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ABSTRACT

Kinetic research often is conducted using tradition methods of kinetic study, namely batch and
flow methods. Reaction rate constants and reaction mechanisms, however, are difficult to determine using
these methods because too many factors, such as mass-transfer, diffusion, adsorption, and desorption, occur
simultaneously in a system. In addition, kinetic information from fast reactions cannot be easily detected.
This review paper focuses on the pressure-jump technique, which detects any change in an equilibrium
system due to a sudden pressure change, and hence, is able to illustrate the reaction mechanisms and calculate
the rate constants. Pressure-jump applications in complex formation, hydrolysis, ion exchange, and
adsorption/desorption are discussed in this paper.
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l. Introduction Specifically, studies on the solution/oxide interface can
be classified into the following categories: equilibrium,
In a natural aquatic environment, the fate of mostmodel development, kinetics, spectroscopic,
reactive elements is controlled by the presence adhermochemical, and engineering process. Study on
minerals (Stumm, 1992). Reactions like adsorptionthe equilibrium in ion adsorption experiments is im-
desorption and precipitation occurring at the interfacgortant for the development of a thermodynamic data
between the aqueous solution and minerals, such as irbase. Kinetic study can provide an overview of the
and/or aluminum oxides and hydroxides, play arforward and backward reactions in the system. The
important role in regulating the distribution and par-kinetic data not only provide reaction rate constants,
titioning of reactive substances and other environmerbut also reaction steps.
tal pollutants. Adsorption/desorption reactions at the In this review paper, emphasis is placed on ad-
water/solid interface also alter the stability of colloidalvances in experimental techniques for reaction kinetics
particles and subsequently influence the aquatic econ heterogeneous systems. In particular, the pressure-
system (Stumm, 1992). The surfaces of mineralfump method of chemical relaxation is described in
provide reactive sites for oxidation/reduction asdetail, as it is the most suitable technique for kinetic
well as surface enhanced dissolution. As a resulstudy of a heterogeneous system. Its applications in
reactivities of aqueous species are dramatically modicomplex formation, hydrolysis, and ion exchange re-
fied at the water/mineral interface; thus, many reacactions as well as on the solid/water surface are
tions which proceed with difficulty in aqueous discussed. A summary of complex formation constants
condition are able to advance under the comparablend reaction mechanisms as well as rate constants of
situation at the mineral surface (Dzombak and Morelg¢ations/anions under different adsorption/desorption in
1990). different heterogenous systems using the pressure
Many studies have been devoted to investigatiopump technique will certainly be useful for future
of chemical phenomena at the oxide/mineral interfaceeference.

lvisiting scholar; emeritus professor of Hiroshima University, Hiroshima, Japan.
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1. Background tions of the basic batch reactor to study precipitation
kinetics.

1. Methods for Measuring Reaction Kinetics at Many ion exchange reactions on organic matter

the Solid/Water Interface and clay minerals are completed within a few minutes,

or even seconds. Some reactions involving metal
One of the most important tasks in studying re-adsorption onto oxides are too rapid to be observed
action kinetics is to find the reaction rate constants andsing any batch technique. For these reactions, one
reaction mechanisms. Because there are advantagess to employ the rapid kinetic techniques, which will
and disadvantages associated with different methodbge discussed in the Relaxation Methods section.
there is no perfect technique available for measuring
these reaction parameters and elucidating the pathwayB. Flow Method
Generally speaking, if the half-life of a reaction is
faster than one second, then it is called a fast reaction The flow methods are so called because the ad-
(Strehlow and Knoche, 1977). Such fast reactionsorbent is continuously injected into the system to react
require the use of unique techniques to determine theith the adsorbate. The change of the adsorbent con-
important kinetic constants. centration with time is analyzed to determine the re-
The measurement techniques used in studyingction kinetics. Flow methods include the fluidized-
solid/liquid reaction kinetics can be classified as batchhed method, stirred-flow method, and continuous flow

flow and relaxation methods. method.
The fluidized bed reactor has been used to study
A. Batch Method various kinetic phenomena (Chou and Wollast, 1984;

Holdren and Speyer, 1985, 1987). It is widely used
In the batch method, the adsorbent and adsorbaie the chemical industry to study physical and chemical
are completely mixed in the same reaction vessel; thgrocesses involving a solid phase and a gas or liquid
change of adsorbent concentration with time is thephase. The flow is adjusted such that its velocity equals
analyzed after solid/liquid separation. This method ishe settling rate of the solid particles in the particular
widely applied to the study of metal ion adsorption ontsuspension. Because the suspension is often quite
solid surfaces. The adsorption kinetics are affected bgense, the settling rates of different-sized particles are
the degree of mixing due to mass transfer and diffusioaqualized through frequent collisions with other
between the adsorbent and adsorbate. The other digarticles. The kinetic coefficients calculated from the

advantages include the following: fluidized-bed method are affected by the difference of
(1) A constant pH and temperature is difficult tothe packing column length and packing density. In-
maintain during the reaction process. completely dispersed adsorbate affects solute mass-

(2) The reversible reaction proceeds simultaneouslyransfer; the degree of mixing, and hence of mass
in the system, and the individual forward andtransfer, is controlled by the flow rate. Because of the
backward reactions cannot be controlled;nature of the system, the concentration of adsorbent in
therefore, the determined reaction rate constarthe reaction tank may not be equilibrated with the
is difficult to interpret (Sparks, 1989). effluent concentration. Sparlks al. (1980) introduced

(3) Species desorbed from the adsorbate cannot @econtinuous flow system, similar in principle to liquid-
removed and may inhibit the subsequent reactiophase column chromatography, to study potassium
(Sparks, 1985, 1987), may even promote hysteradsorption dynamics on soils and clay minerals (Sparks
etic reactions, and may create secondary precipand Jardine, 1981; Sparks and Rechcigl, 1982; Jardine
tation during dissolution of soil minerals (Chou and Sparks, 1984; Ogwada and Sparks, 1986), and
and Wollast, 1984). SO,* sorption and desorption on soils (Hodges and

