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1. Introduction 

Interfacial processes are central to understanding many processes in environmental sciences 
and technologies, chemical engineering, earth sciences, ocean sciences and atmospheric 
sciences. Thermodynamics has been used as a classical method to describe interfacial 
equilibrium properties over the last century. Experimentally measurable macroscopic 
parameters of adsorption density and concentration are widely used as the basic parameters 
in many equations/models to describe the equilibrium characteristics of adsorption 
reactions at solid-water interfaces. For instance, methods of equilibrium adsorption 
constants or adsorption isotherms are commonly used to describe the equilibrium 
relationship between concentration in solution and adsorption density on solid surfaces. 
However, thermodynamics has limitations in describing the equilibrium properties for 
surface adsorption reactions at solid-water interfaces. A fundamental principle has been 
missing in the conventional theoretical system where the microscopic structures on the solid 
surfaces are not taken into account in the conventional macroscopic methodology such as 
equilibrium adsorption constants and/or adsorption isotherms. The equilibrium properties 
for surface adsorption were conventionally described by macroscopic parameters such as 
adsorption density. Unfortunately, adsorption density is not a thermodynamic state variable 
and is generally affected by the microscopic metastable equilibrium surface structures, 
which make the equilibrium properties, such as equilibrium constants and/or adsorption 
isotherms, be fundamentally dependent on the kinetic paths and/or the reactant 
concentration conditions (e.g. the “adsorbent concentration effect” and “adsorbate 
concentration effect”). Failure in recognizing this theoretical gap has greatly hindered our 
understanding on many adsorption related issues especially in applied science and 
technology fields where the use of surface concentration (mol/m2) is common and 
inevitable. 
With the application of spectroscopy and quantum chemical calculation techniques to solid-
liquid interface systems, such as synchrotron based X-ray absorption spectroscopy, it is now 
possible to develop new thermodynamic methodologies to describe the real equilibrium 
properties of surface adsorption reactions and to reveal the relationships between 
macroscopic equilibrium properties and the microscopic metastable equilibrium adsorption 
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(MEA) structures. These studies represent advances on how microscopic surface molecule 
structures affect the macroscopic relationships in surface adsorption thermodynamics. 
Surface microstructures greatly affect the local chemical properties, long-range interaction, 
surface reactivity, and bioavailability of pollutants in the environment. Both experimental 
techniques and thermodynamic theoretical development on interfacial processes are 
essential for the development of molecular environmental and geological sciences. 
It has been a basic concept in traditional thermodynamic adsorption theories that adsorption 
density (  , mol/m2 ) is a state variable (a function that is only determined by the state and 
not affected by the path), so that the equilibrium adsorption constants defined by the ratio of  
equilibrium adsorption density on solid surfaces to the concentration in solution should be 
constant that is the reflection of the unique equilibrium characteristic of the reaction.1 Over 
the last century, the macroscopic methodology (e.g. surface complexation models) of 
equilibrium adsorption constants and adsorption isotherms are widely used to describe the 
equilibrium limits of adsorption reactions and predict the theoretical yield in many fields.2, 3 
These relationships were deemed to obey the basic properties of chemical thermodynamics, 
i.e. the equilibrium constant should be constant and be independent of kinetics or initial 
reactant concentrations under fixed thermodynamic conditions.  
However, an abnormal phenomenon called particle/adsorbent concentration effect (Cp 
effect), i.e. the dependence of adsorption isotherms on one of the reactant concentrations Cp, 
has caused great confusion over the last three decades because it cannot be interpreted by 
the existing thermodynamic theories.2, 4-8 Several hundreds of papers have been published 
on this issue but the underlined theoretical reason, which is far more important than the Cp 

effect itself, still remains not clear to most researchers. Most studies so far attribute Cp effect 
to various experimental artifacts.9, 10 However, after these artifacts are excluded from the 

experiments, Cp effect may disappear in some systems,9 but still exist in other systems.3, 11 
Thus, the problem becomes rather confused based on empirical or experimental analysis 
only. 
Metastable-equilibrium adsorption (MEA) theory indicates that,12-14 for a given adsorption 
reaction under fixed thermodynamic conditions, a polyhedral adsorbate molecule is 
generally ended in various MEA states with different energies and geometries rather than a 
unique equilibrium state when the reaction reaches to the apparent equilibrium. Unlike 
concentration in solutions, adsorption density (mol/m2) on solid surfaces no longer 
unambiguously corresponds to thermodynamic state variables, because adsorption density 
can only count for the mass but not the chemical potentials/energies of different 
microscopic MEA states that construct the real equilibrium adsorption state. When the 
adsorption density is not treated as a thermodynamic state variable, a theoretical equation 
known as “MEA inequality” is deducted from the fundamental thermodynamic laws.12 

