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4.1 Introduction

Sinea ils inception in the mid 18505, 5011 chemistry has focused on the macrascopic, eguilibriwm
aspects of s0il chemical reactions and processes, From these studies, much was learned about
impoertant s0il chemical processes including sorption, desorption, precipitntion, complexation,
dizeolution and cxidation'reduction. However, such investigations do nol convey information on
reaction rates or reaction mechamisms. Tnthe past vwo dacades, a5 concerns and interests nbout soil and
waterquality have increased, soil and environmental clemisis, envirenmental and chemicol engineers
and geochemists have increasingly ecalized that reactions in subsurlace envirenments are Hime
dependent. Thus, o accurately predict the fate, mobility, speciation, and bioavalabality of
snvirenmentally important plant nuiricnts, trace clements, radionueclides, and arganic chemicals in
soils, one must understund the kinetics and mechanizms of the reactions,

While mijor progress has been mesiz in betler understonding the kinetics of soil chemical
pracesses, much uneerlainly remaing, In part, (s 15 due to the complex, heterogeneons nature of
raural materials such as soils, However, with develoganent of kinetic techmigues thid can be wsed o
measue a wide range of time scales, time-dependent reodels g can descnbe beah chenmical reaction
ard mass transfer processcs, and the cmployment of staic-of-the-ant e sie spectroscopie and
microszopic surface techriques in combination with rate studies. major advances are being made in
understanding the kinedics and mechanisms of s0il chemical reactions. Arguably, this will be a majos
lzitnadif in soil chemistry research for decodes to come.

In this review, the applicition of chemical kinetics Lo heterogeneous systems such as soils and sail
camponents (clay minerals, organic matter, and humic substances), with emphasis on sorptionreleasc
processes will be discussed. A eritical review of kinetic models that can be used to describe reaction
rales on heterogeneous surfaces will be covered. The review will also present discussions on the rates
of imporiant s2dl chemicol reactions and processes including inorganic ard organic sorption’
desarption, dissolution and redox. For pdditional details on these fopics and other nspects of kinglics
of 21l chemical and geochemizal processes, the reader should consult o number of recent books and
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4,2 Time Scales of Soil Chemical Processes

Aovariely of chamical reactions occor b goils wid alten in combinak o withone another. Reaction time
seles con vary Trom micresecords and milliseconds for many ien asseciation and some ion exchange
and sorplion reactions toyears for many mineral solution and mineral crystallization phenomena and
for some sorpiiondrelease reactions (Fig. 4.1} [on associafion reactions include ion poiring, inner and
outerephere complexation, ond chelntion in solution, Gos-woter reactions involve goseoos exchangs
neross the air-liquid interfoce, lon egchange reactions occer when colions wncd antons ace alsached
(owtersphere complexation) and desorbed from soil surfaces by elecirostatic atiractive Forces. Tea
exchange reactions are reversible and swcichicmetse. Sorption reactions can invelve adsorpiion
processes incleding partitiening, outersphere and inncrsphere complexation, and multineslzor
complexation (e.g., surface precipitation). Mineral-solution reactions include  precipitations
dissolution of minceals, and coprecipitation rezetions in which small constituents becoms a part of
mineral structures (Sparks, 1980, Amocher, 19910

The tvpe of soil component can deostizally affect the repction rate, For example, sorplion resction:
are often mere rapid on cloy minerols such as koeolinitz snd smectites than on vermicelitte and
micacaous minerals, This is in large part due to the svailabaliy of sites Tor serption, For example,
knolinits has readily ovailable planar externa siles and smectites bave privarily inteenal sites that ase
also guite available for retention of sorbales, Thus, serplion reactions an these seil censtituents ans
often guite rapid, even occwercing on Ume scales of seconds and milliseconds (Sparks, 198%),