Some modified batch techniques were developedohnson, 1987).

for measuring reaction kinetics. Van Riemsdijk and As for continuous stirred-flow methods, they have
Lyklema (1980) and Van Riemsdijk and de Haan (1981)ong been used to obtain kinetic data in homogeneous
used a batch reactor under pH-stat and phosphorus-stet well as heterogeneous soil systems (Carski and
conditions to study phosphorus retention kinetics irSparks, 1985; Randle and Hartmann, 1987; Sey®ied
soils under constant metal phosphates supersaturatiah, 1989). The stirred-flow technique is an improve-
conditions. Similarly, Phelan and Mattigod (1987)ment over the fluidized method; the former provides
used a pH- and Ca-stat reactor to study the kinetics high degree of mixing so that the chamber and effluent
of phosphorus precipitation from supersaturatedoncentrations are equal and transport phenomena are
solutions. These are examples of specialized adaptatinimized. The stirred-flow technique is also attrac-

- 467 -



C.H. Wuet al

Table 1. Effect of the Kinetic Method on the Adsorption Rate only a small sample_ Unfortunately, this method can
Coefficient k,) and the Energies of Activation for Adsorp- gnly be used to study irreversible reactions. Several
tion (Eaq) in the Systems Studied investigators (Bridgeet al.,, 1982, 1983; Plankey and

Patterson, 1987; Liet al,, 1994) used the stopped-flow

Method method to investigate the complexation of different
Temp. Static Continuous Batch Stirred Vortex anions and metal ions. Plankey and Patterson studied
K flow batch the kinetics of aluminum-fulvic acid complexation in
ke, (Min) acidic water. Linet al. (1994) studied the kinetics of
283 003 0.03 130 132 144 copper complexation with dissolved organic rrr:a.tter.
oot 298 0.03 0.04 238 284 348 The stopped-flow method and fluoresgencg techniques
(5.1¢ (7.6) (26.1) (26.0) (30.6) Wwere also used to measure the reaction kinetics. The
313  0.04 0.05 3.76 3.78 4.98 results of these investigations demonstrate that the
283 0.03 0.03 018 019 087 methpd is adequate for kinetic studies of irreversible
Chester 298  0.03 0.04 023 025 233 reactons.
loam (5.3) (7.5) (9.2) (19.9) (32.6)
313 0.03 0.04 026 029 324 D. Relaxation Method
283  0.02 0.01 0.06 0.05 0.42
Vermiculite 298 0.02 0.02 0.08 0.06 0.95 The rates of reactions over a range of 10 to
(6.2) (10)  (13.2) (13.4) (33.6) 10 s can be determined using the relaxation method
313 0.03  0.02 010 007 165 (Berpnasconi, 1976), in which a perturbed equilibrium
Source Ogwada and Sparks (1986) system is re-equilibrated through the original reaction
“values inside parentheses &g, in kJ/mol. steps. Data on the progress of relaxation are then used

to investigate the reaction kinetics of the system. The
tive because it removes desorbed species at each stapin advantage of this method is the absence of mass
of the reaction process and because it makes studyimgnsfer phenomenon. On the other hand, the relaxation
desorption kinetics phenomena easy. techniques are only applicable to systems that are
Flow methods are better than batch methodseversible and are at equilibrium.
because the desorbed species can be continuously The relaxation techniques can be categorized into
removed from the system, thereby reducing interfertwo types of methods; the transient method and the
ence from desorbed species. jump method. The latter includes the temperature-,
Ogwada and Sparks (1986) conducted a studgressure-, concentration-jump, and electrical field
investigating the effect of agitation on rate parameterpulse; this method detects changes in the equilibrium
using five different methods: a static technique in whiclsystem affected by the temperature, pressure, concen-
no mixing occurred, a continuous-flow method, a batchration, and electrical field. The other type of relax-
method in which the sample was agitated at 180 rpmation method is known as the stationary method
a stirred method where the mixture was stirred a{Strehlow and Knoche, 1977), which includes ultra-
435 rpm, and a vortex batch technique in which th&onic and dielectric dispersion methods that detect
mixture was rapidly mixed at 2240 rpriiable 1shows changes in wave energy and capacity, respectively. For
the effect of each method on the adsorption rateach method, there are optimum conditions and an
coefficients and adsorption activation energies. Aptimum detection time range. For example, the tem-
mixing intensity increased, both the adsorption ratgerature-jump method needs a higher concentration
coefficients and adsorption activation energiesf electrolyte; therefore, electrolysis interferes
increased. The results indicate that the degree of mixingith the results, and reaction rates slower than
significantly affects the kinetic parameters in a giver0.2 s are difficult to measure (Strehlow and Knoche,

system. 1977). The reaction rate needs to be faster than
10* s (Strehlow and Knoche, 1977) for the electrical
C. Stopped-Flow Method field pulse and ultrasonic methods to be applicable.

The concentration-jump method is not suitable for
This method employs pneumatic pressure to ejedhorganic and heterogeneous reaction systems as the
two types of reactants into the reaction chamber, thudetector used is a spectrophotometer or spectro-
enabling them to be completely mixed in severafluorophotometer. The pressure-jump method is a more
milliseconds. The change of concentration with timesuitable method for detecting the change of conduc-
in the chamber is then measured by a suitable detectdivity in ion interactions between the solid and liquid
The major advantage of this method is that it requirephases.
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[1l. Pressure-Jump Technique SOKHz

1. Theory
@

BTN

4¢08000402

The pressure-jump method is based on the fact
that chemical equilibrium is dependent on pressure.
The relationship between the equilibrium constd@t ( 2
and pressureR) in homogeneous and heterogeneous %
systems at constant temperature is (Bernasconi, 1976):Eﬂ ®

O] =—R¥ (1)

whereAV is the standard molar volume change of the
reaction,P the pressure] the temperature, ar the BeTo CH2

®
X ®
molar gas constant. For a small perturbation, Eq. (1)
can be written as:
@

B = L[ avap. 2)

Fig. 1. Schematic diagram of the pressure-jump apparatus.

