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Abstract

Hydrous amorphous Al (HAO), Fe (HFO), and Mn (HMO) oxides are ubiquitous in the subsurface as both discrete particles and coatings
and exhibit a high affinity for heavy metal contaminants. To assess risks associated with heavy metals, such as Pb, to the surrounding
environment and manage remedial activities requires accurate m&ahamodels with well-defined transport parameters that represent
sorption processes. Experiments were conductestdluate Pb sorption to microporous Al, Bed Mn oxides, as well as to montmorillonite
and HAO-coated montmorillonite. Intraparticle diffusion, a natural attenuating process, was observed to be the rate-limiting mechanism in
the sorption process, where best-fit surface diffusivities ranged from®1 10-1° cm? s—1. Specifically, diffusivities of Pb sorption to
discrete aluminum oxide, aluminum oxide-coated montmorillonite, and montmorillonite indicated substrate surface characteristics influence
metal mobility where diffusivity increased as affinity decreased. Furthermore, the diffusivity for aluminum oxide-coated montmorillonite
was consistent with the concentrations of the individual minerals present and their associated particle size distributions. These results sugges
that diffusivities for other coated systems can be predicted, and that oxide coatings and montmorillonite are effective sinks for heavy metal
ions.
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1. Introduction pected to be complicated given the varying composition of
the interfaces.

Heavy metals such as lead (Pb) released into the sub- Amorphous oxide m.merals of e;lumm_um, |Iron, ?nd man-
surface pose a threat to human health and the surroundinggf'Jmese occquas cogtmgs on other mineral surfaces or as
environment. Concerns about the detrimental effects havel!SCrete particles, and are persistent in aquatic environments

resulted in extensive research efforts to better understano{s'7_10] They have large surface areas, porous structures,

processes involved in the fate and transport of these contam@1d @n abundance of binding sites; therefore, they have a
inants in subsurface systems. Substantial studies have showﬁ'gr"f_'Cant impact on contaminant mo'?"'tyl'lzl In the

that trace metals are strongly associated with the particu-,Sorptlon of heavy metals to hyd'rous OXIdeS., numerous stud-
late phases in aquatic environmefiis6]. These particulate ies have de_monstrate@ that this process Is a two-step one
phases are composed of a diverse mixture of clay miner- [13_2_8] rapid adsorption gf metal ons tp th? external sur-
als, metal oxides, and organic ttex. Therefore, the sorption face is followed by slow intraparticle diffusion along the

of metals in natural aquatic and/or soil environments is ex- micropore walls of th? oxide. Benjamin and Leckls]
observed that adsorption of Cd, Zn, Cu, and Pb on amor-

phous iron oxyhydroxide was initially fast followed by a
* Corresponding author. Fax: +1-973-596-5790. much slower second step. Barrow et[al] studied adsorp-
E-mail address: axe@adm.njit.ed(i. Axe). tion kinetics of Ni, Zn, and Cd on goethite and concluded
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that the observed two-step kinetics corresponded to a fasttyrosinase sorption on hyolxyaluminum-montmorillonite

initial adsorption reaction followed by slow diffusion of the
metal ions into the goethite. Fuller et 5] found that sorp-
tion of arsenate on hydrous ferric oxide proceeded in two

increased with increasing coating from 1 to 5 mmoJ @&l
clay.
In this research, systematic studies were conducted to

