
1.0  Introduction 

According to the U.S. Center for Disease Control and Prevention (CDC), Pb is the 

most universal and serious pollutant to impact young children and the most frequent 

mode of poisoning is from ingestion of Pb contaminated paint chips and soils.  Lead is 

ubiquitous in soils (primarily from past anthropogenic activities) and the U.S. population 

receives almost 70% of its total Pb exposure from food, aside from exposures due to 

occupational hazards (Biddle, 1982).  Plants absorb nutrients, as well as non-essential 

metals such as Pb, as ions in solution.  These non-essential metals, present at high 

concentrations can accumulate in portions of the plant and may be toxic to animals and 

humans that consume the plants.      

Many soils around the world have high concentrations of Pb from natural, 

agricultural, and industrial sources.  Primary anthropogenic sources include: smelting and 

burning of coal, additives in pigments and gasoline, batteries, and pesticides.  

Understanding the interaction of Pb with soil surfaces is extremely important in 

determining its potential bioavailability.  In natural systems the potential bioavailability 

of trace metals is primarily controlled by adsorption-desorption reactions at the soil-

solution interface (Backes et al., 1995).  Trace elements such as Pb have a high affinity 

for mineral oxides of iron, aluminum, and manganese (Hem, 1989).  For example, 

goethite is one of the more common Fe-oxides found in natural soils and is a major sink 

for trace metal adsorption (Swertmann, 1991).   Most laboratory studies have examined 

and modeled the adsorption/desorption kinetics of trace elements from pure oxide 

systems.  However, the heterogeneity of natural systems and competition from organic 

ligands and inorganic elements makes modeling trace metal reactions in natural soils very 
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complicated.  Moreover, recent evidence suggests that trace metal potential 

bioavailability decreases with an increased residence time.  (McLaren et al., 1986; 

Ainsworth et al., 1994; Eick et al., 1999; Glover et al., 2002).   

While many studies have been conducted to understand the adsorption of trace 

metals to soil minerals, less is known about long-term adsorption/desorption processes.  

Several explanations have been proposed for residence time effects including the 

formation of multinuclear surface complexes and surface precipitates, aging and 

increased crystallinity of surface precipitates, a change in type of surface complex 

(mono- vs. bidentate), solid-state diffusion into the crystal matrix, incorporation into the 

mineral structure via recrystallization, and micropore diffusion.  Several trace metal 

cations (i.e. Ni2+, Co2+) have been observed to form multinuclear surface complexes and 

surface precipitates (M(OH)x) on mineral surfaces at surface coverages below a 

monolayer and pH values less than 7.  However, recent spectroscopic evidence has 

demonstrated that although Pb adsorbs as a hydrolyzed species (PbOH+), it does not form 

multinuclear complexes at surface coverages below a monolayer and pH values < 6 on 

Fe-oxides such as goethite (Barger et al., 1997).  Additionally, due to the large ionic radii 

of Pb, it would be unlikely to isomorphically substitute for Fe during Fe-oxide 

crystallization (Ainsworth, 1994).  Therefore, it has been hypothesized that the residence 

time effect observed by researchers for Pb desorption from oxides may be due to some 

type of diffusion phenomenon (Eick et al., 1999).  Since Pb has a strong affinity for the 

goethite surface and Pb is sorbed as a hydrolysis species, one would expect that diffusion 

would be very slow (Eick et al., 1999).  The authors questioned whether the length of the 

adsorption study (12 weeks) was long enough to promote an observable residence time 
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effect.  Longer equilibrium times, longer desorption runs, or a method to increase 

diffusion rates (e.g. stirring) may be required to resolve these differences (Eick et al., 

1999).               

Accordingly, the objectives of this research were to examine the influence of 

sorption period and mixing on the kinetics of Pb desorption from goethite.  

 

1.1 Trace Metal Adsorption and Desorption Mechanisms 

 Research has demonstrated that trace metals are sequestered by organic matter, 

non crystalline aluminosilicates, oxides and hydroxides of Fe, Mn and Al, and to a lesser 

extent the edges of layer silicates.  All of these surfaces contain a common adsorption 

site, the unsatisfied valence OH- or H2O ligand coordinated with a metal ion (usually 

Fe3+, Al3+ and Mn3+, 4+) or present as a weak organic acid functional group.  An ion can 

bind to these sites either as an inner-sphere (specific or chemisorption) or outer-sphere 

(non-specific adsorption) complex.  An inner-sphere complex is formed when there are 

no water molecules between the adsorbed ion and a surface ligand whereas, an outer-

sphere complex contains at least one water molecule between a charged surface 

functional group and the adsorbed ion (Essington, 2004). Outer-sphere surface complexes 

are maintained by electrostatics because the water molecules prevent electron sharing; 

creating a relatively weak bond.  Organic and inorganic species bound via outer-sphere 

complexes are nonspecifically retained, meaning they may be easily displaced from the 

surface.  In contrast, inner-sphere complexes form stable covalent or ionic bonds where 

the ion is tightly bound to the surface or specifically retained.  Most trace metal cations 

primarily form inner-sphere complexes (Sparks, 1986; Sparks, 2003; Essington, 2004).  

 3



Metal cations that reportedly form inner-sphere complexes include the first row transition 

metals and the heavy metals (Essington, 2004).  Inner-sphere complexes can form either 

a monodentate or bidentate surface complex (Fig 1.1).  In a monodentate surface complex 

the trace metal forms one bond with a single functional group while in a bidentate surface 

complex the trace metal forms two bonds to either a single functional group 

(mononuclear) or two functional groups (binuclear).  At very low surface coverages, 

metals tend to form monodentate complexes and as surface coverage increases, the 

bidentate complex becomes prevalent (Essington, 2004).  For example Fendorf et al. 

(1997) used extended X-ray adsorption fine structure spectroscopy (EXAFS) to deduce 

the local coordination environment of arsenate (As(V)) and chromate on goethite.  The 

researchers found that both chromate and arsenate form an inner-sphere monodentate 

complexes at low loadings and at high loadings form inner-sphere bidentate surface 

complexes.  In general, monodentate surface complex formation is rapid; whereas 

bidentate complexation displays a rapid initial uptake followed by a period of relatively 

slow kinetics (Essington, 2004). 
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Figure 1.1 Surface Complexes: a. Monodentate, b. Bidentate mononuclear, 
  c. Bidentate binuclear.  
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    Oxides and hydroxides of Al, Fe, Mn and Si possess little or no permanent surface 

charge, but generate CEC and AEC as a result of the adsorption of protons and hydroxyl 

ions (Equation 1.1) (Mc Bride, 1994).  These minerals are amphoteric (able to act as both 

an acid and a base) depending on pH. 

 
 

>Fe-OH]-1/2  =  >Fe-OH2]+1/2

                                             (CEC)                 (AEC)                                           1.1  
  

The solution pH will determine which form will dominate the exchange complex.   Thus, 

metal adsorption directly relies on the pH of the system.  In general, the adsorption of 

metals is nearly reversible in the lower pH range compared to the higher range.  This can 

be attributed to the fact that the monodentate complexation reaction should give way to a 

bidentate complexation at higher pH values.  For example, Trivedi et al., (2003) used X-

ray absorption spectroscopy (XAS) to examine the influence of pH on Pb(II) adsorption 

to ferrihydrite.  The researchers found that at a pH ≥ 5, Pb(II) forms a mononuclear 

bidentate edge-sharing complex with ferrihydrite and at pH 4.5, a combination of 

monodentate mononuclear and bidentate mononuclear surface complexes were formed 

(Barger et al.,  1997a; Barger et al., 1997b; Manceau et al., 1996; Elzinga et al., 2001).  

Gunneriusson et al. (1994) used potentiometric titrations and modeled Pb adsorption on 

goethite using the constant capacitance description of the electrical double layer.  The 

results of their work suggest that at pH 4-5, Pb(II) binds as a monodentate surface 

complex.  A bidentate surface complex would be expected to desorb more slowly then a 

monodentate surface complex (McBride 1994).  Also, as pH increases metals tend to 

hydrolyze and bind as a hydrolysis species, M(OH)n-1 or M(OH)2
n-2 or form surface 

hydroxide precipitates or co-precipitates.    
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Research has shown that trace metal adsorption kinetics is often biphasic:  a rapid 

adsorption phase followed by a slow continuous uptake.  (McKenzie, 1967, 1970, 1972; 

Kou, 1986; McLaren et al., 1986; Sparks, 1985; Ainsworth, 1994; Wen et al., 2002).  

Scheinost et al. (2001) examined Cu and Pb sorption by ferrihydrite and found that both 

Pb and Cu had a rapid sorption step followed by a slow step continuing for 2 months.    