Equa}tion 2_i.ndilcates that the reaction kinetics pf i gg&fﬁggeci?ﬁ%?’Tzr’ig;;rcgf:l;G(:niggé %SSC?&ZISOEE!I‘
the shift in equilibrium are affected by a change in 7, RC Filter; 8, Digital Storage Oscilloscope; 9, Plotter and
pressure. For example, the maximum valuakfK Computer. [Adapted, by permission, from Chang (1993)]
for ion formation or dissociation, which causes the
molar volume to change as the reaction proceeds,
is about 4.1% over a 10 mPa change in pressurs the change of species concentration, which is af-
(Bernasconi, 1976). Therefore, the pressure-jumfected by the relaxation reaction. The second and third
method is suitable for kinetic study of an equilibriumterms are the change of electrical mobility and the
system that is disturbed by pressure changes. change of density, respectively, resulting from the
Pressure-jump measurements can be made usigfjange of pressure and temperature. The first term
optical or conductivity detection methods. Howeverrepresents chemical relaxation whereas the remaining
conductivity detection is preferred for systems involv-terms represent physical effects. The physical effects
ing ion association, since the equilibrium displacementan be eliminated by using a reference cell filled with
following a pressure-jump is usually small (Bernasconia nonrelaxing solution (e.g., KCl or KNDPwith the
1976). The change of specific conductangeduring same temperature dependence on conductivity as the
disturbance to equilibrium can be determinedsample cell and by maintaining the system under a
(Bernasconi, 1976): constant-temperature environment.

o= Z\Z \u C = 2. Apparatus

1000 ‘ZI ‘uimi ’ (3)

1000°

The primary components of the pressure-jump
whereF is the Faraday constarg, the valence of ion apparatus consist of a Wheatstone bridge, a function
i, U its electrical mobility,C; the molar concentration generator, sample and reference cells, and a digital
and m; the molal concentration of ioiy and p the storage oscilloscope. A schematic diagram of the ap-

density of the solution. For small disturbances, Eqgparatus is shown ii . The sample and reference
(3) can be written as cell are covered with a plastic membrane which effec-
tively transmits the pressure. A piece of brass mem-
brane is clamped on one wall of the autoclave with a
Ao = 1000(p2\z |u,Am; + p2 | Z; |mAu, P

bayonet socket. When the pressure in the autoclave
is high enough, the brass membrane bursts, and the
+Z\Zi \miuiAp). (4) pressure in the autoclave returns to ambient pressure.
After the membrane bursts, a sample suspension having

The first term on the right-hand side of Eq. (4)equilibrium at a higher pressure is out of equilibrium
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Table 2. Complex Formation Rate Constants Obtained Using the Pressure-Jump Techniqu¥at 25

Metal ion Ligand ki (M7's™) ket (s) References

Ni malonate (4.20.4%10° 42+4 Hoffmann and Stuehr (1966)
Ni malonate 2.%10° 24 Bear and Lin (1968)

Ni succinate 4.310° 2.7x10° Bear and Lin (1968)

Ni malate 5.&10° 17 Haradaet al. (1972)

Ni maleate 8.410° 2.1x10° Harada and Yasunaga (1973)
Ni phthalate 6.310° 2.6x10° Haradaet al. (1973a)

Ni lactate (2.60.3x10 (1.70.4)x10? Haradaet al. (1973b)

Ni glycolate 2.6&10° 2.6x10° Haradaet al. (1974)

Mg? BDS* (9£3)x10* 1243 Macri and Petrucci (1970)
Mn? BDS* (11+2)x10* 11+2 Macri and Petrucci (1970)
Co® BDS* (12+2)x10* 9+2 Macri and Petrucci (1970)
Ni@ BDS* (9£2)x10* 8+2 Macri and Petrucci (1970)
cu BDS* (19+2)x10* 11+2 Macri and Petrucci (1970)
zn? BDS* (13+2)x10* 10+2 Macri and Petrucci (1970)

Note: Reaction Mechanisms: ¥L% o ML @2*
a Msolvzt"BDSsolvz_ -~ MBDS
solv: methanol and BDS: benzenedisulfonate

due to the “instantaneous” pressure jump. The timé&brium and have ignored the kinetics. Pankow and

required to approach equilibrium at ambient pressur®organ (1981), on the other hand, indicated that a
is then monitored by a conductivity detector. Watematural system never reaches an equilibrium state, and
is circulated in the autoclave to maintain a constanthat kinetic processes are more important. The use of

temperature. the pressure-jump method is, thus, suitable for calcu-
lating the kinetic parameters of forward and backward
3. Relaxation Curve and Relaxation Time reactions.

There have been many studies which have used
The change in concentration (or conductivity/pressure jump techniques to evaluate reaction kinetics
voltage) data on pressure perturbation is used tof metal complexation. For example, Hoffmann and
graph the relaxation curve with time as shown in EqStuehr (1966) investigated the complex reaction kinet-
(5): ics of N reaction with malonate; Bear and Lin (1968)
_At probed the complexation of Nireaction with succinate;
C=C.exp(—)., (5) Macri and Petrucci (1970) explored KgMn*, Ni?*,
Co*, CU, and ZR* complexation with m-benzenedi-
whereC, andC are the initial and final concentrations sulfonates in methanol; Dickeet al. (1972) investi-
(or conductivity/voltage), respectively, two arbitrary gated Ni*, Co**, F&*, and Mrf* complexation with
points in the curvelt is the time interval between these chloride in methanol; and Kalidas al. (1971) studied
two points, and is the relaxation time. The reciprocal AlI** and G&" complexation with S¢~. The research
of relaxation time ) is then calculated using Eqg. (6) group of Yasunaga (Haraa al, 1972, 1973a, 1973b,
or from the slope of the semi-log plot ofversus 1974; Harada and Yasunaga, 1973) probed a series of