steps with a fast uptake on the exterior of the aggregate andassess Pb sorption to microporous Al, Fe, and Mn oxides.
a slow uptake limited by the rate of intraparticle diffusion. Studies included long-term ones to investigate intraparti-
Papelis et al[17] investigated cadmiurand selenite adsorp-  cle surface diffusivities. In addition, Pb sorption on mont-
tion on aluminum hydroxides and found uptake is controlled morillonite and HAO-coated montmorillonite was evalu-
by intraparticle diffusion. Recently, Axe and co-workers ated. Montmorillonite is one of the most prevalent clays
[18,19,22-24,27¢onducted a series of sorption studies that in soils and sediments and possesses a large specific sur-
included Sr, Cd, Zn, and Ni on amorphous Al (HAO), Fe face ared39,40] A number of studies have been conducted
(HFO), and Mn (HMO) oxides. In addition to adsorption with montmorillonite coated Al or Fe oxyhydroxi@41-43]
edges and isotherms, they used constant boundary conditioio simulate natural settings; however, long-term sorption
(CBC) semi-batch experiments, where the bulk adsorbateprocesses have not been inigated to the same extent as in
concentration was maintained approximately constant for all discrete oxide systems. Therefore, Pb sorption was investi-
times. They found intraparticle diffusion was an important gated for HAO-coated montmorillonite and compared to that
and rate-limiting process in sorption. Scheinost etf2b] of discrete oxide systems.
measured Cu and Pb sorption as a function of ferrihydrite
morphology, temperature, metampetition, and fulvic acid
concentration over a period of two months, in which sur- 2. Materialsand methods
face diffusion was recognized as the limiting process. Manju
et al. [26] conducted an investigation into the sorption of Sorption studies were conducted with freshly precipitated
heavy metals, including Pb, Hg, and Cd, from wastewater oxides at 25C. All chemicals used in oxide precipitation
by polyacrylamide-grafted iron (l11) oxide. Intraparticle dif- were reagent grade and only Millipore-Q Type | deion-
fusion of metal ions through pores was shown to be the ized water was employed. All systems were prepared in
rate-limiting step. For porous surfaces such as Al, Fe, and carbonate-free environment by purging with.NHAO was
Mn oxides, where the average pore size is greater than orsynthesized according to theethod described by Gadde
equal to 1.9 nn{18,22] the distribution falls into the IU-  and Laitinen[44] and others[45-47] by drop-wise ad-
PAC classification of micro- and mesopores which is based dition of stoichiometric mounts of NaOH to aluminum
on gas—solid systems. However, in the aqueous phase, poraitrate solution which was aged for 4 h prior to the sorp-
surfaces are hydrated, resulting in potentially layers of water tion experiment. Using the method detailed by Gadde and
adsorbed to these pore wa]B9]. Therefore, the mesopores Laitinen [44], HMO was prepared by slowly adding man-
may act as micropores. Based on previous studies, intraparti-ganese nitrate to alkaline sodium permanganate solution.
cle diffusion of heavy metalin hydrous oxides is a critical The HMO suspension was then centrifuged, rinsed, and
step in sorption and plays an important role in fate and trans- redispersed in sodium nitrate solution at pH 7 where it
port of metal contaminants in subsurface environments. was aged for 16 h. HFO was precipitated as described by
Many studies have also revealed that hydrous iron, man- Dzombak and More[48]; briefly, NaOH is slowly added
ganese, and aluminum oxide coatings substantially affectto Fe(NG)3 solution. The suspension is aged with constant
sorption behaviof3-5,10,30-38]For example, Levy and  mixing for 4 h at a pH of 7 to 7.5. Additional details for
Tamurg[30] observed that aluminum oxide-coated montmo- synthesizing HAO, HFO, and HMO are described elsewhere
rillonite exhibited calcium—magnesium exchange properties [18,22] Montmorillonite used in the study has been treated
different from those of pure montmorillonite. Lion et §3] (Swy-2, Clay Mineral Society), and included removal of
found Fe/Mn hydrous oxides and organic coatings controlled carbonate, iron and manganese oxides, and organic mat-
Cd and Pb sorption in the South San Francisco Bay estu-ter in accordance with Kunze and Dix¢49] and O’Day
ary. Knocke et al[31] reported in a review that Mn oxide et al. [50]. HAO-coated montmorillonite was prepared by
potentially deposits on filtration media in water treatment fa- drop-wise addition of an Al(Ng)3 solution to the montmo-
cilities increasing Mn removal. Edwards and Benjaifi3ig] rillonite suspension, which was followed by pH adjustment
