADS and HAO–CPT

The HAO isotherms (Fig. 2) have similar shape to thos
FO. The linear region extends to CuT of 1026.6 M (compa-
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educed to a CuT of 1025.4 M (an order of magnitude lowe
han observed for HFO). The Type 1 site densities were 0
ol Cu/mol Al (log GCu 5 22.05) and 0.013 (logGCu 5
1.88) for HAO–ADS and HAO–CPT, respectively, bo

ower than for HFO. The Type 2 site densities, determ
rom the abrupt change in slope at log CuT ' 25.4, were 0.06
log GCu 5 21.2) and 0.1 (logGCu 5 21.00) for HAO–ADS
nd HAO–CPT, respectively, much lower than the value
ected for amorphous oxide sorbents. This could reflect in

ent surface precipitation at more than an order of magn
ower CuT of 1025.4 M compared to Cusat (1023.8 M). The

spCu of the surface precipitate formed during HAO–ADS
08.35 (mean CuT 5 1025.22 M). Because surface precipitati
ccurred at lower CuT, the saturation region was not obser

n the HAO isotherms, resulting in low Type 2 site densit
At GCu below 1021, HAO–CPT appears to enhance

orption compared to that seen with HAO–ADS. The ma
ude of this enhancement, however, is lower than for HFO
). Surface precipitates formed under both adsorption
oprecipitation conditions for HAO have similar solubiliti
rom these experiments, a coprecipitate cannot be unam
usly distinguished from a discrete mixture of Al and
hydr)oxides. However, the significant lowering of Cu solu
ty (1.5 orders of magnitude) associated with this sur
recipitation is consistent with formation of a solid solut
i.e., mixed Al, Cu oxide). Since HFO is less soluble than H
from our residual Fe/Al measurements), higher aqueou
ight increase the tendency to form a solid solution. Figu
lso indicates the Cusat for tenorite [CuO(s)] formation. Th
nset of surface precipitation occurs at soluble levels hi

han Cusatfor CuO(s) but lower than Cu(OH)2(s). These resul
ould also be explained by invoking the formation of a m
rystalline Cu (hydr)oxide phase in the presence of H
ompared to the homogeneously precipitated Cu(OH2(s).
owever, given the relatively short reaction time, such a
atic change in the crystallinity of Cu (hydr)oxide solid ph

s less plausible than solid solution formation. The shape
ur HAO isotherms are also remarkably similar to those
osed in Van Cappellen (25) for systems where solid solu

ormation occurs.
Upon comparison of all the isotherms in Figs. 1 and 2,

pparent that atGCu , 1021.2, Cu sorption follows the orde
FO–CPT. HAO–CPT' HFO–ADS. HAO–ADS. In this

owerGCu region, corresponding to a low sorbate/sorbent r
u removal occurs solely by adsorption. Previous studies
rm that HFO is a slightly better sorbent than HAO wh
dsorption dominates removal (9). However, at higher sor
orbent ratios, where removal is dominated by surface pr
tation, HAO exhibited greater removal than HFO. Quan
ively, precipitation commences on the HAO surface when
oluble Cu is roughly 1/10th the level needed to initiate
ipitation on the HFO surface.
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HFO–ADS. In an earlier publication (15), we investigat
DS/CPT of Cu by HFO and HAO using pH as the ma
ariable. The surface Cu loadings, and therefore the natu
u interaction with the surface, will be influenced by pH.
ith the sorption isotherms, in the pH-edge study we fo

hat below pH 6.5 (low removal conditions and hence lowGCu)
FO–ADS resulted in greater Cu uptake than HAO–A
owever, above pH 6.5, HAO–ADS consistently produ
igher Cu removal than HFO–ADS. The fact that HAO–A
as more efficient than HFO–ADS could be attributed to
nset of surface precipitation at a lower surface cove
ence lower pH, in the presence of HAO compared to H
RD patterns for solids generated at different pH values
onstant [Cu]T loading) will be used to distinguish adsorpt
rom surface precipitation. Specifically, the XRD data will
sed to discern the nature of surface precipitation reaction
olid solution formation versus heterogeneous nucleation
elieved (27) that simple adsorption does not alter oxide cr
imensions, whereas solid solution formation will change