Chn e eeher hand, vesmieulite and micas hove multiple sites for retention of metals and arganics,
mcluding planar, edge, and interlayer sites, with some of the Intter siles being partially o taally
collapsed. Consequently, sorption and desorplion resctions on these sites can be slow, toruous, and
mzss ransfer controlled, Often, an apparent equilibriven mowy not be reacled even after sevecal days
or wesks. Thus, with vermiculite and mica, serplion e invelve two to daree diffesent reaction races;
high rates on external sites, imenmediate mies on edae sies, and low rates on interlayer sites Oardine
and Sparks, 1984, Comans and Hockley, 1992, d
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Fiz. 4.1 Tie ranges required b0 aktzin equilibrium by different tpes of feactions in soil enviranments [Reprizied
from Amrackar, 1901 Bail Sei. Sos. Am. Spec Pub. 2T with permission of the Sail Science Sociery of America)
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Metal sorption reactions on oxides, hydroxides, and humic substances depend on the type of
wrface and metal being studied, but the chemical renchion mle appears o be rapud. For exarmple,
chemical reaction rwtes of metals and oxyanicns on goeihite occurred on millisecond time scales
(Zhanp and Sparks, 19689, 1990 a,b; Grossl et al., 19945 Grossl etal., 1997). Half-times for divalent P,
Co,and En sorplion on peat ranged from 5 1o 15 s(Bunzletal., 1976), A number of studies have shown
that heavy metal sorption on oxides (Bruemmer etal., 1988; Ainsworthetal,, 1994; Scheidegreretal,,
19962, 1998) and clay mincrals {Lovgren et al., 1990} incrense with longer residence nmes, The
mechanism for these lower reaction rates 15 ot well understood, but bas been aserbed w diffusion
phenomena, sites of lower reactivity, and surfuce nuclention/precipitation (Scheidegger and Sparks,
199ah; Sparks, 19994, 19549, Recent Amdings on slow meatal retention rates and mechanizms at the
gincralfwater intzrfoce will be discussed later,

Sorplionddesorption of metals amd erganic chemnicals on soils i3 ofien very slow which has been
giribuzed to diffusion into micropores of inosganic minerals and into humic substances, retention on
sies of varying reactivity, and surface nucleation/precipitation {Scheidegger and Sporks, 1996k
Sparks, 1957, 19997 These reactions will be discussed in more detail Tnter,

43 Application of Chemical Kinetics to Heterogeneous Surfaces

The study of chemical kinetics, cven in homopeneous syslems, 15 complex and often ardueowes, When
o iemipis 1o study the kinetics of reactions in helerogenecus systems such as sobls, sediments and
even soil componenis such ns clay minesals, hydrows oxades, and umic substances, the difficultics are
gressly magnifizd. This 15 largely due 1o the complexity of soils which are made up of a mixture of
irerganic and orgimic components. These components often interact with each other and display
dfferent lypes of siles with variows reactivitizs for inorganic and organic sorptives, Moreover, the
variety of particls sizes and porosities in soils and sediments further adds to thear heterogenegity, In
maed enses, botls chernical kinetics and multiple transport processss are cocwrring simultaneously.
Thus, the determination of chemical kinetics, which con be delined oz "the investigation of rates of
chemical reactions and of the molecular prosesses by which reactions occur where fransport is not
[imiting" (Gardiner, 1969 is extremely difficuly, ifnot impossible, inheterogensous systems. In these
witems, one s studying kinetics, which is a gencric term referring 1o time dependsnt or
sotequilibrium processes, Thus, apparent and aon-mechanistic rate laws and cate puramelaes are
dewermined (Skopp, 1986; Spacks, 19E0).

431 Rate Limiting Steps

Both transport and chemical reaction procesees can affect the resction rates in the subsurface
envircnment, Transport peocesses include {Aharoni ond Sparks, 1507 {1} transpor in the solution
phase; (2) tramsport across a liquid film at the particlediquid interfzce (film diffusion [FD): (3)
mangpart in liguad filled macropores (= 2 nm), all of which are nonactivated diffusion processes and
gccur in miohile regions: (4) particle diffusion (PO processes which include diffusion of sorbate
sceluded in micrepores (< 2 nm) {pore diffusion) and along pore wall surfaces (surface diffusiony; wnd
15} diffusion processes in the bulk of the selid, all of which are activaied diffusion processes (Fig. 4.2).
Pore and swiface diffusion within the immediase region can be referred 1o as inleraggregate
linterperticle) diffusicn while that in the solid isintraaggregate diffusion. The actual chemical reaction
(CRY it e surface, for example, adsorption, 15 usually instantancons, The slowest of the CR and
fransporl Processes is rate limiling,
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Fip. 4.2 Transpon processes in salid-liguid soll reactines-nanactiveied processes: (1) ransparn in the soil sulution,
() transport acrass a Laquid film 2 the solid-liguid inerface, (3) wansport in a |squid-filled meesopere: aetivated
araresses, 441 diffusion of & sorbae 28 the surfass of e selid, (5) diffusion of n sorhate sceleded In o micrepars, (8]
Jiffusien in the bulk af the solid [Repsinked from Aharant and Sparks, 1991, Sail Soi. 500, An Spec Pub, 27 will
perisissies af the Sail Svienee Seciety of Americal