found that iron oxide-coated sand had similar properties to to 7.0 with 0.5 M NaOH. The suspension was mixed for 2 h,
discrete Fe oxide in removing metals over a wide pH range. centrifuged, washed repeatedly with deionized water, and
Van Benschoten et gl33] observed that iron oxide surface then freeze-dried. In an effort to assess the capacity of mont-
coatings reduce metal extraction efficiency from sandy soils. morillonite for the coating, a range of Al loadings (0.09,
Lothenbach et al[35] showed that at pH- 6 aluminum 0.18, 0.27, 0.54, 0.81, and 1.08 g/4lclay) were applied.
oxide-coated montmorillonite was more efficientinimmobi- Acidic ammonium oxalate was used to extract noncrystalline
lizing heavy metals than untreated montmorillonite, while in - aluminum oxidg51,52} the extractant was filtered and an-
more acidic soils (pH< 5), untreated montmorillonite was alyzed with atomic absorptiospectrometry (AA) for total
expected to be a dominant surface. Naidja ef3#8] found Al. The loading of 0.18 g Alg montmorillonite (or 0.35 g
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HAO/g montmorillonite) was selected as it represents a were used to study the slow sorption process of intraparticle
maximum coating capacity on montmorillonite. surface diffusion. In these studies, the Pb ion concentration
Characterization of the hydrous amorphous oxides, mont-in the bulk aqueous phase was maintained approximately
morillonite, and HAO-coated montmorillonite included par- constant by continuously monitoring and adding adsorbate
ticle size analyses (PSA) using a Beckman—Coulter LS 230as needed18,19,22] Therefore, the adsorbate concentra-
analyzer, surface area evaluation by-BET (Brunauer—  tion on the external surface of the particle was maintained
Emmett-Teller), and potentiometric titration to assess the constant. All aqueous concentrations of Pb were below sat-
pH point of zero charge (piy). Oxide mineralogy was  uration based on MINEQ¥.
characterized by a Philips X'Pert X-ray diffraction (XRD)
with Ni-filtered CuK « radiation. Morphology of the oxides
was studied by a Philips Eleciscan 2020 environmental 3. Resultsand discussion
scanning electron microscope (ESEM) and a LEO 1530 VP
field emission scanning electron microscope (FE-SEM). In 3.1. Oxide characteristics
addition, energy dispersive X-ray analysis (EDX) was used
for elemental mapping of the mineral surfaces. Earlier studie$19,22]revealed discrete oxide aggregates
Two types of sorption experiments were conducted: were generally spherical with irregular topography. The
(i) conventional short-term ones, and (ii) long-term stud- coating shows increased aggatign as compared to discrete
ies designed to evaluate diffusivities. Stock solutions were aluminum oxide and montmorillonitd={g. 1). An analysis
tagged witi?19Pb; its activity in the samples of suspensions for Al and Si reveals that Al appears to be more abun-
and filtrates was measured with a Beckman LS6500 multi- dant on the HAO-coated montmorillonite than the mont-
purpose scintillation counter. Turbulent hydraulic conditions morillonite surface; on the o#r hand, the coating has less
(Reynolds number 10* with respect to the reactor diam-  Si than montmorillonite Fig. 2). XRD also confirms the
eter) were maintained in all experiments to minimize the presence of the HAO coating; although the montmorillonite
external mass-transfer resiate. Procedures for short-term structure was observed, its intensity decreased as the de-
studies involved adsorption edges and isotherms to evaluategyree of coating increased. Foermore, discrete HAO and
the effect of pH, ionic strength, and concentration. ANaNO montmorillonite systems have smaller modes in the parti-
electrolyte was used to maintain the ionic strength of solu- cle size distribution (PSD) than the coated systé&ing.(3).
tions, which ranged from.0 x 1073 to 1.0 x 10~. Short- The pHpzc of the HAO-coated montmorillonite is.8+ 0.5
term adsorption studies were conducted in 250-ml Nalgene (Table 1), which is consistent with Zhuang and YG7].
containers with a contact time of 4 h. In these experiments, Avena and De Paul[53] observed a pblc of 8.5 for
contact times from less than 1 to 72 h revealed no changethe edge sites of montmorillonite, where most of the pH-
in the amount sorbed, indicating equilibrium or pseudo- dependentcharge is locatid,55] The difference between
equilibrium between the lead adsorbed to external surfaceour results and others lies in that edge sites only account
of the oxides and that in the bulk aqueous phase. The long-for approximately less than 4% of the overall montmoril-
term or constant boundary conditio€BC) experiments lonite surface area. Given the pft of 8.6 for HAO and