2. Metastable-equilibrium adsorption inequality 

Suppose the adsorption of a pure solute A in a pure solvent onto a solid surface can be 
schematically represented by the equation (1, 2) 

  
(1)
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where A stands for solute in solution, for adsorbed solvent,  for adsorbed A, and 

H2O for solvent in solution. 
Since the Gibbs free energy is a state function and its change depends only on the initial and 
final states of the system, we can replace the real adsorption process of [1], which is 
generally thermodynamically irreversible, with two ideal reversible processes that lead to 
the same final state, in order to calculate the Gibbs free energy change, 

  

(2)

 

where " " indicates that the real adsorption process can be irreversible. Step 1 
represents an imagined reversible adsorption process where the final concentration of A on 
the solid surface is the same as that in the real irreversible process [1]. represents an ideal 

equilibrium stable state of adsorbed A, and  represents a real metastable-equilibrium 

adsorption state. and  represent different thermodynamic states of adsorbed A, 

although they have the same value of adsorption density. ΔG1 and Keq are the change in 
Gibbs free energy and equilibrium constant of step 1, respectively. ΔG2 of step 2 is the 
difference in Gibbs free energy between the reaction products of the real irreversible process 
[1] and the ideal reversible process (step 1) . Kme is the equilibrium constant of step 2. 
Thus, 

 1 2realG G G               (3) 

since 

lnG RT K    

Thus, 

                         real eq meK K K               (4) 

In step2 

    2 22
solid solid

H O A H O A
real ideal

G G G G G          (5) 

assuming 

   2 2H O H Oreal ideal
G G  

    2 0solid solid
A A

real ideal
G G G         (6) 
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where ‘‘=’’ represents a reversible process and ‘‘>’’ corresponds to an irreversible process. 
Equation [6] indicates that if the process is not thermodynamically reversible, then for the 
same amount of adsorbed A, the real state of , which is of metastable equilibrium in 

nature, will have a higher Gibbs free energy  solid
A

real
G  than the ideal equilibrium state 

 solid
A

ideal
G . Step 2 is therefore not a thermodynamically spontaneous process. 

Since 2
me

G RT
K e

  and 2 0G  , 

 0 1meK   (< for irreversible process, = for reversible process).   (7) 

We call Kme the metastable-equilibrium coefficient. It measures the deviation of a 
metastable-equilibrium state from the ideal equilibrium state. Combining [4] and [7], we get 
the MEA inequality: 

 real eqK K  (< for irreversible process, = for reversible process).    (8) 

Keq is the ideal equilibrium constant for an ideal reversible process which has a unique value 
under constant temperature, pressure, and composition of the solution. Kreal is the 
experimentally measured equilibrium constant for a real adsorption process and is not 
necessarily constant under fixed temperature, pressure, and composition of solution, but 
decreases as Kme decreases. 
MEA inequality indicates that equilibrium constants or adsorption isotherms are 
fundamentally affected by the kinetic factor of thermodynamic irreversibility (including 
both mass and energetic irreversibility for a forward-backward reaction), because when the 
surface reaction is processed through different irreversible kinetic pathways it may reach to 
different MEA states under the same thermodynamic conditions. By using the MEA 
inequality to reformulate the existing equilibrium adsorption theories, it is possible to 
modify some of the existing isotherm equations into metastable-equilibrium equations. 

2.1 Langmuir-type metastable equilibrium adsorption isotherm 

The equilibrium constant for the adsorption process [1] is 

 
   

 
     
     

2 2

2 2 2

s
real

a a

( )
A H O A A H Ossl l

H O s A H O H O Al ls s

f x a
K

a a f x a

  
 

  
       (9) 

where ai stands for the activity of a given component in [1], the subscripts s and l refer to 
surface and bulk values, respectively, ( fi )s is the surface activity coefficient, and (xi )s is the 
mole fraction surface concentration. 
In dilute solution, the surface activity coefficient in the solid may be set equal to unity (1), so 
that 

 
   
   

2

2

real
A H Os l

H O A ls

x a
K

x a





                  (10) 

According to Eq. [4], we have 
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              (11) 

By multiplying both  A s
x  and  2H O s

x  by the total surface area AT, and assuming that the 

molecular size of solute and solvent are similar, we have  A A Ts
x A   , and 

 2 2H O H O Ts
x A   , where 

i  is the fraction of the surface occupied by component i. 