4.3.2 HRate Laws

There are two important reasons for investigating the raies of soil chemical procosses {3parks,
1050, 1995, 1998, 1999): (13 1o detesmine how rapidly reactions aitnin equilibrium, and {2} vo infer
i formntinn on feaction mechanisms. One of the most important aspeets of chemical kinetics is the
cstablishment of a rate equation or law, By definition, a rate law is a differentin] equation, For the
following reaction (Bunnett, 1986; Sparks, 1989, 1995, 1995, 19990

ad+ BB — y¥ 4 2 [4.1]

e rate is proportional 1o some power of the concentrations of reactants A and B andfor slher specics
(€, [, ete.) in the system and &, b, v, and 2 are stoichiometric coefficients and are assumed 1o be cqual
1o one in the discussion that follows en rate laws. The power to which the concentration 15 raised may
cgual zero (i, e rate is indeperdent of thot concentration), even for reactant A or 8. Rates o
expressed us s decrease in Tenctant conzentration or an incTeass in prodluct concentralion perunit time.
Thus, the rate of conversion of reactant & abowve, which has @ concetration [A] o any time 7, 35 (=
d] A while the rate with regard to product ¥ having a concentration [¥] at time £ is (a]YRdr)).
The rate expression for Equation [4.1] is therelore,

|aT¥ 1/ et = |-d[ 41 o = K{AT 8] [4.2]
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where k15 the rate constant and @and §oare the orders of tee repetion with respect 1o reactants A and
B, respectively, and can be referred to as a partial orders for the wtal reaction. These orders wre
expeeimentally determined and not necessarily integral numbers. The sum of all the partial orders (i,
Mis the overall order (#) of the total reaction and may ke expressed as:

n=m -I-IS-I-... [4.3]

Once the values of &, ete., are delermined experimentodly, the rate low is defined. BEeaction ordzr
provides only informmtion about the manner in which rate depends on concentration. Crder docs not
mean the some as molecalanty which concerns the nuomber of repciant porticles (moms, molegules,
Free richicals, ar iw:.:l enlering I E Iunli.-.nl::'rr:,' repelion, Une con define im r.ll,:1r|r.n|1'|r:|r Tl s
ane in which no reachon wrermediates have been detectad, o aeed o be ]:-:‘\-.il1||:aI-E|| I claseribe the
chemdenl reaction on a malecular seale. Anelementary reaction is assumed fo occorina single stap and
Lo pass trough a single transition state (Bunnett, [9E6).

T demoensiraie that arcaction is clementary, one canuse sxperimental conditions that are different
from those emploved in debermining the reaction rate low. For exaomple, if one condweted kinetic
studics using a flow technique with set stepdy-state flow rates, one could see iF renction cate and rote
constants changed with flow rate, IFthey did, ong would not be determining mechamistic eate lows (see
definition below].

Eate lonws serve Three PUrGs: [1:| L|1u:,' AnEiE] Qme i prﬂdil.'l':ng the feaction sate: {2_]- ineclansns
con be proposed; and (37 reaction orders can be ascertained. There are four Uy pes of rate laws that can
be detammined for soil chemacal pracesses (Skopp, 19860 mechapistic, apparent, transport with
apparend, and iranspert with mechanistic, Mechanistic rate laws assume that only chemicnl kinstizs are
opeeational and transport phenomena are not oceurring, Consequently, it is difficult to determine
mechomistic rate [nwes for minst seal chemicil syslems dlize £ the ||.el|.':n|:||'.';|.'11-e_'i.L_'.-' ol the systern cousad by
different particle sizes, pocosites, and types ol vetention sites, Theee is evidence that with some Kinetic
stiedies, using chemical relaxation techpigues (Sparks, 1989; Sparks and Zhang, 1991} and pure
systems {e.g., clay minerals, oxides), mechanistic rue lows we determined or closely approximatzd
sinee fhe agreement between equilibrium constonts ealculnted from both kinetic and equilibrivm
studics are comparable (Hachiva et al., 1984; Tang and Sparks, 1993