(a) HAO (b) montmorillonite (c) HAO-coated montmorillonite

Fig. 1. ESEM micrographs of HAO, montmoadhiite, and HAO-coated montmorillonite.
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Fig. 2. EDX mapping of silicon and aluminum on HAO-coated montmorillonite and montmorillonite.

Table 1

Characteristics of HAO, HFO, HMO, montmorillonite, and HAO-coated montmaorillonite

Materials Surface area Porosity Mode pore Mean Bulk pHpzc K

(m?2g1 diameter diameter density (Pb adsorption)

(nm) (Hm) (gem3) (Lmol™1)

HAO 4112 0.45 19 75 154 86+0.5 14x103

HFO 608 0.50 38 130 175 76+0.5 40x10%

HMO 35 0.35 21(Bimodal) 6.1 196 175 24+05 39x10°

Montmorillonite 27.8 61l 87 8.7 1.48 42+05 41x10°

HAQO-coated 10.1 Q72 178 218 1.03 50+ 0.5 24x10%

montmorillonite

@ Based on Trivedi and Axg22].
b Based on Dzombak and Mor8].

4.2 for montmorillonite determined experimentally, mont- and the associated parameters were normalized to the mass
morillonite still plays a critical role in the surface charge present.

of the coating system; this most likely because of the

nonuniform nature of the coating, which can be observed in 3.2. Sorption studies

the FE-SEM micrograptHig. 2). Other characteristics such

as porosity, bulk density, and surface area are presented in |n adsorption edge experiments with HFEIJ. 4) there
Table 1 Montmorillonite has a large internal surface area was no effect of ionic strength, suggesting Pb ions may form
that may not be accounted for in using-BET; however, inner-sphere complexes with this surface, which is consis-
this does not significantly impact our modeling as sorption tent with other studief56,57] Swallow et al[57] reported
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Fig. 5. Isotherms of Pb adsorption to HFO, HMO, HAComimorillonite, and HAO-coated montmorillonite at 26 with NaNO; electrolyte. HAO concentra-
tion was 0.5 g =1, HFO concentration was 0.3 git, HMO concentration was 0.5 g1, montmorillonite concentration was 0.001 g, and HAO-coated
montmorillonite concentration was 0.005 g+