ice geometry and, in turn, XRD patterns.
Figure 3 illustrates the link between the sorption isotherm

nd the pH-effect on the adsorption/surface precipitation dom
n this figure, Cu solubility limits (solid and dashed lines) of
urface precipitates formed during HAO–ADS and HFO–A
re compared to that of Cu-PPT. These plots were constr
sing the respective solubility products (KspCu) of the surface pre
ipitates obtained from the isotherms (109.46 for HFO–ADS;
08.35 for HAO–ADS; 109.88 for Cu-PPT). The data points co
espond to the residual soluble Cu (CuT) measured when gene
ting solids for XRD analysis. For HFO–ADS and HAO–ADS
H , 7.5 and, 5.6, respectively, the CuT values are lower tha

he levels dictated by the solubility of the surface precipi

FIG. 3. Solubility of surface precipitates (SP) formed during HAO–A
nd HFO–ADS in comparison to Cu-PPT. [KspCus of the surface precipitat
ere obtained from the isotherms. Experimental (expt.) data plotted
pond to residual soluble Cu levels measured when obtaining solids for
nalysis].
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herefore, under the experimental conditions used to genera
RD samples, surface precipitation is expected above pH 7.
.6, respectively, for HFO–ADS and HAO–ADS. Compar
RD patterns above and below these pH values can pr

nsight into the type of interaction between Cu and the hyd
xides. Also, for CuT of 1022.47M used in the XRD experiment
omogeneous Cu precipitation (Cu-PPT) can be expected
.22 (based on Fig. 3).
Patterns for pure HFO and with Cu adsorbed at differen

alues are shown in Fig. 4. The XRD pattern for the pure H
t pH 6.0 is characteristic of a 2-line ferrihydrite (28) a

hough not shown, is similar to patterns for pure HFO at pH
nd 10.4. With Cu adsorbed at pH 5.9, the pattern resem
ure HFO but with greater disorder as indicated by sh
eak heights. There are no peaks characteristic of hydrou
xide (HCO), suggesting no surface precipitation. The diff

ion pattern obtained for HCO formed under Cu-PPT co
ions exhibited peaks at 14.9°, 16.2°, 17.6°, 22°, 25.95°, 2
9.2°, and 29.9° 2u characteristic of CuO(s) and at 7.6°, 11
4.1°, and 28° 2u attributable to Cu(OH)2(s) (21, 22).
XRD patterns for the samples at pH 7.8, 8.1, and 10.2 s

ew peaks not observed for the pH 5.9 sample. These sa
lso have the characteristic 2-line ferrihydrite peaks. With inc

ng pH, secondary peaks can be observed as shoulders arou
ain ferrihydrite peak at of 16° 2u. For the sample at pH 10.2 t

FIG. 4. X-ray diffraction patterns of HFO–ADS samples.
the
nd

de
s

pH

H

,
8
les
r

Cu
-

i-
°,

,

w
les
s-
the

rom CuO(s) or Cu(OH)2(s), although not all their characteris
eaks are observed. These patterns suggest the presence

n the sample precipitated either homogeneously or present
FO surface above pH 7.8. It is essential to note from Fig. 4
atterns corresponding to surface Cu precipitation are obse
nly at pH values greater than that corresponding to bulk pr

tation of Cu. Harvey and Linton (8) also found, using X-
hotoelectron spectroscopy, that surface precipitation of C
FO occurs only when bulk homogeneous precipitation
u(OH)2(s) is favored.

HFO–CPT. Diffraction patterns were obtained for samp
t three different pH values under CPT conditions (Fig. 5).
H 5.8 sample pattern resembles pure HFO. Howeve
ontrast to HFO–ADS, the patterns for samples at highe
8.2 and 10.4) have no peaks characteristic of HCO (seco
eaks surrounding the main ferrihydrite peak at 16° 2u), indi-
ating the absence of surface Cu precipitation. It was diffi
o match patterns for HFO–CPT with those of a mixed (Fe,
xide like copper-spinel [CuFe2O4(s)]. This spinel has majo
eaks around 16° and 27.5° 2u, which would be masked by th
ajor peaks for HFO. Therefore, unlike HAO–CPT discus
elow, XRD could not resolve whether mixed oxide forma
r adsorption on HFO crystallites was the predominant m
nism for HFO–CPT.