Since natural materials are heterogeneous and transport processes often affect the reaction rale,
apparent rate laws are usually determined for such systems, Apparent rate laws incluce both chemical
kinztics and transpori-controlled processes, Thus, soil strcture, stireing, mixing, and fow rae all
wauld affect the kinetics. Transport with appsirent rae lws emplasize rassport limiied phenomena.
One ofien assumes frst order or sevo order reactions (see discussion below an reaction crder). In
determining transporl with wechani st rae laws, one atlempts 1o describe simultoneonsly transport-
controlled amd chemical Kinches phenomena, One 5 thes treing to cxplain accurately both the
chemistry and physics of the sysem.

4.3.3 Determination of Reaction Order and Rate ConstantsfCoefficients

There are three basic ways 0 determine rate Taws and e constantaeocfficients (Buonett, 19846;
Skopp, 1986; Sparks, 1989, 1995, 1998, 1999 (1) inital raves, (2) directly using integrated cguations
and graphing the dati, and {3) using nonlinger least square analysis.

Let us assume the following elememary reaction berween specics A, B, and T,
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A+ EE ¥ [4.4]
A forward reaction rate law can be weilten as
af A)S e ==k [A][ K] [4.5]
where & is the forward rate constant and & and 2 (sce Equation [4.2]) are cach assumed oo be 1.
The reverse reaction rate law for Equation [4.4] is
d[A]far = 4k, [¥] [4.6]

witers & 15 the reverse rite conslant,

Equaticns [4.5] and [4.6] wre only spphicable G from eguilibrivm where bick or reverse reactions
are insignificant, 17 both Forward and reverse reactions are cecurming, Egeations [4,5] ancd [4.6] izt
be combaned such that

A[A)¢ dr = -k [A][B]+ & [¥] [4.7]

Equation [4.7] applies the principle that the net reaction rate is the difference between the sum of
all rewerse reaction rates and the sum of all forward reaction rates,

Dine way to ensure that back reactions are nol important is to measune initial rates, The imital rfe
is the limit of the reaction rate os time reaches zerc, With an initial rofte method, one plols the
conceniration of o repctant or product over o shorl reaction tie period during whicl the
concenirations of the resctionts chiange so Llinle et the insantaneous rae bs ardly affected. Thus, by
measuring initial rates, one could assume that only the forward reaction in Equation [4.4]
predominates, This would simplify the rate law to that given in Equation [4.5] which o= written would
b asecond order reaction, first order inoreactant A and first order in reactant 8. Bguidion [4.5], under
these conditions, would represent a second order irreversible elementany reection, To messure initial
rates, one must have available a echnique that can measurs rapid reactions sech as a chemical
relaxation method and an accurate analytical detection system 1w determine product concenirations.

Intcgrated rate cquations can also be used e determing rae constanisdcocflicients, IF one assumes
that reactant B in Equation |4, 5] is i large excess of reactant A, which is an example of the method of
isolation o analvee kinetic dug, and ¥, =, where ¥, is the initial concentration of product ¥,
Equation [4.5] can be amplifed to:

d[A)sde=-k[A) [4.8]

where &, = k,[B]
The first order degendence of [4) can be evaluated using the integrated form of Equation [4.8] using
Che initial conditions a1 =0.A=4,

(3

legfA], =leglA] - 5o

[4.9]
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Fig, 4.3  [nitial reaction rales depscting the first order dependzancs of Mn* seaplion as a funclion af dme Far tnitial
Mn® canecntrations (| Ma™] ) 25 and 0 M [Reprinted from Feamor! & al., 1593, Soil Sci. Soc. Am, |, 57:57-62 wilh
pennission of the Soil Srience Seciety of America]

The hall-time (1,4} for the above reaction is equal 10 06934 and 15 the time reguired for half of
regctint A i be consumed.