The slow uptake has been characterized as (i) substitution for a matrix ion, (ii) surface 

nucleation and precipitation, and (iii) diffusion into micropores or crystal defects 

(Ainsworth, 1994).  Research has also demonstrated that several trace metal cations can 

form metal hydroxide surface precipitates well below saturation with respect to the solid 

phase (Scheinost et al., 2001).  For example, Dahn et al. (2005) used a combination of 

kinetic and spectroscopic techniques (e.g. XAS) to show that a mixed nickel/aluminum 

hydroxide surface precipitate was one of the mechanisms responsible for the slow Ni 

sorption on montmorillonite.  However, slow sorption has been observed when 

precipitation reactions could be excluded by spectroscopic techniques.  Fuller et al. 

(1993) found that a slow adsorption reaction occurred for arsenate on ferrihydrite, where 

XAFS results determined that the formation of inner-sphere complexes were the only 

binding mechanism.  The authors suggested that the slow sorption may be due to the 

surface diffusion into the interior of either the ferrihydrite aggregates or the branched 

structure of the primary ferrihydrate particles.  Although the adsorption reactions are 

extremely important to understand trace metal behavior in soil environments, ultimately it 

will be the desorption reaction that will control trace metal availability.     
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1.2  Residence Time Effects 

Research has demonstrated that trace metal desorption is much slower than the 

adsorption reaction and becomes more difficult as the adsorption period (residence time) 

is increased.  (Ainsworth et al., 1994; McBride, 1994; Backes et al., 1995; McLaren et 

al., 1998; Eick et al., 1999).  Numerous mechanisms have been proposed for the 

residence time effect including the formation of multinuclear surface complexes and 

surface precipitates, aging and increased crystallinity of surface precipitates, a change in 

type of surface complex (bidentate vs. monodentate), solid-state diffusion, incorporation 

into the mineral structure via recrystallization, and micropore diffusion.  Understanding 

the kinetics and mechanisms responsible for residence time effects observed by 

researchers is imperative for the use of natural attenuation in the remediation of 

contaminated soils.  The Environmental Protection Agency (EPA) defines natural 

attenuation as the dilution, dispersion, (bio)degredation, irreversible sorption and/or 

radioactive decay of containments in soils, sediments, and groundwater.  Although 

natural attenuation has been widely used for organic contaminants it has been less widely 

used for inorganic contaminants.  The lack of information on the mechanisms responsible 

for observed residence time effects is the primary reason for the hesitancy of regulation 

agencies to accept natural attenuation for inorganics (Brady et al., 2003).   

Ainsworth (1994) examined the residence time effect of Cd, Co, and Pb 

adsorption/desorption to hydrous ferrous oxide (HFO).  The authors found that after 16 

hours of adsoption (aging) time 30% of the total Co and 18% of the total Cd could not be 

desorbed as pH was decreased.  However, all of the Pb was desorbed as pH decreased 

regardless of the length of residence time (Ainsworth et al., 1994).  The hysteresis 
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followed the order Co>Cd>Pb which is the inverse of the ionic radii of the adsorbents.  

Ainsworth (1994) suggested the residence time effect observed for Cd and Co was a 

result of the metals being incorporated into the crystal matrix of the HFO via co-

precipitation rather than micropore diffusion.  A similar residence time effect was not 

observed for Pb because its ionic radius is too large to allow it to reside in octahedral 

coordination with O and OH.  The size of the metal’s ionic radii seemed to dictate 

whether the metal was incorporated into the crystal structure and at what rate the 

incorporation took place (Ainsworth et al., 1994).  Furthermore, naturally occurring 

goethite has been observed to contain numerous trace metal impurities such as Ni, Co, 

Cr, Mn, and Cd.       

Bruemmer et al. (1988) examined the influence of residence time on Cd2+, Ni2+ 

and Zn2+ desorption from goethite.  They found that the maximum relative diffusion rates 

(RDRmax) of the metals can be related to the binding strength and the ionic radii.  The 

binding strength followed the order Ni>Cd>Zn and based on ionic radii the diffusion rate 

followed the order Ni>Zn>Cd (Bruemer et al., 1988).  These authors also suggested that 

solid state diffusion was the mechanism for the slow continuous uptake of the metals on 

goethite.  The researchers proposed this mechanism based on unpublished data by Gerth 

which indicated that goethite had defects that presented possible pathways for diffusion.  

These pathways or defects were related to the synthesis conditions of the iron oxide.  

Bruemmer et al. (1988) tested the hypothesis by using the Arrhenius equation and 

thermodynamic based diffusion coefficients to model the maximum relative diffusion 

rates of each of the metals on goethite (Bruemmer et al., 1988).  These researchers found 

that heavy metal adsorption by goethite is not only a phenomenon of external or exposed 
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surfaces, but is also related to diffusion dependent adsorption and fixation processes 

inside the goethite structure.  For example, the authors state that the maximum RDRmax of 

Ni, Zn, and Cd can be related to the ionic radii of the metals.  However, the RDRmax 

values for Ni and Zn showed clear differences even though the metals have similar ionic 

radii.  Since the hydration energies of the two metals are similar, the bonding strength 

differences between the metal and goethite must be of greater significance (Bruemmer et 

al., 1988).   

Eick et al. (1999) examined the effect of residence time on the 

adsorption/desorption of Pb from goethite.  These researchers found Pb sorption was 

rapid and nearly complete in less than 1 hour and there was essentially no change in Pb 

adsorbed after the 12 week sorption period.  At all sorption densities investigated 

desorption rate coefficients and the quantity of Pb desorbed were greater for the short-

term (5 days) experiments (Eick et al., 1999).  However the results were not statistically 

significant and the researchers suggested an insufficient desorption period or the slow 

diffusion of Pb(OH)+ into the defects may be responsible for the lack of statistical 

significance.  In another study, Glover et al. (2002) investigated the influence of 

residence time and organic acids on the desorption of Cd and Pb from goethite.  In this 

study, the authors increased both the adsorption and desorption period to examine the 

lack of residence time observed in the previous study.  Glover et al. (2002) also found 

that Pb adsorption was rapid and nearly complete in less than 4 hours and little further 

sorption occurred during the 20 week aging period.  Cadmium however, showed a 

continuous slight increase in sorption during the 20 week aging period.  For all 

experiments except Pb in the presence of oxalate, the total amount of trace metal 
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removed from the goethite surface decreased with an increase in residence time and the 

desorption rate coefficients decreased with an increase in residence time (Glover et al., 

2002).   

  It has been known for some time that in soil systems adsorption is not purely, or 

simply, a chemical exchange phenomenon;  rather, it is strictly diffusion controlled 

(Sparks, 1985).  In order for an ion to be adsorbed, the ion must go through two types of 

diffusion, film diffusion and intraparticle diffusion (Sparks, 1986).  The film is the 

solution surrounding the soil particle that the ion must pass through to reach the soil 

surface.  Ogwada and Sparks (1986) describes intraparticle diffusion as the diffusion of 

ions through hydrated interlayer spaces of the particles.  A number of factors determine if 

a kinetic process in clay minerals and soils is film or intraparticle diffusion controlled 

such as mixing, flow velocity, hydrodynamic conditions, particle size, and the magnitude 

of the energy of activation.   

  Mixing or agitation is imperative in systems investigating ion exchange on soil 

surfaces.  To ensure the mixture has a uniform composition up to the soil surface.  This 

agitation should theoretically eliminate film diffusion.   For example, Ogwada and Sparks 

(1986) investigated the influence of stirring type on the kinetics of K sorption by a 

Chester loam.  The researchers found a difference in desorption coefficients, ka values 

between the stirred and vortex-mixed systems and that ka depended on the mixing rate for 

each system indicating that film diffusion was probably controlling the reaction rate 

(Ogwada and Sparks, 1986).  Most researchers assume that film diffusion processes can 

be eliminated by vigorous mixing (Sparks 1986).   
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 As indicated by these studies, the kinetics and mechanisms of the observed 

residence time effects varies widely among the trace metal and soil constituents 

examined.  The capacity of the soil to sequester these metals over time is imperative to 

the success of natural attenuation and more research must be done to fully understand 

these processes. 

 

1.3  Kinetic Methodology 

 Hydrous metallic oxides present as a homogeneous phase, or more commonly as a 

coating on other solid particles, have been observed to be the dominant sorbents of trace 

metals and can be important in controlling trace metal concentrations in the soil solution 

(Backes et al., 1995).  Synthetically prepared oxides are often used as analogues for 

naturally occurring minerals (McLaren et al., 1998).  While many studies have been 

conducted examining the interaction of trace metals with oxide surfaces they have 

focused primarily on the adsorption reaction.  Ultimately it is the desorption reaction that 

will control solution levels of trace elements.  Hence, understanding the rates and 

mechanisms of desorption is extremely important in assessing the potential 

bioavailability of trace elements in natural environments. 