C: complexation kinetics involving Ni complexation with
InC. —InC bidentate ligands. Hiraishdt al. (1978) and Harada
T_lzoAit- (6) etal (1980) explored the kinetics of Alcomplexation
with acetate and monoacetate, respectively. The ki-
IV. Pressure-Jump Applications netic constants of the above reactions are summarized
in Table 2
1. Complex Formation, Hydrolysis, and lon
Exchange Reaction B. Hydrolysis
A. Complex Formation Reaction With hydrolysis of the surface hydroxyls, the

charge density on the oxide and the dynamic behavior
Most studies on metal complex formation in theof these hydroxyls will change simultaneously.
environment have only considered the effects of equitherefore, the mechanism of oxide hydrolysis must be
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Table 3. Rate Constants of Hydrolysis on the Zeolite 4A, X, andTable 4. lon Exchange Rate Constants and Mechanisms of Different

Y Surface at 25C Cations in Zeolite 4A at 28C
Zeolite ki (M7s™) Ky (sT) References cation Volume k; (M™35™Y) ko (1) ke (SH) kop (SH
3
Zeolite 4A 1.6&102 8.7x102  Ikedaet al (1981a) (nn)
Zeolite X 2.0¢10° 2.0x1072 lkedaet al (1982b)  methylamine 1.210% 21 2.4  0.24-0.48
Zeolite Y 8.x10" 7.3x10™" lkedaet al. (1982b)  NH,* 0.013 1.&10% 2.8 3.7 3.7
+ 4
Note Mechanism: CHNH;" 0062 12100 1.8 2.3
K CoHsNH3 0.090  2.%10 0.4 1.3
SOH+OH === SO+H,0 (CHg),NH," 0.086  2.x10° 0.7 1.8
k n-CgHsNH;"  0.111  1.&10° 1.3 0.3 0.5

1=k ([SOH]+[OHT])+k', with K p=k,[H O
=kl I+ DK wi b=ko[H20] Source:lkedaet al. (1981b, 1983)

Note: Mechanism:

clarified before the mechanism of ionic adsorption and k: k.
S<==SA <= S(A)
exchange can be well-understood. i ks
Ikedaet al. (1981a) observed a single relaxation A*

curve from a solution of zeolite 4A (Ma.Al ,03.2SiO.-
nH,0) above pH 11.5 using the pressure-jump technique.
This relaxation phenomenon may have been due to
sodium ion entering the zeolite framework, resulting
from base-catalyzed adsorption-desorption of the so-
dium ion. However, in a system to which tetramethyl-
lammonium hydroxide was added as the base where the ko: forward reaction rate constant of the second step
tetramethylammonium could not enter the zeolite k_p: backward reaction rate constant of the second step
framework, the same relaxation phenomenon was also
observed. Therefore, it is clear that the relaxatios |on Exchange
observed was due to interaction between the hydroxide
ion and the active sites on the zeolite surface. In other |k edaet al (1981b, 1983) explored the ion ex-
words, hydrolysis on the zeolite 4A surface led to thi%hange kinetics of methylamine, NH CHsNH5",
relaxation phenomenon. lkead al. (1982b) further C,HsNH3*, n-CsH/NHs*, i-CsH/NH3*, (CHs)NH,
performed a similar §tudy on the .suspension of ZeOHtFCH?,)gNH* and (CH),N* in zeolite 4A suspensions.
X (Na;0-Al;0-2.5 SiQ) and zeolite Y (NgO-Al20- Teijr results revealed a double relaxation phenomenon
4.8 SiQ), and obtained similar results. The hydrolysisj, the methylamine, Nif, CHsNH3*, C,HsNH3", n-
constanFs an'd mechanism of zeolite interaction arg.H,NHs* and (CH),NH," systems. Fast relaxation
summarized infable 3 _ _ and slow relaxation are created by the diffusion of these
The amphoteric properties of the active surfacgons across the zeolite surface and adsorption into the
group on metal oxides play an important role in colloid, g gite framework, respectively. The rate of adsorption
science and catalytic chemistry. It is well known thats gependent upon the steric factor, indicating that the
the amphoteric surface group adsorbs both anions apgie decreases as the volumes of these ions increase.

cations. Ashidzt al (1978, 1980) investigated the The jon volumes, kinetic coefficients, and mechanisms
adsorption-desorption of'Hand OH in the TiOQ-H20 o jon exchange are summarizedriable 4 In a similar

system, which was caused by hydrolysis of the;TiOgtyqy, |kedaet al. (1982c) found that L-lysine also
surface. The reaction mechanisms and kinetic paramyisplayed a similar reaction to zeolite X. The mechan-

S: the vacant site

S.A: adsorbed state on the surface

S(A): adsorbed site of Awhich diffused into the cage
ki: forward reaction rate constant of the first step
k_,: backward reaction rate constant of the first step

eters can be represented as follows: isms and kinetic parameters can be represented as
ka follows:
SOH+H+?SOH2+, . .
S(N&) <= S(NaA™) <2 S(A),
wherek, is the adsorption rate constantx(®™* dm? Q{l 2 Na'
cm? sY) andky the desorption rate constantx(@™
mol cm? s7); where k;=2.8x10° M%s™, k;=9.1x10" %, k,=5.9x
Ka 10's™?, andk ,=1.1x10* M's™,
SOH+OH™ =3 = SO +H0; Ikedaet al. (1984) further investigated the reac-
tion kinetics of NH" exchange with hydrogen ion in
wherek, =4.1x10* M™*s™, andky=8.5x10"2 s, zeolite H-ZSM-5 and observed a single relaxation. The
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reaction mechanisms and kinetic constants can be ewith very small or very large equilibrium constants
pressed as: were relatively insensitive to perturbation. From this
point of view, when comparing different gKvalues