IF w reaction is first order @ plot of Iog [A], versus § should result in o swraight line with a slope
=& 42303 and an imlercept of log [41,. An example of firs arder ples for Mn™ sorption on 8-Mn(,
al two initial Mn® concentrations, [Mn®*], (25 and 40 M), is shown in Fig. 4.3, One sees that the plots
are linear at both concentrations which would indicate that the sorption process is first onder, The
[Mn*], vilues, obtained from the intercepts in Fig. 4.3, were 24 and 41 pM, which are in good
agreament with the two [Mn®™] wvalues and the rate constants weee 3,73 5 107 and 3.75 x 107 571,
respectively. The fuct thil the rate constants do not significantly change with concentration is a good
indication that e reaction in Bquation [4.8] is first order under the imposed experimental conditions.

It is dangerous o conclude that o porticular reaction order is correet, based simply on the
conformily of data to an integrated equasnon, As illusteated above, multiple inidal concentrations that
vary cansiderably should ke employed wosee if the rite is independent of concentration, One shioeld
also tzst multiple integrated cquations, T may also be usetul to show that reaction rate is pot aMeeied
by a specics whose concentration docs ol change comsiderably during an experiment, such as
substances not consumed or present in large excess (Bunnell, 1986; Sparks, 1989, 1991, 19495, 1995,
122y,

Least sepuares analysis cun also be osed to determine rate constants'eoelficiants, With this methad.
ore: Dis e best straighil line to a set of points that are lincarly related as v = mx + b where v is the
ordinaste and & @5 the abscissa datum point, respectively. The slope (m) and the intercept (b) cun be
caleulated by least syuares anslysis.

When Rinetic dat are plotted, curviture may be abserved due to an ineosrect assumption of
reaction order, IF ficst-order kinetics s assumed and the reaction is really seoond order, dewnwand
cirvalire resules, I second order kinelics is assumed but the reaction is first ceder, upward cirviture
15 ohserved, Curvature can also be due 1o fractional, thicd, higher, or mized reaction order,
Nonattinment of equilibrinm often results in downward curvatore. Temperaiure changes during the
study can also ciwse curvaliere; s, 13 imporiant that temperature be accurately controlled during
a kinetie experiment,
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44  Kinetic Models

44.1 Ordered Models

Firstorder kinetic models ofter describe reactions at the soil minerliwates interface. Both single first
ordes und muhiple first arder reactions have heen deseribed by many investigators {Sparks, 1959,
1991; Sparks e al,, 1993),

It is not uncomimen to observe biphasic kinctics, namely, o mapid renction rate follawed by amich
slowes seaction rate. Such data can often he desceibed by twi first arder reactions, Some invesligators
have imerpreted ssch biphasic kinelics 1o suggest reactions on two Uepes of sites such 25 exterpal,
readily accessible sites (Slope 1) and intesnal, difficull 1o access sites (Slope 2) (Tardine and Sparks,
1984; Comans and Hockley, 1992) or moleculur sites of differing reactivity such as high reachvigy
innersphere complex sites and low reactivity outersphere comples sites (Gross] et al., 1994, 19973,

However, it is unsound 1o conclude anything aboul mechanisms bascd sulely o snultiple sae
constants that ase calzulated fram multiple slopes of kinetic plots. There are other ways o definitively
dEgertain reaction mechanisms such as caleulating encrgics of activation, clucidating rate limiting
sleps tuough stopped Aow and inlerseplion approsshes, wsing independent ar direct methods to
determing mechanisms such as speciroscopic and microscopic techniques, and e playing blocking
agents thal are specific for cestain reaction sites. An example of the later approach is found in the
vesearch of Jardine and Sparks {1984} who studicd K-Cg exchange on a Delaware soil at thres
tenperiures and obsesved two apparent sintellanecus frst order reactions 21 283 and 293 K (Fig_ 4.4},
They hypothesized that the lirst, mons ripid reaction was predominantly due to adsorption on external
planar sites of the organic matter and kaolinite in the soil, The slower reaction was aseribed 1o
vermiculitic elay sites tha promotecd slow pore and surfice diffusion, These hypothesaes were
seamingly validared by using a largs organic pelymer, cetyhirimethylammonizm bromide [CTAR),
which kecause of it size, is sierically hindered from internal sites. Thus, CTAB should only block
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Fig- 4.4 Firstarder Kinctics for prtsssium sddsoeption al three wemperatures on Eveskarg eoil with insgl shawing the
initial S0 min of the firsi-oeder plots a3 298 and 313 K [Reprinted from Jardine and Sparks, 1984, Soil ¢, Soe, Am.
I 483945 with permission of the Soil Science Socisty of America]
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Table .l Linear farms of Kinetic squaricn: commenly uged it esvircamenss) sail chemisiry!
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external planar sites, When CTAB was applied to the soil, the [irst slope was eliminated, while the
second slope was sl present, suggesting mullireactive sites.