 A number of kinetic methods have been used to study adsorption/desorption 

reactions on soils and soil minerals.  Each method has its advantages and disadvantages 

and one must choose the method that best fits the objectives of the study.  Filter flow and 

batch methods are the most widely used techniques for analyzing adsorption/desorption 

reactions on soil surfaces (Sparks, 1989).  The traditional batch technique has been 

widely employed to analyze kinetic reactions on soil constituents; however this technique 
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has many disadvantages.  First, centrifugation is usually required to obtain a clear 

supernatant for analysis and the time required for separation may be longer than the 

reaction being investigated.  Next, in order to properly measure chemical kinetics, a 

constant solid to solution ratio must be maintained.  However, most studies using batch 

technique have used large solution : soil ratios where the concentration in the solution 

and the amount of adsorption both vary simultaneously (Sparks, 1985).  Another problem 

with the batch technique is the mixing process; if mixing is inadequate, the rate of the 

reaction may be limited.   Similarly, if mixing is too vigorous, high reaction rates could 

result from particle abrasion.  For example, Barrow et al. (1979) examined the rate of 

phosphate adsorption by soil and found that vigorous agitation caused breakdown of soil 

particles, increasing the surface area, resulting in more phosphate absorbed.  Another 

major problem with all batch techniques, unless a resin or chelate material is used, is that 

released species are not removed (Sparks, 1995).  This is especially troublesome because 

reverse reactions are not controlled and the kinetics could be underestimated.  The 

traditional batch technique has many disadvantages, however, the development of the 

mixed batch reactor has eliminated many of them (Zasoski and Burau, 1978).  In this 

system, an adsorbent is placed in a vessel containing the adsorptive, while the pH and 

suspension volume are adjusted by an auto-titrator or pH-stat.  The suspension is 

constantly mixed using a magnetic or overhead stirrer (Sparks, 1995).  Samples can be 

taken in intervals as short as 15 seconds with a pipette which eliminates centrifugation.  

The system is well mixed and kept at a constant pH using a pH-stat.  When the system is 

well mixed within the reaction vessel, one can maintain a constant solid-to-solution ratio 

throughout the experiment (Sparks, 1989).       
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 The filter flow method or miscible displacement technique has also been used 

extensively to study trace metal adsorption/desorption kinetics on soils and soil minerals.  

This technique involves placing the adsorbent in a filter holder, column, or tube and 

leaching it with a reacting solution (Sparks, 1989).  The sample is placed on a membrane 

filter either by injection from a suspension or by spreading a dry sample which is caped 

securely and attached to a fraction collector and pump, which maintains a constant flow 

rate.  The adsorption reaction is monitored by measuring the increasing concentration of 

the leachate over time, and at apparent equilibrium, the effluent concentration equals the 

initial adsorptive solution concentration (Sparks 1989).  Similarly, the desorption reaction 

can be followed by monitoring the decreasing concentration of a previously sorbed ion 

(Sparks, 1989).  Although, miscible displacement techniques have several advantages 

over batch methods, they are not without their problems (Sparks, 1989; McLaren et al., 

1998; Glover et al., 2002).  Problems include preferential flow through the filter, film and 

particle diffusion, and the residual metal contained in the entrained solution after 

adsorption (Eick et al., 1999; Glover et al., 2002).  These problems can be minimized by 

using a small volume of entrained solution and a small quantity of solid, resulting in a 

very thin disc to minimize preferential flow (McLaren et al., 1998).  Flow methods such 

as the miscible displacement technique often measure diffusion-controlled kinetics rather 

than true-chemical kinetics (Sparks, 1989; Glover et al., 2002).  However, this may be 

more representative of what is occurring in natural systems. 

 Another technique that has been used to study soil chemical reaction rates is the 

stirred-flow system.  This system was developed by Carski and Sparks (1985) and was 

originally composed of a barrel and plunger from a 30mL plastic syringe and a 25 mm 
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Nucleopore Swin Lok filter holder (Sparks, 1989).  The filter holder is glued to the top of 

the syringe barrel and the base of the barrel is altered to allow for plunger height 

adjustment.  A magnetic stirrer is placed in the chamber above the plunger, a known 

amount of dry sorbent is added, a membrane filter and the top are added and a known 

volume of entrained solution is added using a syringe.  The magnetic stirrer keeps the 

system well mixed.  A peristaltic pump is used to maintain a constant flow rate and a 

fraction collector is used to collect lechates.  There have been many variations of this 

original design, however, the basic design and major components are still the same.  Like 

all the other methods, the stirred flow technique has its disadvantages which include 

problems with the solid adsorbing to the filter or the filter clogging if the flow rate is too 

high.  Some advantages to the stirred-flow method include, removal of the adsorbed 

species, perfect mixing, elimination of preferential flow, the ability to conduct both 

adsorption and desorption experiments (Sparks, 1989).    

 Many reactions on soil surfaces are extremely rapid-occurring in microsecond and 

millisecond time scales (Sparks, 1991).  Batch and flow techniques cannot measure such 

reaction rates and yield apparent rate coefficients and rate laws since mass transfer and 

transport processes usually predominate.  For reactions that occur on time scales <15s 

batch or flow techniques are not satisfactory (Sparks, 1991).  To measure these reactions 

one can employ relaxation methods such as pressure-jump (p-jump), temperature-jump 

(t-jump), concentration-jump (c-jump), or electric field pulse spectroscopy (Bernasconi, 

1976; Bernasconi, 1986; Sparks, 1989, 1990).  With these methods, the equilibrium of a 

reaction mixture is perturbed by an alteration of some external factor such as pressure, 

temperature or electric field strength (Sparks, 1989).  Kinetic data is obtained by 
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measuring the time it takes the system to reach a new equilibrium “relaxation time”.  

Relaxation spectroscopy is an attractive technique from a geochemical perspective 

because it allows one to obtain adsorption/desorption rate constants from a single 

experiment.  Also, from the ratio of the adsorption and desorption rate constants one can 

obtain an equilibrium constant.  This is important because many mineral surfaces have a 

very high affinity for metals and oxyanions and these parameters cannot be obtained 

using conventional techniques.  

The t-jump procedure has been used extensively in chemistry and chemical 

engineering to study fast reactions, however it has not been used to study soil constituent 

reactions.  The p-jump technique has been successfully employed to measure the kinetics 

of ion adsorption/desorption reactions on soil constituents (Yasunaga et al., 1986; Sparks, 

1989; Sparks et al., 1991 and Grossl et al., 1994, 1995, 1997).  Hayes and Leckie (1986) 

were the first to use p-jump relaxation kinetics to study the adsorption/desorption of a 

metal ion (Pb) on goethite.  Grossl et al. (1997) used p-jump relaxation kinetics to 

investigate the kinetics of arsenate and chromate adsorption on goethite.  These 

researchers monitored chemical relaxation using conductivity detection and found that 

both oxyanions were involved in a double relaxation.  The mechanism the researchers 

proposed for the adsorption of these oxyanions on goethite is a two-step process resulting 

in the formation of an inner-sphere bidentate complex (Grossl et al., 1997).  Overall, the 

forward rate constants associated with the formation of the inner-sphere 

oxyanion/goethite surface complexes were more rapid than the reverse rates (Grossl et 

al., 1997).  This proposed mechanism was confirmed using x-ray absorption spectroscopy 

(XAS) (Fendorf et al., 1997).  In a similar study, Grossl and Sparks (1995) used p-jump 
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relaxation kinetics to examine the kinetics of Cu2+ adsorption/desorption from goethite.  

In this study, Cu was specifically adsorbed and Cu formed a monodentate surface 

complex.  Although the p-jump technique can measure rapid chemical kinetics, this 

technique is not without its problems.  For example, most chemical reactions are more 

sensitive to temperature than pressure thus, a highly sensitive detection method must be 

used to measure relaxation times (Sparks, 1989).  Additionally, only one or two 

companies world-wide manufacture p-jump/t-jump instruments so their accessibility is 

limited.  Even with its disadvantages, the p-jump technique is the closest method to 

obtaining true chemical kinetics for reactions involving mineral surfaces.   

 

1.4  Adsorption/Desorption Kinetic Models      

Many equations have been used to analyze adsorption and desorption kinetics on 

soil surfaces.  Some of the most commonly used equations are first-order, second-order, 

and zero-order equations (Sparks, 1989).  Atkins (1996) observed that the chemical 

kinetics of adsorption/desorption reactions depend on three processes:  (1) chemical 

reaction rates, (2) how the rate responds to changes in conditions or presence of a 

catalyst, and (3) the mechanism of the reaction. 

The first order model is commonly used for modeling trace metal adsorption and 

desorption reactions on soil and soil constituent surfaces (Sparks, 1989).  The non-linear 

form of the first order model can be written as:   

    d(Ao – A)/dt = KA          (1.2) 

Upon integration, the linear form of the first order reaction can be written as: 

                       -ln [A] + ln [A]o = kt                   (1.3) 
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where [A]o is the concentration of species A at time zero, k is the first order rate constant, 

t is time, and [A] is the concentration of species A at time, t.  The rate constant can be 

used to predict the rate of reaction for any given composition of the reaction mixture and 

it is also important as it is independent of the concentration of the species involved 

(Atkins, 1996).  In the linear form, the rate constant, k is equivalent to the slope of a plot 

of the negative logarithm of the final concentration versus time (Sparks, 1989).  It is often 

necessary to use two first order equations to describe adsorption/desorption reactions on 

mineral surfaces. In order to get a better fit, one optimizes the time ranges to best 

encompass the experimental data.  Although the first order equation is the most widely 

used to model adsorption/desorption reactions on soil surfaces, many other more complex 

models have been developed in an effort to better define the complex chemical kinetics 

that take place in soils.  