Ke
S(H)+NH4+‘:|Q,’ S(NH")+H", of several oxide suspensions (pK1 for SiQ,, 2.5-
3.0 for TiO,, 4.3-5.0 for goethite, and 4.4-6.0 fgr
T =k([ S(H)]+[NHs D+ Ko ([S(NHL)]+[H™]), Al,03), it is not surprising that no relaxation could be
observed in SigQ goethite, ory-Al,0s.
k= 650 M's™, andk,=800 M's™. Hachiya and Yamaguchi (1994) performed a
kinetic study on the adsorption-desorption of alkali
2. Solid/Water Interface metal ions on Carboxymethyl Sephadex C-25 using the
pressure-jump technique, and a single relaxation was
A. Cation Adsorption/Desorption observed. The relaxation time increased in speed with

increasing concentrations of the added alkali metal
Most traditional batch and flow methods areions. The relaxation was attributed to the conforma-
incapable of providing detailed information regardingtional change of the Sephadex particles accompanying
processes at the interface, owing to an inability tahe ion-pair formation between alkali metal ions and
detect changes in the system as rapidly as the adsompe dissociated Carboxymethyl groups. The reaction
tion reaction proceeds. Relaxation methods, especialipechanism can be represented as:
the pressure-jump technique, not only compensate for
the disadvantages of traditional methods, but can also —COO‘+M+$(—COO‘....M+)|
describe reaction mechanisms. k1
Cation adsorption/desorption reactions observed
using the pressure-jump technique are classified ac-
cording to valency.

k: _
(k:f;(—coo MY,

where (COO....M"), and (COO....M",, denote the
B. Monovalent Cations two types of ion pairs. The authors assumed that the
speed of step 1 was faster than that of step 2 and
Astumianet al. (1981) explored the adsorption/ determinedk,™ (s) values for L{(97), N&(70), and
desorption of protons on the iron oxide surface. Singl&*(34). The movement for conformation change fol-
relaxations were observed in aqueous suspensions lofvs the atomic weights of the alkali metal ions, 6pK
y-Fe,05 (hematite) and R©®, (magnetite), but no re- Na'>Li*, resulting ink,™(Li*)>k,"™(Na") >k,™(K*).
laxation could be observed in a goethite (FeOOH)
suspension. The reciprocal relaxation times obtaine@. Divalent Cations
for both the hematite and magnetite suspensions showed
the same parabolic dependence on pH, with a minimum  Hachiyaet al. (1979) evaluated the kinetics of
at pH 3.4. The relaxation can be interpreted in termP** adsorption-desorption onyaAl,O; surface using
of proton adsorption-desorption at the surface of théhe electric field pulse method for a fast reaction and
iron oxide particles with the following kinetic constants:the pressure-jump method for a slow reaction. Double
relaxations were found in agueoy#\l ,03 suspension
y-Fe,0; k"=2.4x10° M's?, k4"= 1.6x10"s™?, containing PB, and the reciprocal fast relaxation
decreased while the slow relaxation increased with
Fes0, kM=1.4x10° M7's?, k4M= 3.4x10's?,  increasing PH concentration. The fast relaxation mea-
sured was attributed to adsorption-desorption of
wherek,™ is the proton intrinsic adsorption rate con-Pb?* on the hydrous oxide surface group Al-OH, and
stant andk4™ the proton intrinsic desorption rate the slow one to the deprotonation-protonation pro-
constant. The “intrinsic” equilibrium (or reaction rate) cess induced by the adsorbed?Pb The forward
constants which do not depend on surface charge amehd backward reaction rates of the first step were 1.
these intrinsic constants in this paper are denoted &@x10®° M~'s™ and 1.x10* s, respectively, and of
“int” in superscript. the second step, 1x30 s* and 1.%10° M's™, re-
Astumianet al. (1981) further indicated that the spectively.
pKa1 (PKg acidity quotient) of the oxides plays an Hachiyaet al. (1984) further studied the kinetics
important role in obtaining relaxation signals. Theyof adsorption-desorption of €y Mn*, Zn**, Co** and
also observed that relaxations could be observed onRt?* on they-Al,O5; surface using the pressure-jump
in the approximate range o£@K,;<4 because systems technique, all with double relaxations. The authors
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Table 5. Intrinsic Rate Constants and Mechanisms of Adsorption-of (UQO,)3(OH)s" on the surface hydroxyl group of
Desorption of Metal lons on theAl,03 Surface at 25C ~ \_A|,0,5. The intrinsic values of the adsorption and
desorption rate constants were found to bex108

metal ion k™ (M5 k™ (M7 M™s?t and 1.x10° M's™, respectively.

PR (6.4+1.6)x10° (4.1+1.0)x10° As a reference, a constant concentration of back-

lollad (7.4+2.0x10° (3.1+0.9)x10° ground electrolyte was added to the system for pres-

an; (5.10.8)<10° (1-310-2)><10§ sure-jump testing. Because the background electrolyte

?:ASZ" g-ig-i;ﬁg Eé'ig'g;ﬁg“ ions could react with the metal oxides, a superfluous
T T signal was produced and interferred with the results of

Source:Hachiyaet al (1984) the adsorption-desorption reaction. Changal (1993)

Note: Mechanism: studied the adsorption kinetics of €wn they-Al,05

surface to correct this interference. They added dif-
ferent concentrations of background electrolyte in the
M(H,0),2* H0 H* adsorption experiment and concluded that the reaction
(step 1) (step2) of CU** with y-Al,O; was an inner-adsorption reaction.
When no background electrolyte was added for pres-
sure-jump measurements, a double relaxation was
observed. The triple-layer model Hayes and Leckie
found that the order of the adsorption rate constantsl987) developed, in conjunction with kinetic experi-
of metal ions corresponded to that of the rate constant8ents using a pressure-jump apparatus, essentially
for the release of a water molecule from hydrated metaferified the formation of the inner-sphere’Coomplex
ions in homogeneous metal complex systems. Charyj the surface of-Al,0;. The mechanisms and kinetic
et al. (1993) also found a similar relationship in theconstants can represented as follows:
Cu**/y-Al ,05 system. For this relationship, Lat al.