While first order models hive been used widely 1o describe the kinstics of chemical reactions on
natwral materials. a number of other simple kinetic models also hava baen emploved. These include
various ordered equations such s zero, second, and Tractiona] crdee, and Elovich, power function or
fractiomal power, and parabolic diffusion models. A brief discussion of some of these will he given;
the final forms of the egquations are given in Table 4. 1. For more complete detals and applications of
these models, one may consult Sparks (1959, 1995 1998, 1600).

4421 Elovich Equation

The Elovich cquation was originally developed 1o describe the kinetizs of hetesogenenas
chemisorption of gases en solid surfaces (Low, 19605, It scems to deseribe a number of regetion
mechanisms including bulk and surface diffusion snd sctivagion and deasti vation af eatalytic surlices

In soil chemistry, the Elovich equation has been used to describe the kinetics of sorplion and
desorplion of various inorganic materials on soils (Sparks, 1969, 1995, 1998, 1999). It can he
cxprassed as(Chicn and Clavton, 1980F;

q:[l.l'ﬁ::l|l'.[l:lﬁ}+{].fﬂl]]!1r [4.10]
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Fig. 45 Pl of Elovich cgquatian for phasphiie sampiian an rws soils where L is the ingial phosphorus concenira-
tam ki the soil selution at time 1, ‘The quantity (- can be equated fn . The ameunt zarbed ol Gme | Reprinted from
Chien and Claysen 1930, Snil Sei. 5o Am, 1. H4:265-268 with pormissaon of the S0l Ssience Saciery of America),

where g is the amount of sorbate per unit mass of sorbent at time rand o and B are constants during
=ny onccxpeniment. A plut of g versus In s should give a linear relationship if the Elovich equation iy
pphicable with a slope of {143} and an intercept of LInCegd). An application of Equation |4.10] to
P sorption i saals is shown in Fig. 4.5,

Seme investigators have used the o and A parameters from the Elovich equation to estimaie
reaction rates. For example, it bas been suggested that a decrease in S andfor an incrense in o would
inerease reaction rate, However, this is questionafle, The sl tpe of plets using Equation |4, 10] changes
with the concentration of the sorptive and with the solution-to-soil ratic {Sharpley, 1983, Therefore,
the slopes ane not always characleristic of fhe s0il, but may depend on variows ¢ sperimenal conditions.

dome researchers alio hive suggesied that breaks or multiple linzar segments in Elovich plots
could indicate a changeover from one typeofbinding site to another (Atkinsan clal., 19709, Howaver,
such mezhanistic suggestions may not be correet {Sparks, 1989, 1995),

4.4.3  Parabolic Diffusion Equation

The parabolic diffusion equation is ofien used 1o suggest that diffusion-controlled phenomena are ride
limiting. It was criginally derived from radial diffusion in o eyvlinder where the ion consentration on
the serface is constant, and initially, the ion conceniration within the cylinder is wnilorm. It is also
assumed that ion diffusion through the upper and lower faces of the evlinder is negligible, Following
Crank {1976}, the parabolic diffusicn equation, as applicd to soils can be expressed as

=

4 l‘.r:r:J”2 Dt g’ﬂr]‘”
r! 3?1:”2 |" P

['E‘: ! ﬂ__] = —

=\ [4.11]

where ris the radius of the eylinder, . is the quantity of diffusing substance that hos left the cylinder
attime & @ isthe cormesponding quantity after infinite time, and £is an apparent diffusion coefficiant.

For the relatively shor times in most experiments, the third and swbszquent terms moy be i gpnored,
and s