 Mathematical models have been used to analyze the kinetics of adsorption and 

desorption reactions on clays and oxide minerals (Backes et al., 1995, McLaren et al., 

1998; Eick et al, 1999; Wen et al., 2002; Li et al., 2005).  Backes et al. (1995) and 

McLaren (1998) used a lognormal distribution model (Equation 1.4) and two 

simultaneous first order models (Equation 1.5) to analyze the desorption kinetics of Co 

and Cd from Fe and Mn oxides.  The lognormal model can be written as: 
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Where Cdes is the amount of metal desorbed, ĸ = lnk (first-order rate constant), and CM is 

the amount of metal adsorbed to the solid at time, t.  The equation is fitted to 

experimental data using a computer algorithm that optimizes μ, the mean of a normal 
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distribution in lnk, and σ, the corresponding standard deviation.   The lognormal 

distribution model assumes that the reactions resemble a continuous distribution of 

reaction sites that are distributed lognormally with respect to a first order rate constant, 

and all metal ions will eventually desorb.  The two simultaneous first order model can be 

written as:  

                              CM = C1 exp(-k1t) + C2 exp(-k2t)                                          (1.5) 

Where CM is the concentration of metal sorbed at time, t, C1 and C2 are the initial 

concentrations at t = 0 of metal bound to the sites with first order rate constants k1 and k2, 

respectively.  The two simultaneous first-order model uses a computer to optimize the 

variables, assuming discrete independent sites and that all the sorbed metal will 

eventually desorb.  Backes et al. (1995), and McLaren et al. (1998) used equations 1.4 

and 1.5 to model the desorption kinetics of Cd and Co from Fe- and Mn-oxides as well as 

soil clays.  Both equations adequately described the desorption kinetics of Cd and Co 

from these surfaces.  Wen et al. (2002) used a first order, two first order models, as well 

as a log-normal distribution model to describe the desorption kinetics of Y, La and Ce 

from four soils.  The researchers found that the log-normal model and the two first order 

models had excellent agreement between experimental data and model fit (R2>0.99).  

However, the single first order model data did not accurately describe the experimental 

data (Wen et al., 2002).   

 The parabolic diffusion equation has also been used extensively to describe 

desorption reactions, specifically to determine if diffusion-controlled phenomena are rate 

limiting for desorption of trace metals from soil surfaces.  The parabolic diffusion model 

was originally derived based on radial diffusion in a cylinder where the ion concentration 
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is thought to be initially uniform throughout the cylinder and the ion concentration on the 

cylindrical surfaces is constant (Sparks, 1989).   

 

 

The parabolic diffusion model can be written as: 

Fd = kt1/2         (1.6) 

Where Fd is the fraction of metal desorbed (1-Pbt/Pbo), t1/2 is the square root of time in 

seconds, and k is the diffusion rate coefficient (s-1).  The reaction is diffusion controlled if 

a graph of  Fd versus t1/2 is linear with a slope of k.  Eick et al. (1999) found that  

parabolic diffusion best described Pb desorption kinetics from goethite at all surface 

coverages in contrast to a single and two first order equations, and the shell progressive 

diffusion model.  This suggested the reaction was transport or diffusion controlled (Eick 

et al., 1999).  Ioannou et al. (1996) examined the kinetics of P sorption on hematite and a 

mixed bentonite-hematite system.  These researchers found that the parabolic diffusion 

model described the kinetics of the mixed system better than other models.  Similarly, Li 

et al. (2001) used the parabolic diffusion and Elovich models to describe the adsorption-

desorption kinetics of Ce(III) from 4 natural soils.  The parabolic diffusion model was the 

best model for the loess and red soils studies (Li et al., 2001).         
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2.0 Materials and Methods 

2.1 Goethite Synthesis 

Goethite was synthesized according to the method described by Schwertmann and 

Cornell (1991).  Approximately 483 g of crystalline Ferric Nitrate [Fe(NO3)3] (Fisher 

Scientific, Hampton, NH) was dissolved in 3.5 L of  distilled doubly de-ionized water 

(DDI) (Millipore, Billerica, MA) in a high density polyethylene beaker.  A 4 M NaOH 

solution was dispensed into the ferric nitrate slurry with constant stirring (300 revolutions 

per minute) at a rate of 10 ml min-1 by a Brinkmann Metrohm 718 STAT-Trino 

(Brinkmann Instruments, Westbury, NY) pH stat until the suspension reached a pH of 12.  

After 1 hour the solution was placed in a 50˚C oven for 48 hours.  The supernatant was 

then decanted and the goethite was re-suspended in DDI water.  The goethite suspension 

was poured into dialysis tubing and placed in a 5 gallon bucket containing de-ionized 

(DI) water.  The water was changed 3-5 times daily until the conductivity reached that of 

DI water exposed to the atmosphere. The dialysis process was then repeated with DDI 

water until the conductivity equaled that of the DDI water exposed to the atmosphere.  

After dialysis, the pH of the goethite was decreased to approximately 1.5 by the addition 

of 0.40 M Nitric Acid (HNO3) in order to remove any amorphous or short-range ordered 

Fe-phases.  The acidified goethite was poured into acid washed 250 mL polyethylene 

centrifuge tubes and placed on an Eberbach mechanical shaker (Eberbach Corp., Ann 

Arbor, MI) for 50 minutes.  The tubes were then centrifuged at 8000 rpm for 10 minutes, 

the supernatant was decanted and the solution was re-suspended in DDI water and the 

dialysis process was repeated.  After the dialysis process was complete, the goethite was 

poured into 250 mL acid washed polyethylene bottles and placed in the freezer overnight.  
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After freezing, the goethite was freeze dried using a Labconco Freezeone 6 (Labconco 

Corp., Kansas City, MO) at 3000 microns Hg and -173 ˚K. 

 

2.2 Characterization of Goethite 

The identity and purity of the goethite was confirmed using X-ray diffraction 

(XRD) (XDS 2000; Scintag, Sunnyvale, CA), thermogravimetric analysis (TGA) (Hi-Res 

TGA 2950; TA Instruments), and the ratio of oxalate extractable iron (Fe0) to total 

soluble iron (Fet) (Schwertmann and Cornell, 1991; Figs 2.1 and 2.2).  Oxalate 

extractable iron was determined by ammonium oxalate in the dark and total iron was 

determined using the citrate-bicarbonate-dithionite method (Loeppert and Inskeep, 1996).  

X-ray diffraction and TGA patterns were consistent with those presented in Schwertmann 

and Cornell (1991). The Fe0/Fet ratio was 0.24% indicating essentially complete 

conversion to goethite.  The specific surface area was 75.84 m2 g-1 as determined by a 

five point N2 Brunauer-Emmett-Teller (BET) gas adsorption isotherm using an ASAP 

2010 surface area analyzer (Micromeritics, Norcross, GA).   
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Figure 2.1  X-ray diffraction pattern of goethite synthesized for this study.  The 
4.18, 2.69 and 2.45 Å peaks are indicative of goethite. 

 

Figure 2.2  Thermal gravimetric analysis pattern of the goethite synthesized for 
this study. 
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2.3 Adsorption Experiments 

Figure 2.3  Experimental batch reactor. 

 

 

2.3.1 Adsorption Isotherms 

Adsorption isotherms were conducted in order to determine Pb surface loadings 

and equilibrium Pb solution concentrations at suspension densities of  2.5, and 5 g L-1 

goethite.  This data allowed us to vary surface loadings while keeping equilibrium Pb 

concentrations low for the desorption kinetic studies.  The adsorption isotherms were 

conducted using a batch technique in a flat-bottomed, teflon lined, water-jacketed 

reaction vessel (500mL) covered with a glass lid containing ports for a pH electrode, 

burette tip, stir bar, N2 gas, and a sample pipette (Fig 2.3).  An appropriate quantity of 

goethite and 0.15 M Na(NO3)2 were added to the batch reactor, dispersed for 3 minutes 

using a 550 Sonic Dismembrator (Fisher Scientific, Pittsburg, PA), and adjusted to pH 3 
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by the dropwise addition of 2 M HNO3.  The suspension was constantly mixed using a 

Caframo Ltd. RZR-2000 (Wiarton, ON, Canada) over-head driven mechanical stirrer 

spinning at approximately 300 revolutions per minute and allowed to equilibrate for 24 h 

at a temperature of 25 ± 0.1 ˚C.  After 24 h the pH of the suspension was increased to 

6.00 ± 0.05 and allowed to equilibrate for 1 h.  After the equilibration period, an 

appropriate amount of 9.79 x 10-2 M Pb(NO3)2 stock solution was added to reach 0.1 mM 

Pb in solution and the pH returned to 6.00 ± 0.05 by the pH-stat.  The system was 

allowed to equilibrate for one hour and a 10 mL sample was taken.  Additional Pb stock 

solution was added to reach Pb concentrations of 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 mM.   