k
Alor }T’ AIOHM(H,0), 2 <= AIOM(H,O),
1

M: divalent metal ion

(1997) provided an overall explanation. This relation- SOH % SO~ %’SOCU"',
ship, however, does not exist in the Cr(lyil,05 - A 2+‘2

; u
system (Changet al, 1994), nor in the Ga(lll) and (fast) (slow)

In(111)/ y-Al ,03 system (Linet al., 1997). The adsorp-
tion/desorption of trivalent cations will be described
in detail in the following sectionTable 5shows the wherek;™=1.2x10" s, k_;"=4.7x10° M~'s™, k"=
reaction mechanisms and kinetic parameters of adsorf-1x10° M™'s™, andk_,"=1.8x102 s™.
tion-desorption of divalent metal ions onto fral,O3
surface. D. Trivalent Cations

Hayes (1987) studied the adsorption-desorption
of PI¥* onto a-goethite under experimental conditions Changet al. (1994) and Liret al. (1997) studied
similar to those used by Hachigaal (1984) and found the kinetics of adsorption-desorption of Cr(lll), Ga
the same fast reaction mechanism. Verification of thélll), and In(lll) on the surface of-Al ,0;. The reaction
slow reaction mechanism, however, failed after severahechanisms for the adsorption of trivalent cations onto
possible reactions were tested. The author inferred thtite y-Al ;03 surface are listed imable G in which both
the background electrolyte might have interferred wittMechanisms | and Il correspond with the experimental
the kinetic measurements. Because two close backesults. The adsorption process occurs with proton
ground electrolyte concentrations (0.01 M and 0.01%elease from the surface hydroxyl group, followed by
M NaNOs;) were used, its effect was not noticeable.coordination of M& and MeOH' to induce bidentate
Nevertheless, Hayes (1987) assumed that the ion pand monodentate adsorption. The intrinsic rate con-
formation with NG~ was responsible for the slow stants are summarized ireble 7
reaction; this assumption, however, was somewhat Hachiyaet al (1984) and Stumm (1992) have
different from the experimental results. found that the intrinsic adsorption rate constants of

Mikami et al. (1983b) studied the kinetics of the divalent metal ions are linearly related to the rate
adsorption-desorption of uranyl ion on theAl,O; constants for the release of water molecules from
surface. A single relaxation was observed, and thBydrated metal ions. The relationship was further
reciprocal relaxation time increased with the uranylquantified by Linet al. (1997), who provided a sum-
ion concentration whereas it decreased and then apary of adsorption mechanisms of bivalent and triva-
proached a constant value with increasing pH. Théent metal ions.
relaxation was attributed to the adsorption-desorption In summary, sorption of trivalent metal ions
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Table 6. Mechanistic Pathways and the Relationship between ReTable 7. The Intrinsic Rate Constants and Equilibrium Constants in
ciprocal Relaxation Times and Concentrations of Cr(lll), Mechanism | and Il at 28C
Ga(lll), and In(Ill) Species on theAl,O3 Surface

int

Mechanism  log,™ logk_, 10gK3, kinetic™  109K2, equil™

Mechanism | (M7 (s M™ M™
(1) Mechanistic pathway: cr(in) |1 11.45%  -7.08 18.58 18.46
k  k . I 7.06  -6.20 13.26 11.85
250H KI\ZSO 7 (SO)Me'. Ga(lll) | 1322  -8.92 22.13 22.15
e I 8.04  -6.39 14.43 13.83
In(ln) 1 12.83 -8.96 21.34 20.63
(2) Relationship between reciprocal relaxation times and species I 7.44 -8.06 15.49 13.76
activities Sources:Changet al. (1994) and Linet al. (1997)
-1, —3%¥F =kint —3¥F 5 2, [373_]{’\/'934} :unli m:zs_l
e gt | Tk {exp—57 (SOT] G ) unit:
+K = KM} K™ nonmetal, the valance of the central atom, the number
. of oxygen molecules which are bonded in anions, and
with the valance of the ions. It is not possible to elucidate
(307 a unfied reaction mechanism of anions to the oxide
G= +1. surface. Therefore, anion adsorption reactions can only

AT 01+ f AR a2
(K22)"exp 2R/ RT)ISOH] +{H}[S07] be categorized as outer-sphere adsorption and inner-

sphere adsorption reactions.
Mechanism II
(1) Mechanistic pathway:

A. Outer-Sphere Adsorption
k k
SOH <= SO” <= SOMeOH".

AN Ikedaet al. (1982a) investigated the adsorption-
H* MeOH? desorption kinetics of acetic acid on silica-alumina
(2) Relationship between reciprocal relaxation times and specieparticles in aqueous suspensions, and a double relax-
activities ation was observed. The fast relaxation was attributed
wE CowE to pr.otonation—deprotonation reactiqn on the silica-
T~ lexp( R'[r) )=k exp( RTO )([SO7] +{MeOH 2"} alumina surface, and the slow relaxation to the adsorp-

tion-desorption process of the acetate ion, accompa-

(K Mexp (WF/ RT) +[SO] oKt nied by elimination of a water mole_cule from the surfage.
(K M)exp(WoF/ RT) +{H*}[SO] -2 The intrinsic values of thg protonation and deprotonation
rate constants determined were 219* M™'s™ and
=KIMIV'Y +KI 46 s*, respectively, and those of the adsorption and
Source Lin et al (1997) desorption rate constants were 6.5'8f and 3.&
Note: *Me denotes Cr or Ga or In. 10 s, respectively.