that sorption of C&" and PB* to hydrous ferric oxide relationship between that sorbed to the external surface of
was unaffected by variations in ionic strength from 0.005 the mineral and the bulk aqueous concentratig.(5) sug-
to 0.5 M NaClQ, or by changes in the nature of the back- gesting adsorption can be described with one average type
ground electrolyte from NaCl©9to a complex artificial sea-  of site. Based on Langmuir—Hinshelwood kinetics and given
water mixture. Trivedi et al[56] observed that Pb sorption that the available sites are approximately equivalent to the
to ferrihydrite did not vary with ionic strength betweernr£0 total sites, the Langmuir isotherm reduces to the linear dis-
and 101 M NaNQs. The adsorption edge for HAO begins tribution mode[60]. The distribution coefficienky (L g~1)
at pH 4.5, a lower pH condition may result in dissolution; is simply the product of the tal sites and the equilibrium
therefore, given the degree of adsorption, the effect of ionic constant. This approach is useful for describing adsorption
strength may not be discernible. For Pb adsorption on HMO, in modeling the long-term sorption process (discussed be-
montmorillonite, and HAO-coated montmorillonite, our re- low). Among a number of macroscopic studies, Hiemstra
sults showed Pb sorption deased with increasing ionic et al.[61] used a single type of surface site to describe the
strength. Pb ions may form outer-sphere complexes on thesditration behavior of kmatite that exhibits poorly developed
surfaces. Other researchg¢®®,23,58,59have found sim- crystal planes. Christal and Kretzschnfé2] showed that
ilar results. Among them, Trivedi and AX23] reported the titration behavior as well as the adsorption of Cu and
that Cd and Zn ions may retain their waters of hydration Pb to hematite could be described very well with a single
upon sorption to HAO, HFO, and HMO; compared with our surface site. Through XAFS, Manceau et[&3] observed
investigations, amorphous oxides can form inner- or outer- lead adsorbed to HFO by one mechanism, a mononuclear
sphere complexes with different metal ions. Other studies, edge-sharing bidentate complex. Trivedi e{36] found the
for example, revealed Ni adsorption to Na-montmorillonite configuration of the sorption complex is independent of the
decreased with increase in ionic strenffil]. Furthermore, adsorbate concentration at constant pH. Therefore, they con-
using XAFS (X-ray absorption fine structure spectroscopy), cluded that Pb sorption to ferrihydrite may be described with
Strawn and SparkptO] found Pb adsorption on montmo- one average type of mechanism. Based on our isotherms
rillonite varies from primarily outer-sphere complexation at of Pb sorption on montmorillonite and HAO-coated mont-
low ionic strength and pH to a mixture of outer- and inner- morillonite, Pb sorption to the montmorillonite surface is
sphere complexation as pH and ionic strength increase. Pbgreater than that for the coated one. On the other hand,
adsorption at high ionic strength-0.1 M) may be asso-  Zhuangand Y{37] also investigated similar systems but did
ciated with the permanently charged surface sites on thenot observe an effect of the Al oxide coating on sorption; this
clay edgeg40]. Because we observed an ionic strength ef- difference may be due to the degree of coating and that the
fect suggesting outer-sphere complexation, Pb adsorption onisotherm was conducted at a different pH, 6.5. While edges
montmorillonite at a relatively low ionic strength may in- and isotherms reveal effects of pH and concentration, they
volve ion exchange sites. are short-term (4 h contact time) experiments resulting from
Isotherms for Pb adsorption to the three oxides, mont- adsorption to the external surface. For microporous sorbents,
morillonite, and HAO-coated montmorillonite show a linear long-term studies are needed as well.
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sorbed represents adsorption to the external surface. Pb con- E ) _!‘I n“ﬂm

centrations employed in these experiments are within the lin- 5 01 .

ear range studied in the isotherm studies. Subsequently, the é 6.0x10" o Experimental Data

amount of Pb ion sorbed to the oxide gradually increased due 7 ) T Delan0 s

to intraparticle surface diffusion. Initially, pore diffusion was g 300 ——POE-25D.

considered in modeling sorption; however, predictions only 0.0 . . . .

accounted for 20% of the total sorbed when the bulk concen- 0 30 60 90 120 150

tration at pore entrance is used as the boundary condition.

Furthermore, the variance did not converge and therefore, R

pore diffusion cannot describe the experimental data. On the B ——

other hand, when adsorption is significant, transportin pores € 5 """

is dominated by surface diffusid@4]. For spherical particle @ 3010 “‘Huluulllunul T )

geometry, a linear isotherm, and insignificant pore diffusion, g 2.0“0.,_//"“

the species mass balance for Pb is f * Experimentl Duts
[ 3 ——D1.7¥10" em’s

ac _ Da[r*(5)] W 3 Lo TR

ar  r2 o 2 0.0 : : : : . ;

where 0 20 40 60 8 100 120 140

DS Time (days)
1 + (pK| ) ’ (2) Fig. 6. CBC studies gf Pb sorption to HFO and HMO afZ5with ag\ ionic
strength of 15 x 10~“ M (NaNQOg). For HFO,[Pblpyk = 5.2 x 107° M at

In this expression,C is the contaminant concentration pH 5 and 0.3gL!HFO, and for HMO [Pblpyy = 4.4 x 10~% M at pH 4
sorbed,Ds is the surface diffusivity and fitting parameter in  @1d 0.1g L+ HMO.