Between each Pb addition the pH was returned to 6.00 ± 0.05, allowed to equilibrate for 1 

hour and a 10 mL sample was taken.  The samples were filtered through a Fisherbrand 

0.25 μm filter in a fritted glass filter tower (Fisher Scienific, Pittsburg, PA) acidified to a 

pH < 2 using 8 M HNO3, and refrigerated prior to analysis.  Pb was analyzed using a 

SpectroFlame FTMOA85D (Spectro Analytical Instruments, Inc., Fitchburg, MA) 

inductively coupled plasma atomic emission spectrometer (ICP-AES) with a detection 

limit of 2.56 x 10-6 M (0.53 ppm). 

 

2.3.2 Short-term Adsorption 

Short-term Pb adsorption experiments were conducted using a batch technique in 

a flat-bottomed, teflon lined, water-jacketed reaction vessel (500mL) covered with a glass 

lid containing ports for a pH electrode, burette tip, stir bar, N2 gas, and a sample pipette.  

An appropriate quantity of goethite and 0.15 M Na(NO3)2 were added to the batch 

reactor, dispersed for 3 minutes using a sonic dismembrator, and adjusted to pH 3 by the 
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dropwise addition of 2 M HNO3 while being purged with nitrogen in order to remove 

dissolved carbon dioxide.  The suspension was constantly mixed and allowed to 

equilibrate for 24 hours at a temperature of 25 ± 0.1 ˚C.  After 24 hours, the pH of the 

suspension was increased to 6.00 ± 0.05 and allowed to equilibrate for 1 hour.  After an 

hour, an appropriate amount of 9.79 x 10-2 M Pb(NO3)2 stock solution was added and the 

pH was returned to 6.00 ± 0.05 by an automatic titrator containing 0.1 M NaOH.  The 

suspension reached pH 6.00 ± 0.05 after about 20 minutes.  After the suspension reached 

the desired pH it was allowed to equilibrate for 24 to 48 hours while being purged with 

nitrogen.  All of the solutions were prepared with certified analytical reagents and DDI 

water. 

 

2.3.3 Long-term Adsorption     

The long-term adsorption edges were conducted as described for the short-term 

adsorption edges. However, after the Pb stock solution was added and equilibrated at pH 

6.00 ± 0.5, the suspension was poured into an acid washed 500 mL polyethelyne bottle 

with a polyethylene cap containing ports for sampling, N2 gas, and a burette tip (Fig. 2.4) 

and either placed on a temperature controlled rotating shaker at 250 revolutions per 

minute (stirred experiments) or on a shelf in the same shaker (non-stirred experiments) 

(Fig 2.5).  This was done to examine the influence of stirring on Pb desorption kinetics.  

The pH of the suspensions were measured once a week and a 10 mL sample was taken 

once a month to monitor long-term Pb adsorption.  After each pH measurement and 

sample withdrawl, the batch reactor was thoroughly purged with nitrogen to remove any 

carbon dioxide that may have entered the system. 
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Figure 2.4  Polyethylene batch reactor with cap and ports for a pH probe, N2 gas 
and a titrator. 

 

Figure 2.5  Temperature controlled rotating shaker with samples on the shelf and 
the shaker.  
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2.4 Short and Long-term Desorption  

Figure 2.6  Miscible displacement technique: a. fraction collector b. Ca(NO3)2 desorbing 
solution c. pump d. reactor vessel. 

  

a 

b
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d 

d 
Flow 

 
A miscible displacement technique (Fig 2.6) was used to conduct desorption 

experiments for both the short and long-term experiments.  Desorption experiments were 

conducted using approximately 0.05 g of goethite solid injected on to a 0.45 μm Pall 

Gelman (Pall Corporation, East Hills, NY) cellulose ester filter in a 25mm Nuclepore™  

reactor.  The Pall Gelman filter was chosen because previous research has shown that 

little Pb adsorbs to this material (O’Reilly et al., 2003).  The reactor was weighed both 

before and after injection of the goethite slurry to determine the mass of entrained 

solution in the reactor before the experiment was begun.  Pb was desorbed using a 0.05 M 

Ca(NO3)2 solution adjusted to pH 6.00 using 0.1 M NaOH and flow was controlled using 

a Haake Buchler Multistaltic pump (Haake Buchler Instruments, Inc., Fort Lee, NJ).  

Samples were collected every 30 minutes for 24 hours at a constant flow rate of 0.5 ± 
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0.05 mL per minute using an ISCO Foxy 200 fraction collector (ISCO, Inc., Columbus, 

OH).   Samples were acidified to a pH <2 with a drop of 8 M HNO3, weighed, sealed, and 

refrigerated prior to analysis.  The sample tubes were weighed before and after sample 

collection to monitor flow rate.  All solutions were made with analytical grade reagents 

and DDI water and all the sample tubes and reactor vessels were thoroughly acid washed 

prior to use.  Between each desorption run, all tubing was washed with copious amounts 

of 0.01 M HNO3 then rinsed with DDI water and allowed to dry overnight.  Pb was 

analyzed using a SpectroFlame FTMOA85D inductively coupled plasma atomic emission 

spectrometer (ICP-AES) or an X-Series (Thermo Electron Corp., Franklin, MA) 

inductively coupled plasma mass spectrometer (ICP-MS).      

Flow methods such as the miscible displacement technique often measure 

diffusion-controlled kinetics rather then true chemical kinetics (Sparks, 1989; Glover et 

al., 2002).  The miscible displacement technique was chosen because it may better 

represent metal adsorption/desorption behavior under natural conditions where transport 

processes are rate limiting (Sparks, 1989; Glover et al., 2002).  Although flow-through 

methods often measure transport or diffusion-controlled kinetics, we did not determine 

whether changes in flow rates affected desorption rate coefficients.  In this study many of 

the problems associated with the miscible displacement technique should have been 

minimized because of the small quantity of goethite used on the filter (0.05 g), the small 

volume of entrained solution, and the low flow rate (0.5 mL min-1).    
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2.5  Kinetic Modeling 

Several kinetic models were used to describe the desorption of Pb from goethite at 

three surface loadings.  The data was first fit to a single first order equation: 

    ln (Ct/Co) = -kdt                                                       (2.1) 

 where Ct is the amount of Pb adsorbed to the surface at time t, Co is the amount of Pb 

adsorbed to the goethite surface at t = 0 (Surface loading, Γ), and  kd is the desorption rate 

coefficient.  The first order model was then optimized by time into two time ranges (0-

480 mins and 510-1440 min).  The data for the two time ranges were each fit to a single 

first order equation and first order rate coefficients (k1, k2) and correlation of 

determination (R2
1 and R2

2) were obtained.   

The experimental data were also modeled using the parabolic diffusion model which 

can be written as:     

     Fd = kt1/2           (2.2) 

Where Fd is the fraction of metal desorbed (1-Pbt/Pbo), t1/2 is the square root of time in 

seconds, and k is the diffusion rate coefficient (s-1).  The parabolic diffusion model did 

not adequately describe the data and the results are not presented in the results and 

discussion section.   

 

2.6  Statistical Analysis 

Differences in short- and long-term rate coefficients and total quantity of Pb desorbed 

were tested using Tukey-Kramer HSD multiple comparison at the 0.05 confidence level.  

For each surface loading, replicates were used to determine variance and compare 
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differences between short- and long-term experiments.  All computations were performed 

on a PC using SAS version 9.1 for windows (SAS Institute Inc., Cary, NC). 

3.0 Results and Discussion 
 
3.1 Adsorption Isotherms 
 

Adsorption isotherm data are presented in figures 3.1, 3.2, and table 3.1.  These 

data were modeled using the Langmuir equation which can be expressed as: 

     q = kCb / (1 + kC)    3.1 

The linear form of the equation is expressed as: 

     C/q = 1/kb + C/b    3.2 

Where q is the amount of adsorption (mmol g-1), C is the equilibrium concentration of Pb 

(mmol L-1), b is the adsorption maximum for monolayer coverage (mmol g-1), and k is a 

constant relating to binding strength (L mmol-1).  The constants k and b can be calculated 

by plotting C/q vs C with the slope equal to 1/b and the intercept equal to 1/kb.  Results 

from the plot of the linear form of the Langmuir equation are presented in Table 3.1.  The 

adsorption isotherms are characterized as a L-shape or Langmuir isotherm.  The L-shape 

indicates that Pb has a high affinity for the goethite surface at low surface loadings and is 

usually indicative of chemisorption (McBride, 1994).  These results are similar to 

previous studies investigating Pb adsorption on goethite and are consistent with 

spectroscopic studies (Eick et al., 1999; Glover et al., 2002).  Based on data from the 

adsorption isotherms, three surface loadings were chosen in order to obtain a wide range 

of Pb surface concentrations while minimizing equilibrium Pb solution concentrations.  

The surface loadings chosen were 0.260, 0.628, and 1.82 µmol m-2. 

 

 30



Table 3.1 Values obtained from the Linear from of the Langmuir equation. 