FIG. 5. X-ray diffraction patterns of HFO–CPT samples.
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HAO–ADS. The diffraction patterns for HAO–ADS a
hown in Fig. 6. The pattern at pH 5.2 and pH 4.9 (not sho
esembles that of HAO at pH 6.5 [XRD patterns for HA
btained up to pH, 9 (not shown) are also similar to those

he pH 6.5 sample]. Diffraction patterns start to deviate f
hat of pure HAO at pH. 5.6, but peaks characteristic
u(OH)2(s) and CuO(s) are not observed. Therefore, from
one can surmise that during HAO–ADS, adsorption app

o be the dominant reaction below pH 5.6, above which su
recipitation of a solid solution dominates removal. Also,
atterns for HAO–ADS at pH above 5.5 are similar to thos
AO–CPT (Fig. 6 [topmost pattern] and Fig. 7). In contras
FO–ADS, patterns indicative of surface Cu precipitation
vident during HAO–ADS at pH 5.6. This pH value is low

han that required for homogeneous precipitation.
Surface coverage for the different HAO–ADS samples

alculated assuming the 0.25 mol Cu adsorption sites/mo
btained from our HFO–ADS isotherm. Under HAO–A
onditions, 8.73 1020 total sites are available for Cu adso
ion. Based on Cu removal at pH 5.6 and 5.2, about 61.4
1.2%, respectively, of the total HAO surface sites are o
ied by Cu.
The surface coverage at pH 5.6 is sufficient to induce su

recipitation. Xiaet al.(14), using EXAFS, showed that Cu(
ydroxide clusters form on silica surfaces even at sur

oadings as low as 0.8% of a monolayer coverage. Charle
anceau (4) present evidence for multinuclear Cr(III) com

ormation on HFO at surface coverage of 10%. Similarly, o
XAFS studies indicate the formation of Co(II), Cr(III), a
i(II) polynuclear species at surface coverages as low as 5

FIG. 6. X-ray diffraction patterns of HAO–ADS samples.
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ace coverage, the reaction time in our study (45 min) was
dequate for surface precipitation. Scheideggeret al. (32)

ound that during Ni(II) sorption on pyrophyllite, surface p
ipitates were observed after about 15 min reaction time
The XRD pattern for HFO–ADS at pH 5.9 (Fig. 4) does

ndicate surface precipitate formation, although XRD is
ensitive than EXAFS. Based on surface coverage calcula
bout 68% of the total sorption sites were occupied by C
H 5.9. With HFO–ADS, XRD patterns begin to show e
ence of precipitate formation (pH 7.8) when the sur
overage is about 75%. It thus appears that surface prec
ion occurs at a lower pH and coverage during adsorption
AO than that onto HFO. XRD seems to provide a simple
onvenient tool in this case for distinguishing surface ads
ion from a precipitation reaction.

HAO–CPT. The diffraction tracings for HAO–CPT (Fi
) differ markedly from that of pure HAO. At pH 8.7, the pe
ositions at 16.8°, 20.4°, and 28.4° 2u can be attributed to
ixed (Al, Cu) oxide—CuAl2O4(s) (22) [a peak at 14.27° 2u

or CuAl2O4(s) was not observed]. The relative peak intens
lso match well with those for CuAl2O4(s). Based on th
vidence, we conclude that a mixed (Al, Cu) oxide fo
uring HAO–CPT.
Since the diffraction patterns are similar for HAO–A

above pH 5.6) and HAO–CPT, it suggests that surface
ipitation under HAO–ADS conditions also resulted in
ormation of a mixed oxide. Mixed metal oxides typically ha
ower solubilities than their pure counterparts (26). Our m

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

Cu removal from aqueous solutions at circumneutral pH
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ethodology. Under both ADS and CPT, higher Cu sorp
as observed with HFO than HAO at low sorbate/sor
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ontaminated waste source, on an equimolar basis, HAO m
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ndicating either mixed oxide formation or continual repl
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