the modelgp is the oxide porosityp is the bulk density, and

Ki is the distribution coefficient representing the equilibrium and 7 Errors associated with the experiments were calcu-
constant times the internal site density. The assumption thatlated from the propagation of errors (POE) metfig8] and
internal sites are no different than external ones has beenrange from 7 to 10%. Errors associated with the model from
observed in recent work with XAFS, for example, in Zzn POE method are also shown, which accounts for standard
sorption to HMO the local structure from long-term samples deviations in the number of particles as well as the error
was consistent with that from short-term samdeés]. In in the distribution coefficient describing the mass adsorbed
addition, XAFS work with Sr sorption to HM@66] as well to the surface. All data fall within two standard deviations
as HFQ[67] further corroborates this assumption. Applying of the model, which demonstrates the diffusion model fits
this assumption here for Pb sorption, the analytical solution data reasonably well. Furthermore, substantial evidence sup-
to Eq. (1) integrated over the volume of a sphere based on ports intraparticle diffusion as the rate-limiting mechanism

the following initial and boundary conditions in sorption to microporous oxides: Sr sorption to HE®B]
and HAO and HMQJ[22], Cu and Pb sorption to ferrihy-
C(r,0)=0, 3) drite [69], and Ni, Cd, and Zn sorption to HAO, HFO, and
E(O H=0 ) HMO [23,24] Based on our adsorption isotherms and re-
' ' cent work with XAFS[65—67] there is no evidence of either
C(R,t)=Cs 5) surface precipitation or solid—solid solution formation; long-

term studies suggested that internal surface sites were no
different than external ones. In addition, given the presence

Dn’r of microporosity, intraparticle diffusion is expected and is
M =47 Cs— [ — an p( ﬂ (6)

results in the mass sorbed per particle at a given time,

therefore modeled as the rate-limiting process in Pb sorption

to these oxides and coatings.
whereCs is the metal concentration sorbed on the oxide ex-  Studies with Pb sorption to HFO, HMO, HAO, montmo-
ternal surface. The amount sorbed to the internal surface of arillonite, and HAO-coated montmorillonité={gs. 6 and Y
single particle times the number of particles present for given demonstrate that surface diffusivities range front ¥0to
radius (R) was summed over the entire particle size distribu- 10-1° cn?s~1. These diffusivities clearly show that dif-
tion to obtain the concentration sorbed internally. This total fusion is a slow and rate-limiting process in sorption. Af-
plus that sorbed to the external surface found from the short-ter running the model to equilibrium, which takes approx-
term sorption studies provides the theoretical concentration.imately 15 to 30 years, internal sites were found to be re-
By minimizing the variance, the only fitting parameter is sponsible for approximately 45—90% of the total metal up-
surface diffusivity; modeling results are shownHigs. 6 take to these oxides. For discrete oxides, surface diffusion is
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(Fig. 7), respectively, substrate surface characteristics influ-
ence metal ion mobility. The smallest diffusivity reflects the
surface characteristics of montnitonite, which exhibited

the greatest affinity for Pb ions among the three systems.
When Pb ions sorbed on aluminum oxide-coated montmoril-
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% 111 i1 4 centrations. The results suggest 0.82 g amorphous pxide
3 Tt Y clay produce the overall diffusivity. Compared with that ini-
E tially applied, 0.35 g HAQg clay, the amorphous oxide ap-

f pears to have a greater impacaththat based on stoichiom-
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% T DS s Si (23%), Fe (7%), and O (45%) based on XRF analyses.
o — POE-25.D. During the coating process dlsystem was initially at about

. . . ; . : : pH 2 for 2 h and then adjusted to pH 7. We hypothesize
0 5 10 15 20 25 30 35 40 . . . . . .
. that alumina in montmorillonite partially dissolves, then re-
Time (days) forms as amorphous oxides, which can be demonstrated by
the montmorillonite solubility. Al solubility in montmoril-