Suspension 
Density  
(g L-1) 

b 
(mmol g-1) 

k 
(L mmol-1) R2

2.5 0.325 5.325 0.967 
5 0.164 22.824 0.996 

 
 

Fig 3.1  Pb adsorption on goethite as a function of solution concentration and 
goethite suspension density. 

 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0 0.5 1 1.5
Equilibrium Pb concentration (mM)

So
rb

ed
 (m

m
ol

 g
-1

) 

5 g L-1

2.5 g L-1

 
 
Fig 3.2  Pb adsorption on goethite as described by the linear form of the Langmuir 
equation. 
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3.2 Short- and Long-term Adsorption Experiments 

Trace metals are often characterized by an initial rapid adsorption step, usually 

complete in <1 hour, followed by a slow adsorption which continues for the duration of 

the experiment (bi-phasic kinetics) (McKenzie, 1970; Benjamin and Leckie, 1991; 

Bruemmer et al., 1998). The rapid reaction is well understood and has been attributed to 

chemisorption on high affinity adsorption sites.  There are many proposed mechanisms 

for the slow adsorption step including diffusion in to defects and pores of the crystal 

matrix, surface precipitation and co-precipitation, solid-state diffusion and a change in 

the type of surface complex (Farley et al., 1985; Ainsworth et al., 1994; Eick and 

Fendor

dies, 

; 

t Pb is 

ld 

n 

f, 1998, Eick et al., 1999; Glover et al., 2002).  Although researchers have 

proposed numerous mechanisms for the slow adsorption step, mechanistic evidence for 

this reaction remains elusive.  In contrast to many long-term trace metal sorption stu

Pb adsorption on goethite at pH 6 was rapid and virtually complete after 1 hour.  There 

was no significant adsorption during the 6 month equilibration time as shown in Figure 

3.3.  These results differ from other trace metal adsorption studies, however, they are 

consistent with previous research examining Pb adsorption on goethite (Eick et al., 1999

Glover et al., 2002; O’Reilly and Hochella, 2003).  Recent evidence has shown tha

initially adsorbed as a hydrolyzed species (PbOH+) (Barger et al., 1997).  One wou

expect the diffusion of PbOH+ into crystal defects and micropores to be much slower the

non-hydrolyzed Pb which may be responsible for the absence of the slow adsorption 

reaction or bi-phasic kinetics (Eick et al., 1999).  Additionally, due to the large ionic 

radii, one would not expect it to isomorphically substitute into the crystal matrix 

(Ainsworth et al., 1994).   
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For both suspension concentrations Pb sorption kinetics slowed as the Pb 

concentration increased.  These results are consistent with adsorption to high affinity s

followed by adsorption to low affinity sites.  Similar results were found for trace metal 

cation sorption on Fe-oxide surfaces (Benjamin and Leckie, 1981; Bruemmer et al., 1

Eick et al., 1999).  Furthermore, assuming between 3 and 5.5 μmol m

ites 

988; 

s 

verages 

xperiments (Tables 3.2 and 3.3).   

-2 of reactive site

(Hiemstra et al., 1996; Barger et al., 1997; Eick et al.,1999), monolayer surface co

were not exceeded in any e
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  Figure 3.3   Kinetics of Pb adsorption on goethite for all treatments and surface loadings. 
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3.3 Desorption Experiments 
 
 Similar to previous studies examining Pb desorption from oxides surfaces, Pb  desorption 

kinetics are slow compared to the adsorption reaction and not completely reversible during the 8 

h or 24 h desorption period (Table 3.2) (McKenzie, 1970; Backes et al., 1995; McLaren et al., 

1998; Eick et al, 1999).  Pb desorption followed the order Short-term> LT non-stirred > LT 

stirred for all surface loadings investigated (Figs 3.4-3.6 and Table 3.2).  However, these 

differences were not statistically significant according to a Tukey’s HSD test at α= 0.5.  These 

results are similar to the findings of Eick et al. (1999) and Glover et al. (2002). Both studies 

observed a greater rate and quantity of Pb desorbed for short-term compared to long-term 

experiments, however, the differences were not statistically significant.  The quantity of Pb 

desorbed over the 24 h period at pH 6 ranged from 45 to 86% and showed an increase of 12 to 

46% over that of the 8 h desorption period (Table 3.2 and Figs 3.4-3.6).   

 A greater percentage of Pb was desorbed at the highest surface loading compared to the 

two lower surface loadings (Table 3.2).  As adsorbate surface coverages increase there are less 

available high affinity sites for the Pb adsorption.  Hence, one would expect a greater percentage 

of Pb to be desorbed as surface coverages increase.  In a previous study examining the 

desorption kinetics of Pb from goethite Eick et al. (1999) did not observe increased Pb 

desorption as surface coverage increased.  This was likely due to the relatively short desorption 

time (~6.5 h) for the experiments.  Glover et al (2002) examined Pb desorption from goethite at 

low surface coverages (0.198 μmol m-2) and a pH value of 4.5.  Approximately 80-87% of the Pb 

was desorbed.  Which is much greater compared to the current study (~45%) and would be 

expected since trace metal cation desorption is more reversible at low pH values.  These 

conflicting results are due to differences in the length of desorption time and pH values.  
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Therefore, one must be careful when using the term “irreversible sorption” to describe trace 

metal cation sorption on mineral surfaces. 

A sample from a previous study that was allowed to age for five years was analyzed by 

the same desorption procedure (Glover et al., 2002).  The quantity of Pb desorbed was 

significantly less for the 5 year sample compared to the initial long-term sample (5 months) and 

short-term sample (7 days).  Unlike the previously described work, these results were statistically 

significant at α = 0.5.  Moreover, the quantity of Pb desorbed increased by 17.3% for the 24 h 

desorption period compared to the 8 h desorption.  However, even after 24 hours, approximately 

60% of the Pb initially adsorbed remained on the goethite surface.   
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Table 3.2 Amount of Pb adsorbed and desorbed from goethite at a pH 6.0.   

Sorption 
Period 

Suspension 
 Density (g L-1) Treatment 

   Initial 
     [Pb] 
    (mM) 

Pb Sorbed 
(Γ) 

 (μmol m-2) 
Pb Desorbed 
(μmol m-2) 

Desorption 8h 
(%) 

Desorption 24h 
(%) 

24 Hours 2.5 Stirred 0.50 1.78 1.52 51.38 85.64 
6 

Months 2.5 Non-Stirred 0.50 1.89 1.51 42.94 79.74 
6 

Months 2.5 Stirred 0.50 1.89 1.36 41.07 71.93 
24 Hours 5.0 Stirred 0.10 0.26 0.13 39.93 52.25 

6 
Months 5.0 Non-Stirred 0.10 0.26 0.12 39.80 45.38 

6 
Months 5.0 Stirred 0.10 0.26 0.12 29.93 44.55 

24 Hours 5.0 Stirred 0.25 0.62 0.32 39.90 50.71 
6 

Months 5.0 Non-Stirred 0.25 0.63 0.31 41.33 50.20 
6 

Months 5.0 Stirred 0.25 0.63 0.31 39.39 49.86 
7 Days 5.0 Stirred 0.1 0.20 0.17 86.49* N/A 

5 
Months 5.0 Stirred 0.1 0.20 0.16 ± 79.82* N/A 
5 years 5.0 Non-Stirred 0.1 0.20 0.08± 22.94  40.24 

±  Means are statistically significantly different according to Tukey’s HSD at α =0.5 level. 
* 6.5 h desorption period 

 
Figure 3.4  Amount of Pb desorbed as a function of desorption time and adsorption period with a 
suspension density of 2.5 g L-1 and an initial Pb concentration of 0.50 mM at pH 6. 
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Figure 3.5  Amount of Pb desorbed as a function of desorption time and adsorption period with a 
suspension density of 5 g L-1 and an initial Pb concentration of 0.25 mM at pH 6. 
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Figure 3.6  Amount of Pb desorbed as a function of desorption time and adsorption period with a 
suspension density of 5 g L-1 and an initial Pb concentration of 0.10 mM at pH 6. 
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3.4 Desorption Kinetics, Residence Time, and Mixing Effects 

Two first-order equations best described the desorption of Pb from goethite for all surface 

loadings examined (Table 3.3).  Similar results were obtained for Glover et al. (2002) who used 

two first order equations to describe Pb and Cd desorption from goethite.  Coefficient of 

determination (R2 values) range from 0.910 to 0.997 indicated an excellent fit to the two first-

order equations.  Except for surface loading of 0.623 mol m-2, deviations in linearity were most 

pronounced at the beginning of the desorption run (Figs 3.7-3.12).  Similar non-linearity during 

the beginning of the desorption run has been observed by others which may be characteristic of 

the miscible displacement technique (Sparks and Jardine, 1984; Eick et al., 1999; Glover et al., 

2002).  A single first-order equation and the parabolic diffusion equation were also applied to the 

desorption data but resulted in fits that were less robust.  Although both the % desorbed and total 

amount of Pb desorbed followed the order short-term> LT non-stirred > LT stirred, not all rate 

coefficients followed this trend.  In most experiments the rate coefficient for the short-term 

experiment is greater then both the stirred and non-stirred long-term experiments.  However, 

there was relatively little difference in the magnitude of rate coefficients reflecting the lack of 

statistical significance between experiments.  In contrast, the rate coefficients between the 5 year 

sample and the long-term (5 month) and short-term samples were statistically significant 

indicating that an aging time of a number of years may be necessary to obtain results that are 

significant.   