Because 
2

1A H O   , [11] becomes  

 
 

 
 

 2 2

1eq me A eq me Al l
A

H O H Ol l

K K a K K a

a a


   
        (12) 

Since the activity of solvent  2H O l
a  can be considered constant, Keq/  2H O l

a  may be 

defined as a constant b, 

 
 
 1

me A l
A

me A l

b K a

b K a


 


  
      (13) 

Practically, the adsorption amount is often expressed in terms of the adsorption density  ; 
thus, 

 
max

 



                   (14) 

where max  is the characteristic saturation adsorption capacity for a given reaction, which is 
the maximum value of the equilibrium   as the equilibrium concentration of the solute 
increases. In dilute solution, activity  A l

a  is approximately equal to concentration CA , so 
[13] becomes  

 
'

'1
me eq

me eq

b K C

b K C

 
 

  
           (15) 

where '
maxb b  ; b and b' are constant under fixed temperature and pressure, and are 

truly independent of the kinetics of the process. 
Equations [13] and [15] are called Langmuir-type metastable-equilibrium isotherm equations, 

since when Kme =1, i.e., under the ideal equilibrium condition, they are reduced to the 
conventional Langmuir equation. Only under this ideal condition (Kme = 1) can the isotherm 
be independent of the kinetic process. Generally, the equilibrium relationship between 
 and Ceq would be influenced by the metastability of the adsorption state.  

2.2 Freundlich-type metastable-equilibrium adsorption isotherm 

By assuming an exponential distribution of adsorption energy, and assuming that for each 
energy level the adsorbate coverage   follows the Langmuir-type metastable-equilibrium 
isotherm [13] , a Freundlich-type metastable isotherm equation can be obtained,12 
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 me eqK C                 (16) 

where   is a constant under isothermal conditions. Under ideal equilibrium conditions  
(Kme = 1) , [16] is reduced to the conventional Freundlich equation. Equation [16] indicates 
that the adsorption isotherm is shifted to the lower   as Kme decreases. 

2.3 Particle concentration (Cp) effect isotherm equations  

According to reaction rate theory, adsorption speed should increase as particle 
concentration (i.e., reactant concentration) increases.15, 16 Since the reversibility for a 
physical adsorption process on a plain solid surface generally declines as the speed of the 
process increases, the adsorption reversibility could decline as the particle concentration 
increases. Here, we assume that changes in Cp can affect the metastable-equilibrium 
adsorption state,  

 n
me pK C           (17) 

where   is a constant and n is an empirical parameter, n ≥ 0. 
Substituting [17] into [15] , we obtain a semi-empirical Langmuir-type Cp effect isotherm 
equation 

 
'

1

n
p eq

n
p eq

k C C

k C C





 
 

  
   (18) 

 

where ' 'k   b    and k  b    . For a given adsorption reaction, k' and k are equilibrium 
adsorption constants which are independent of the Ceq and Cp conditions. 
Substituting [17] into [16] , we obtain a Freundlich-type Cp effect isotherm equation, 

 n
sp p eqk C C         (19) 

 

where 
spk    . For a given adsorption reaction, ksp is an equilibrium adsorption constant 

which is independent of the Ceq and Cp conditions. 
The Cp effect isotherm equations [18] and [19] predict that, by affecting the metastable-
equilibrium adsorption state (or the adsorption reversibility ), particle concentration can 
fundamentally influence the equilibrium constants or adsorption isotherms. 

3. Macroscopic thermodynamic evidences of metastable-equilibrium 
adsorption 

After Screening study of many adsorption systems, we found that there are obvious Cp 
effect in many irreversible adsorption systems (e.g., Zn-goethite, Zn-manganite, Zn-anatase, 
As(V)-anatase), and no Cp effect in reversible adsorption systems (e.g., Cd-goethite and Zn-
├-MnO2). Taking the adsorption of Zn and Cd on goethite as a typical example, the detailed 
interpretation of the existence and disappearance of the Cp effect using the metastable-
equilibrium adsorption (MEA) theory are presented below.11, 17 
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Fig. 1. Adsorption (solid lines, closed symbols) and desorption (dotted lines, open symbols) 
isotherms under different Cp conditions in Zn–goethite (a) and Cd–goethite (b) systems. (a) 
Cp1=0.38 g/L, Cp2=1.53 g/L, Cp3=2.3 g/L, pH=6.4, equilibration time for adsorption and 
desorption are 12 days and 10 days, respectively. a', a comparison of the sizes of hysteresis 
in Figure 1a, when the first points of the desorption isotherms are translationally moved to 
the same point. (b) pH=7.1, equilibration time for adsorption and desorption are 20 days 
and 14 days, respectively. 

 

 
Fig. 2. Adsorption (a) and desorption (b) kinetic curves under different Cp conditions in Zn–
goethite system. pH=6.4. The inset chart in (a) shows the initial stage of the adsorption. The 
final Zn concentrations of the four experiments in (a) are (Ceq )Cp1=0.18 ppm, (Ceq )Cp2=0.17 
ppm, (Ceq )Cp3=0.16 ppm, (Ceq )Cp4=0.15 ppm. In order to examine the desorption rate 
effectively, only the initial stage of desorption is presented in (b). 
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Fig. 3. Adsorption (a) and desorption (b) kinetic curves under different Cp conditions in Cd–
goethite system. pH=7.1. The final Cd concentrations of the three experiments in (a) are 
(Ceq)Cp1=0.235 ppm, (Ceq )Cp2=0.211 ppm, (Ceq )Cp3=0.210 ppm. 