Fig. 7. CBC studies of Pb sorption to HAO, montmorillonite, and HAO-

coated montmorillonite at 25C and an ionic strength of.a x 1072 M lonite is controlled by gibbsite or amorphous aluminum hy-
with NaNO3. For HAO, [Pblpyik = 8.3 x 105 M at pH 6 and 0.02 gLt droxide[79]. At pH 2-3, Ganor et al[80] found gibbsite
HAO; for HAO-coated montmorillonite[Pblpyx = 1.7 x 1074 M at pH 5 dissolved at a rate of 2 x 10-12 molm—2s~1 based on col-

and 0.2 g -1 coatings; and for montmorillonitéPblpyk = 9.5 x 1076 M

at pH 6 and 0.1 g 1 montmorillonite., umn studies and therefore, this rate may include mass trans-

fer limitations. However, we maintained a turbulent regime
in the batch system, thus the dissolution rate may be greater
the dominant mode of intraparticle transport, which is con- than that observed in column studies. Furthermore, Lydersen
sistent with other$18,19,22-24,70]For sorption to mont- et al.[81] found amorphous aluminum oxide dissolution can
morillonite, Morrissey and Grismef71] studied sorption  be described as a two-step process at pH 4.5: the dissolution
of acetone, benzene, and toluene to pure clay minerals in-was relatively fast during the first 2.7 h, and then a far slower
cluding kaolinite, illite, and Canontmorillonite; they found  rate followed for the remaining 24 h. Based on their model,
the process was limited by diffusion. Gemeay et[@R] C(t) = Coe™%4%, whereC (1) is concentration of AI(OHys)
observed adsorption kinetics of metanil yellow dye, present at time, Co is initial concentration of Al(OHy),
aminodiphenylamine (p-NH2-DPA), and benzidine by Na- approximately 50-60% of the amorphous aluminum oxide
montmorillonte, where again intraparticle diffusion was the dissolves in the first 2 h. Given 0.15 g of montmorillonite
rate-limiting mechanism. Furthermore, Fadal8] reported were present in the studies, the coating system is projected
the sorption of basic dyes (Basic Red) onto montmorillonite to exhibit a 17-20% increase in the amorphous aluminum
was intraparticle diffusion-controlled. For sorption to ox- oxide from alumina dissolution, which is consistent with our
ide coatings, intraparticle diffusion has also been observedestimation based on conceritoms and particle size distrib-

in a number of studief74-78] Among them, Holmen and  utions. This result also demonstrates that oxides control Pb
Gschwend74] observed that slow diffusion controls the rate  sorption in coated areas, while montmorillonite is the domi-
of sorption of hydrophobic organic compounds on quartzitic nant surface at uncoated edge areas.

aquifer sands with iron oxyhydkide and aluminosilicate Because these long-term studies are time-consuming, the-
(clay) coatings. Jain and Rafi@5] investigated lead and oretically based methods to predict diffusivities may be use-
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Table 2

Theoretical parameters of Bbrbed to hydrous metal oxides

Oxide A Ct (site density) AHO Exp. Ds En od
(nmy (molg~1)P (kcal mot~1)° (cm?s™1 (kcal mof~1)

HAO 0.35 0012 382 6.5x 10716 16.8 04

HFO 024 0025 414 14x10°15 161 04

HMO 0.15 0034 423 17x 10716 171 04

& Calculated from oxide surface area and site density.
b Based on Trivedi and Axg22].

€ Based on correlation betwemHgdSand Ry (hydrated radius) developed by Trivedi and A24].

d 4 for transition metals is 0.80 for HAO, 0.68 for HFO, and 0.60 for HI2@].

ful. Based on previous woid9,22—-24] site activation the-  need to be included in accurgtalescribing the migration
ory can be applied for this purpose, where the sorbed ion orof heavy metals in subsurface environments.

molecule vibrates at a site until it has sufficient eneigy,

(activation energy), to jump to the neighboring site. Accord-

ingly, assuming a sinusoidal potential field along the pore Acknowledgments

surface, the surface diffusivity is a function &fy and the
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