 The results from the kinetic study demonstrate a lack of residence time effect for Pb 

desorption from goethite under our experimental conditions.  Even though the short-term 

samples desorbed more Pb than the long-term samples for all of the experiments, none of the 

differences are statistically significant for the current study.  These results are similar to previous 
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research examining Pb desorption from goethite.  Eick et al. (1999) and Glover et al. (2002) both 

observed differences in Pb desorption between the short- and long-term samples but the results 

were not statistically significant.  Unlike Pb, however, other trace metal cations have shown 

significant residence time effects for similar long-term sorption periods.  For example, Backes et 

al. (1995) found that increasing the length of sorption period substantially decreased the rate and 

amount of desorption of both Cd and Co from goethite.  Since Cd and Co have smaller ionic 

radii than Pb, it is possible that these metals are involved in diffusion or other reactions that 

preclude Pb.  However, when the adsorption of Pb on goethite was extended to 5 years there 

were significant differences between the initial long- and short-term samples.  These results 

suggest that the reaction kinetics involved with the observed residence time effects for Cd and 

Co may be much faster than for Pb. 

 Similar to the short-term versus long-term samples there was a greater amount of Pb 

desorbed for the long-term non-stirred compared to the long-term stirred.  However, these results 

are not statistically significant.  Increasing the mixing rate should decrease the kinetics of 

diffusion (primarily film diffusion).  These results suggest that diffusion may not be responsible 

for the residence time effect observed for the sample allowed to age for 5 years.  Although all 

samples were thoroughly purged with nitrogen to limit the influence of carbon dioxide, fourier-

transform infrared spectroscopy results indicate small quantities of sorbed carbonate (data not 

shown).  Thus, one possible explanation for the observed residence time effect for the long-term 

(5 year) sample is the formation of a Pb-carbonate precipitate (e.g. cerussite).  Additional 

research is necessary to examine the influence of sorption period on the desorption kinetics of Pb 

from goethite to elucidate the mechanism responsible for the observed residence time effect 

observed in the long-term (5 year) sample.                
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Table 3.3  Desorption rate coefficients and correlation of determination describing Pb desorption 
from goethite using two first order models. 
 

Sorption 
Period 

Suspension 
Density    
(g L-1) Treatment 

Initial 
[Pb] 

(mM) k1 (min-1) R2
1 k2 (min-1) R2

2

24 Hours 2.5 Stirred 0.50 -1.00 x 10-3 0.9957 -1.05 x 10-3 0.9896 

6 Months 2.5 
Non-

Stirred 0.50 -8.82 x 10-4 0.9886 -1.10 x 10-3 0.9970 
6 Months 2.5 Stirred 0.50 -8.49 x 10-4 0.9878 -7.89 x 10-4 0.9939 
24 Hours 5.0 Stirred 0.10 -9.50 x 10-4 0.9620 -2.26 x 10-4 0.9910 

6 Months 5.0 
Non-

Stirred 0.10 -7.48 x 10-4 0.9419 -1.72 x 10-4 0.9660 
6 Months 5.0 Stirred 0.10 -6.66 x 10-4 0.9774 -2.46 x 10-4 0.9803 
24 Hours 5.0 Stirred 0.25 -7.76 x 10-4 0.9635 -1.85 x 10-4 0.9484 

6 Months 5.0 
Non-

Stirred 0.25 -9.01 x 10-4 0.9615 -1.50 x 10-4 0.9373 
6 Months 5.0 Stirred 0.25 -8.71 x 10-4 0.9818 -1.73 x 10-4 0.9467 
1 Week 5.0 Stirred 0.10 -1.02 x 10-2* 0.997 -1.7 x 10-3* 0.910 

5 Months 5.0 Stirred 0.10 -7.5 x 10-3* 0.996 -1.5 x 10-3* 0.923 

5 Years 5.0 
Non-

stirred 0.10 -4.90 x 10-4 0.9830 -2.53 x 10-4 0.9962 
* Optimized time ranges were 20-150min and 155-480min. (Desorption period was 6.5 h). 
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Fig 3.7  First-order rate equation plot of Pb desorption from goethite for 2.5 g L-1 and 0.50 
mM (k1).  
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Fig 3.8  First-order rate equation plot of Pb desorption from goethite for 2.5 g L-1 and 0.50 
mM (k2).  
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Fig 3.9  First-order rate equation plot of Pb desorption from goethite for 5.0 g L-1 and 0.10 
mM (k1).  
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Fig 3.10  First-order rate equation plot of Pb desorption from goethite for 5.0 g L-1 and 0.10 
mM (k2).  
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ig 3.11  First-order rate equation plot of Pb desorption from goethite for 5.0 g L-1 and 0.25 

ig 3.12  First-order rate equation plot of Pb desorption from goethite for 5.0 g L-1 and 0.25 

F
mM (k1).  
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4.0 Conclusions 

This study examined the influence of mixing, residence time, and desorption period on 

Pb desorption kinetics from goethite.  For all experiments the total amount of Pb removed from 

goethite decreased with increased residence time and mixing.  However, except for the sample 

that was aged for 5 years statistical analyses indicated that the results were not statistically 

significant.  For all experiments, more Pb was removed during the 24 hour desorption period 

compared to the 8 hour desorption period.   Similar to previous research examining the influence 

of residence time on the desorption kinetics of Pb from goethite, these results suggest that the 

length of the sorption period may be insufficient for the observed differences to be statistically 

significant.  Longer adsoption and desorption periods, perhaps a number of years may be 

required to determine if residence time effects are an artifact of experimental conditions or truly 

the length of the adsorption and desorption period.  This information is especially important 

because the effectiveness of monitored natural attenuation depends on the sorption mechanism.  

For example, newly contaminated sites may pose more of a problem than sites that have been 

equilibrating for a number of years.  If monitored natural attenuation is to be used as a cost 

effective remediation technique additional research is necessary in order to elucidate long-term 

sorption mechanisms for both pure mineral phases and whole soils and to understand the 

chemical and mineralogical conditions responsible for observed residence time effects. 

 

 

 
 
 
 
 
 
 
 
 

 45



Literature Cited: 

insworth, C.C., J.L. Pilon, P.L. Gassman, and W.G. Van Der Sluys.  1994. Cobalt,   

cadmium, and lead sorption to hydrous iron oxide: resident time effect. Soil   

ci. Soc. Am. J.  58:615-1623. 
 

tkins, P. 1996.  The elements of physical chemistry. W.H. Freeman and  

Company. New York, New York. 
 

ackes, C.A., and R.G. McLaren et al. 1995. Kinetics of cadmium and cobalt  

desorption from iron and manganese oxides. Soil Sci.  59:778-785. 
 

arger, J.R., G.E. Brown Jr., and G.A. Parks. 1997.  Surface complexation of Pb(II) at  

the oxide-water interfaces: I. XAFS and bond-valence determination of  

ononuclear and polynuclear Pb(II) sorption products on aluminum oxides. 
 

Geochim. et Cosmochim. Acta.  61:2617-2637.  

arger, J.R., G.E. Brown Jr., and G.A. Parks. 1997.  Surface complexation of Pb(II) at  

the oxide-water interfaces: II.  XFAS and bond valence determination of  

ononuclear Pb sorption products and surface functional groups on iron oxides.   

eochimica et Cosmochimica Acta.  61:2639-2652.  
 

arrow, N.J.  1979.  Description of desorption of phosphate from soil.  J. Soil Sci.  

30:259-270. 

ernasconi, C.F. 1976.  Relaxation kinetics.  Academic Press, New York, New York. 

ernasconi, C.F. 1986.  Investigation of rates and mechanisms of reactions 4  ed. 

Wiley, New York, New York. 

iddle, G.N. 1982. Toxicology of lead – preimer for analytical chemists. Journal of the  

Association of Official Analytical Chemists 65(4):947-952.  
 

 
A
 

 
S

A
 

B
 

B
 

 
m

 
 
B
 

 
m
 
G

B
 
 
 
B
 

thB
 
 
 
B
 

 46



Brady, W.D., M.J. Eick, P.R. Grossl, and P.V. Brady.  2003.  A site-specific approach for the 

evaluation of natural attenuation at metal impacted sites.  Soil and Sediment 

Contamination.  12 (4): 541-564.   

 
ruemmer, G.W., J. Gerth, and K.G. Tiller. 1988.  Reaction kinetics of the adsorption  

and desorption of nickel, zinc, and cadmium by goethite. I. adsorption and  

iffusion of metals.  J. Soil Sci. 39:37-52. 
 

arski, T.H., and D.L. Sparks.  1985.  A modified miscible displacement technique for   

investigating adsorption-desorption kinetics in soils.  Soil Sci. Soc. Am. J.   
 