Zhang and Sparks (1990a) observed the kinetics

and mechanisms of sulfate adsorption-desorption onto

onto aluminum oxide is an associative mechanismgoethite. The sulfate adsorption isotherm indicated
Proton(s) is released from surface hydroxyl group(s)that adsorption decreased with increasing pH in the
followed by the attachment of metal ions to form agoethite suspension. The triple-layer model predicted
surface complex. On the other hand, sorption of dithe experimental data well, and sulfate adsorption onto

valent metal ions is a dissociative mechanism, whergoethite was found to be an outer-sphere adsorption.

the proton present in the oxide does not have to leavk single relaxation was observed using the pressure-
before the surface reaction site coordinates with thrimp technique. The intrinsic equilibrium constants

metal ion. obtained from the triple-layer model simulation and
kinetic measurement were similar. The mechanism and
3. Anion Adsorption/Desorption rate constants can be shown as follows:

. Unlike cation adsorp'tion, where a smalll yariange XOH+H*+S0,2 ke XOH,"-S0,%,
exists between each cation, there are significant dif- k-1

ferences among anions. For example, there are differ- _ _

ences in the central atoms, which can be metal ovherek,™=2.1x10* M2s* and k_;™=0.14 s™.
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Zhang and Sparks (1990b) further conducted and pressure-jump techniques. The reciprocal relax-
similar study on the kinetics of selenate adsorptionation times of both methods increased with the con-
desorption at the goethite/water interface, and theentration of IQ". The reaction mechanisms and kinetic
reaction mechanism was the same as that of sulfateonstants can be displayed as follows:

The adsorption and desorption rate constants were

3.5x10° M2 and 3.34 ¥, respectively. TiOH é»TiOH-IO{% TilOs,
Wu et al (1998a) explored the sulfate and selenate VA 2N
adsorption/desorption oprAl,O3 in aqueous suspen- 103 (o) (fas)

sion. The triple-layer model fit the experimental data
well when adsorbed sulfate and selenate were assumﬁ%ere K;=4.3x10° Mis?, k;=2.0x10 s?, ky=1.0x
1— - ] —-1— <. y —4.

- 2_
tSOOfOETSZ”tze_)r SpBr;esreed Coonmtf]f’;gfa (ast%;'stﬁ‘é oar‘”dan 410 5%, K=5.8¢10° M's™, and TIOH-IQ_is a stable
Ho Q7). xatl y complex formed by adsorption of 0 The kinetic

combined results of TLM S”T‘“"’?‘“‘?”S' a smgle-stepc nstants indicate th&t, is larger thark;, due to the
process was proposed. The intrinsic rate constants f

. . . gher 105 adsorption activation energy.
the adsorption and desorption were determined to . o
be ky"=2.7x10° M2s* andk_;™=1.1x102 s in the Zhang and Sparks (1989) studied the kinetics and

2 i P mechanisms of molybdate adsorption-desorption at the
Eoiﬁt_/z ::12(03—3 :‘Xsi;e?r]{easn:(QlZ‘/fA?xéossystesm and goethite/water interface. Both the equilibrium and
SN . ; 23 kineti fit th I hanism for th -

Mikami et al. (1983a) investigated the kinetics of netic data fit the postulated mechanism for the re

. . action steps and the modified adsorption model well.
the adsorption-desorption .Of phosphate Onm.z% The reaction mechanisms and rate constants can be
surface. A double relaxation was observed within th

§ :
pH range of 5-8.5, and the fast relaxation time de_epresented as

creased while the slow one increased with the pH. The

. . . Hyt+M0042™ <= SOH,"-M00,%"
proposed reaction mechanisms and reaction rate con- SOH™+MoOy k1 SOH2™"M0O4

stants are (fast)
ke _
AIOH;*+HoPO; <> AIOH,"~H,PO4, “ie” SM0O4™+H20,
(slow)

AlOHZ +HPO," <= AlOH,™~HPO,~, where k;"=4019 M's?, k=392 s k,"=1.9

M™s? andk_,"=42.3 st

wherek;,"=4.1x10° M™*s™?, k_{"=2.3 s*, k,"=4.1x10" Wu et al. (1998b) investigated the kinetics and
M™s™ andk.,"=2.7 s’ mechanisms of molybdate adsorption/desorption at the

Mikami et al. (1983c) performed a similar study y-Al,Os/water interface. Based on the relaxation theory
on chromate. The results indicated that both the fastnd combined results of TLM simulation, a two-step
and slow relaxation times decreased with an increasingrocess was proposed. The first st&p k_;) is the
chromate concentration, and that the fast relaxatioformation of an ion-pair complex through electrostatic
time was independent of the pH while the slow timeattraction between the reacting surface sites and f1oO
increased with the pH. The chromate reaction mechand H. The second sterk4, k_,) involves a ligand
nisms were the same as those for phosphate. Tlchange process, whereby one water molecule is
reaction rate constants welg"=5.3x10* M1s?, replaced by one adsorbed MgOfrom the surface. The
k.,M=1.9x10 st k,"=9.9x10* M~!s?, and k_,"=  values of the adsorption and desorption rate constants
5.2x10 s*. A comparison of the values of the adsorp4in the MoQ?*/y-Al ,0; system were determined to be
tion-desorption rate constants for phosphate and chrdy™=5.23x10° M?s™!, k_;"=2.41x10 s*, k,"'=1.74
mate shows thak_,™ (chromate) k,™ (phosphate) s™* andk,"=3.26x10" s™

andk_,™ (chromate) ¥ ,™ (phosphate), indicating that In another study, Zhang and Sparks (1990b) re-
the interaction of chromate with AIQHis weaker than ported on the adsorption mechanisms of selenite on the
that of phosphate with AIOH. goethite surface. The first step is the formation of an
outer-sphere surface complex through electrostatic
B. Inner-Sphere Adsorption attraction. In the second step, the adsorbed selenite

ion replaces a 0 molecule from the protonated surface
Hachiyaet al (1980) investigated the adsorption- hydroxyl group and forms an inner-sphere surface
desorption of 1Q on a TiQ surface, and a double complex. The reaction mechanisms and kinetic param-
relaxation was observed using the electric field pulseters can be shown as follows:
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sorption rate constant using the LFER, which is appro-
priate only for divalent cations. For anion adsorption,
however, no general conclusion is obtainable. Many
<£>XH5603+H20_, researchers cited in this paper have significantly ad-
-3 vanced the pressure jump technique in general, and
_ k _ have studied many applications in particular.
+ 2 2 +_ 2 +
XOH+2H"+5e05 2 XOH,"=5e03" +H Undoubtedly, the results summarized in this review
Step 1 (fast) paper will enhance our understanding of complicated
chemical reactions at the microlevel.