49:1114-1116. 
 

ahn, R., Scheidegger, A.M., Manceau, A., Baeyens, B., and Bradbury, M.H.  (2004).   

 ptake mechanisms of Ni(II) on montmorillonite as determined by X-ray  

absorption spectroscopy. Geochim. Cosmochim. Acta.  68 (11): A164-A164  

uppl. S 
 

ick, M.J., J.D. Peak, P.V. Brady, and J.D. Pesek.  1999. Kinetics of lead  

adsorption/desorption on goethite: residence time effect. Soil Sci. 164(1):  

8-39. 
 

lzinga, E.J., D. Peak, and D.L. Sparks.  2001.  Spectroscopic studies of Pb(II)-sulfate  

interactions at the goethite water interface.  Geochim. Cosmochim. Acta.   

65:2219-2230  
 

ssington, M.E.  2004.  Soil and water chemistry.  CRC Press.  Boca Raton, Florida. 

endorf, S.E., M.J. Eick, P.R. Grossl, and D.L. Sparks.  1997.  Arsenate and chromate 

retention mechanisms on goethite. 1. Surface tructure.  Environ Sci. Technol. 

20. 

B
 

 
d

C
 

D
 
U

 

 
S

E
 

 
2

E
 
 
 

E
 
F
 
 
  
 31:315-3

 47



Fuller, C.C., J.A. Davis, G.A. Waychunas.  1993.  Surface-chemistry of ferrihydrite. 2.   

Kinetics of arsenate adsorption and coprecipitation.  Geochim. Cosmochim.  

cta 57:2271-2282 
 

lover, L.J., M.J. Eick, and P.V. Brady.  2002.  Desorption kinetics of cadmium and   

lead from goethite: Influence of time and organic acids.  Soil Sci.  Soc.    

mer. J.  66:797-804. 
 

rossl, P.R., D.L. Sparks and C.C. Ainsworth.  1994.  Rapid kinetics of Cu(II) 

adsorption/desorption on goethite( -FeOOH).  Environ. Sci. and  

Technol. 28:1422-1429. 
 

rossl, P.R., and D.L. Sparks. 1995.  Evaluaiton of contaminant ion  

adsorption/desorption on goethite using pressure-jump relaxation kinetics.   

eoderma. 67:87-101. 
 

rossl, P.R., M.J. Eick, D.L. Sparks, S. Goldberg, and C.C.Ainsworth.  1997.  Arsenate  

and chromate retention mechanisms on goethite: Kinetic evaluation using a  

ressure-jump relaxation technique.  Environ. Sci. Technol.  31(2):321-326. 
 

unneriusson, L, L. Lovgren, and S. Sjöberg.  1994.  Complexation of Pb(II) at the  

goethite (α-FeOOH)/water interface:  The influence of chloride.  Geochim. 

Chosmochim. Acta 58:4973-4983. 

ayes, K.F., and J.O. Leckie 1986.  Mechanism of lead ion adsorption at the  

goethite-water interface.  ACS Symposium Ser. 323:114-141.  
 

elfferich, R. 1983.  Ion exchange kinetics-evolution of a theory.  p. 157-179. In L.   

Liberti and F. Helfferich. (ed.)  Mass transfer and kinetics of ion exchange.    

artinus Nijhoff, The Hague. 
 

 

 
A

G
 

 
A

G
 
  
 

G
 

 
G

G
 

 
p

G
 
 
 
 
 
H
 

H
 

 
M

 48



Hem, J.D. 1989.  Study and interpretation of the chemical characteristics of natural 

water.  U.S. Geological Survey Water Supply Paper no. 2254. 

annou, A., A. Dimirkou, and P. Papadopoulos. 1996.  Kinetics of phosphorous  

sorption by hematite and bentonite-hematite (b-h) system.  Communications in  

oil Science and Plant Analysis.  27 (5-8):1949-1969. 
 

ou, S. 1986.  Concurrent sorption of phosphate and zinc, cadmium or calcium by a  

hydrous ferric oxide.  Soil Sci. Soc. Amer. J.  50:1412-1419. 
 

i, D., S. Huang, W.Wang, and A. Peng.  2001.  Study on the kinetics of cerium(III)  

adsorption-desorption on different soils of China.  Chemosphere.  44:663-669.   
 

i, S.T., J.M., Zhou, H.Y. Wang, and X.Q. Chen. 2005.  Kinetics of phosphate release  

from three phosphate-treated soils.  Pedosphere 15:518-525. 
 

anceau, A., M. Boisset, J.L. Hazemann, M. Mench, P. Cambier, and R. Prost.  1996. 

Direct determination of lead speciation in contaminated soils by EXAFS  

ectroscopy.  Environ. Sci. Technol. 30:1540-1552.  
 

cBride, M.B. 1994.  Environmental soil chemistry.  Oxford Press.  New York, New   

York. 
 

cKenzie, R.M. 1967.  The sorption of cobalt by manganese minerals in soils.   

Australian Journal of Soil Research.  5:235-246. 
 

cKenzie, R.M. 1970.  The reaction of cobalt with maganese dioxide minerals.   

Australian Journal of Soil Research. 88:87-106. 
 

cKenzie, R.M. 1972.  The sorption of some heavy metals by the lower oxides of    

maganese.  Geoderma.  8:29-35. 
 

 
 
 
Io
 

 
S

K
 

L
 

L
 

M
 

 
sp

M
 

M
 

M
 

M
 

 
 

 49



McLaren, R.G., D.M. Lawson, and R.S. Swift.  1986.  Sorption and desorption of cobalt  

by soils and soil constituents.  J. Soil Sci. 37:413-426. 

cLaren, R.G., and C.A. Backes, A.W. Rate and R.S. Swift. 1998. Cadmium and   

cobalt  desorption kinetics from soil clays: Effect of sorption period.  Soil   

ci. Soc. Amer. J.  62: 332-337.   
 

gwada, R.A., and D.L. Sparks. 1986.  Kinetics of ion exchange on clay minerals and   

soil I. Evaluation of methods.  Sci. Soc. Amer. J.  50:1158-1162. 
 

gwada, R.A., D.L. Sparks. 1986.  Kinetics of ion exchange on clay minerals and soil 

dation of rate-limiting steps.  Sci. Soc. Amer. J. 50:1162-1164    
 

’Reilly, S.E., and M.F. Hochella. 2003.  Lead sorption efficiencies of natural and   

synthetic Mn and Fe-oxides.  Geochimica et Cosmochimica Acta.  67:4471-4487   
 

cheinost, A.C., S. Abend, K.I. Pandya and D.L. Sparks.  2001.  Kinetic controls on Cu  

and Pb sorption by ferrihydrite.  Environ. Sci. Technol.  35:1090-1096.  
 

parks, D.L., and P.M. Jardine.  1984.  Comparison of kinetic equations to describe K-Ca  

e in pure and mixed systems.  Soil Sci.  138:115-122. 

parks, D.L. 1985.  Kinetics of ionic reactions in clay minerals and soils.  Adv. Agron.   

38:231-266. 
 

parks, D.L. 1986.  Kinetics of reactions in pure and in mixed systems.  p. 83-147.   

In Soil physical chemistry.  CRC Press.  Boca Raton, Florida.  
 

parks, D.L. 1989.  Kinetics of soil chemical processes.  Academic Press.  New York,   

New York. 

 
 
 
M
 

 
S

O
 

O
  

II. Eluci

O
 

S
 

S
  
 Exchang
 
S
 

S
 

S
 

 50



Sparks, D.L., and Zhang, P.C. 1991.  Relaxation methods for studying kinetics of soil and 

 chemical phenomena. p. 61-94.  In Rates of soil chemical processes.  Soil  Sci. Soc. of 

 Amer., Inc.  Madison, Wisconson.    

Sparks, D.L.  1995.  Environmental soil chemistry.  Academic Press, New York. 
 
Swertmann, U., and R.M. Cornell. 1991.  Iron oxides in the laboratory.  VCH   
 

Publishers.  New York, New York 
 
Trivedi, P., J.A. Dyer, and D.L. Sparks.  2003.  Lead sorption onto ferrihydrate. 1. A  

macroscopic and spectroscopic assessment.  Environ. Sci. Technol.   

37:908-914 

Wen, B., X. Shan, J., Lin, G. Tang, N. Ban, and D. Yuan.  2002.  Desorption kinetics of 

 yttrium, lanthanum and cerium from soils.  Sci. Soc. Amer. J.  66:1198-1206. 

Yasunga, T., and Ikeda, L.  1986.  Adsorption-desorption kinetics at the metal-oxide-

 solution interface studies by relaxation methods.  ACS Symposium Ser. 323: 230-253. 

Zasoski, R.G., and R.G. Burau. 1978.  A technique for studying the kinetics of   
 

adsorption in suspensions.  Sci. Soc. Amer. J.   42:372-374. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 51