+ - _k + -
XOH+2H"+Se03 ‘k:_:XOHZ —HSeO3

< XSe05+H +H,0,
-4
Step 2 (slow) Acknowledgment

where k;™=3.82x10"* M3s%, k_;"=4.07 §!, kM= The authors wish to thank Professor Olive J. Hao, the Uni-
101 s, k5™=9.7x10"° s, k,"=2.18x10"° M~2s! versity of Maryland, U.S.A., for valuable discussions and comments.

k,"=3.26x107° s, k,"=0.13 s, andk_,"=0.05 s.
Grosslet al. (1997) proposed reaction mecha-
nisms of arsenate and chromate on the goethite surfag@nida, M., M. sasaki, H. Kan, T. Yasunaga, K. Hachiya, and T.
assuming that the mechanism was a two-step reaction. Inoue (1978) Kinetics of proton adsorption-desorption at,TiO
The first step, associated with the fast relaxation time, HzO interface by means of pressure-jump techniqueColloid
involves an initial ligand exchange reaction of aqueous _ '"terface Sci 67, 219-225. .
. . Or HCrO- with OH i d Ashida, M., M. Sasaki, K. Hachiya, and T. Yasunaga (1980) Kinetics
oxyanion spgmes SO, or rQ, WI . 'gands of adsorption-desorption of Otbn TiO,-H,0 interface by means
at the goethite surface, thus forming an inner-sphere of pressure-jump techniqud. Colloid Interface Scj.74, 572-
monodentate surface complex. The second step of the 574.
slow relaxation time involves a second ligand exchangéstumian, R. D., M. Sasaki, and T. Yasunaga (1981) Proton adsorp-
reaction, resulting in the formation of an inner-sphere t|op-desorpt|on kmgncs on iron oxides in agueous suspensions,
bidentate surface complex. A comparison of the equis__- "2 the pressure-jump methad.Phys. Chem8s, 3832-3835.
S p_ : D. . aq Bear, J. L. and C. T. Lin (1968) The kinetics of formation of nickel
librium constants obtained from simulation of the  majonate and nickel succinate complex&sPhys. Chem 72,
constant capacitance model and kinetic measurement 2026-2029.
of the pressure-jump indicates that the result of the firdternasconi, C. F. (197&elaxation Kineticspp. 222-231. Academic
step fits well while that of the second step does not, FPress. New York, NY, US.A. .
This suggests that although the mechanism bro OseBcrildger, K., R. C. Pantel, and E. Matijevic (1982) Thermodynamics
f i g% . lid th i g 5 i . P |p and kinetics of complexation of iron(lll) ion by picolinic and
or step 1 Is valid, the step < reaction may InvVolvVe a (dipicolinic acids.Polyhedron 1, 269-275.
more elementary reaction than has been imagine@yidger, K., R. C. Pantel, and E. Matijevic (1983) Thermodynamic
thereby leading to incomplete results. The results from and _kinetics studies of_ hydroxo and chloro complexes of iron
both kinetic and equilibrium batch experiments suggest (Il1) in ethanol/water mixturesJ. Phys. Chem87, 1192-1201.
that te i likelv to f . h arski, T. H. and D. L. Sparks (1985) A modified miscible displace-
at arsenate Is mo_re Ikely . 0 form an, INNEr-sphere o technique for investigating adsorption-desorption kinetics
surface complex with goethite than with chromate. iy soils. Soil Sci. Soc. Am..J49, 1114-1116.
Con-sequently, arsenate may be more readily adsorb@tlang, K. S. (1993Kinetics of Cr(lll) and Cu(ll) Adsorption/
in soil systems, and chromate may be the more mobile Desorption at the~Al,Os/Water Interface by the Pressure-Jump

of the two oxyanions in natural systems. Technique Ph.D: Dlsser_tatlon. _Graduat_e Ins_tltute‘of‘Env_lron-
mental Engineering, National Taiwan University, Taipei, Taiwan,

R.O.C.
V. Summary Chang, K. S., C. F. Lin, D. Y. Lee, and S. L. Lo (1993) Mechanistic
investigation of copper sorption on{eAl,O5 using the relax-
From this review, it is clear that the pressure-jump  ation techniqueChemosphere27, 1397-1407.
technique, which is different from the traditional batch®"ang: K. S., C. F. Lin, D. V. Lee, S. L. Lo, and T. Yasunaga (1994)
. . . . Kinetic of Cr(lll) adsorption/desorption at theAl,Oz/water
and .ﬂOW methods, is an exce”ent_teChmque f_OI‘ kinetic interface by the pressure-jump techniqdeColloid Interface
studies on heterogeneous adsorption/desorption system. sci, 165, 169-176.
It can be used to elucidate the reaction mechanisms agtlou, L. and R. Wollast (1984) Study of the weathering of albite
determine kinetic parameters of a complex reaction, atroom temperature and pressure with a fluidized bed reactor.
[P ; ; ; Goechim. Cosmochim. Actd8, 2205-2217.
hydmly.SIS’ Ion_exchange reaction, anq Catlon/an!o%ickert, F., P. Ficker, H. Hoffmann, and G. Platz (1972) Mechanism
adsorptlon on an QXIde Surfa_ce' For .C?‘tlon ads_orptlpn, of complex formation in methanol: solvent exchange rates for
the divalent and trivalent cations exhibite the dissocia- some bivalent ionsJ. Chem. Soc. Chem. Commu®, 106.
tive and associative processes, respectively. Thereforezombak, D. A. and F. M. M. Morel (199®urface Complexation

the trivalent cations cannot be used to estimate the Modeling: Hydrous Ferric Oxidepp. 1-41. John Wiely, New
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