In a controlled simple aqueous system containing Zn–goethite, where a clear Cp effect is 
observed, an increase in particle concentration causes a simultaneous decrease in adsorption 
reversibility and in the adsorption isotherm (Figure 1a). At the same time, Zn adsorbed 
under a lower Cp condition desorbs faster (indicating more adsorption reversibility ) than 
that under a higher Cp condition (Figure 2). In another controlled simple aqueous system of 
Cd–goethite, where no Cp effect is observed, changes in Cp does not cause discernible 
changes in adsorption hysteresis and in the adsorption isotherm (Figure 1b). Little difference 
in desorption rate is observed for the Cd adsorbed under different Cp conditions (Figure 3). 
Both the Cp effect and the non-Cp effect results can be qualitatively explained and 
quantitatively described by the MEA theory. 
In the Freundlich-type Cp effect isotherm equation [19], we called ksp the specific adsorption 
constant and n the Cp effect index. ksp is a measure of adsorption capacity and n is a measure 
of the degree of the Cp effect. Like b, ksp and n can be calculated from adsorption isotherm 
data. The method is described below. 
Take the logarithm of both sides of Eq. [19] , 

 log log log logsp p eqk n C C         (20) 

For a given adsorption isotherm ( e.g., isotherm a, b, or c in Figure 4) , Cp is a constant, and 
Eq. [20] becomes: 

 log log eqA C         (21) 

where log logsp pA k n C  . It can be seen from [21] that, if the relationship between   and 

Ceq under a specified Cp condition can be described by Eq. [19], then the plot of log  vs 
log eqC  should be a straight line. From the slope of the straight line,  can be obtained. 

Under a given Ceq ( e.g., data for ‘ 1 , Cp1,’ ‘ 2 , Cp2,’ ‘ 3 , Cp3’ in Figure 4), Eq. [20] becomes 

 log log pB n C          (22) 
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where log logsp eqB k C  . Under this condition, if the plot of log  vs log pC is a straight 

line, then the influence of Cp on the isotherm can be described by Eq. [19]. From the slope of 
the straight line, n is obtained.  
From the intercepts of either Eq. [21] or Eq. [22], ksp can be calculated. 
Based on the adsorption isotherm data of Figure 1, the plots of log vs log eqC  and the plots 

of log  vs log pC  for Zn–goethite and Cd–goethite systems are presented in Figure 5 and 6, 

respectively. Good linear relationships were obtained. For the Zn–goethite system, ksp=1.381, 
┚=0.4136, n=0.0819. For the Cd–goethite system, ksp=1.778, ┚=0.435, n  0. 
 

 
Fig. 4. Data of (  , Ceq) under constant Cp are used to calculate b. Data of ( , Cp) under 
constant Ceq are used to calculate n. 

 

 
Fig. 5. Plot of log pC vs log  under the condition of Ceq=0.2 ppm for Zn–goethite and Cd–

goethite systems, respectively. The different slopes of the two lines indicate that the size of 
the Cp effect is different in these two systems. 
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Fig. 6. Plot of log eqC  vs log  under the condition of Cp=1.534 g/L for Zn–goethite and Cd–

goethite systems, respectively. The similar slope of the two lines indicates that both the 
adsorption of Zn and Cd on goethite have similar ┚ values. 

After the specific adsorption constant (ksp ), the Cp effect index (n), and ┚ are calculated, the 
Cp effect adsorption isotherm equations for Zn–goethite and Cd–goethite systems can be 
expressed as 0.0819 0.41361.381 p eqC C     and 0.4351.778 eqC   , respectively. Figures 7 and 8 

show that the calculated isotherms fit the experimental data well.  

 
Fig. 7. Comparison between calculated and measured isotherms under different Cp 
conditions in the Zn–goethite system. Lines are calculated from the Cp effect isotherm 
equation 0.0819 0.41361.381 p eqC C    . Points are adsorption data from Figure 1a. 
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Fig. 8. Comparison between calculated and measured isotherms under different Cp 
conditions in Cd–goethite system. Lines are calculated from the Cp effect isotherm equation 

0.4351.778 eqC   . Points are adsorption data from Figure 1b. 

According to MEA theory, for the ideal reversible adsorption reactions, changes in Cp have 
no influence on the reversibility of MEA states, and it should have no Cp effect in such 
systems when experimental artifacts are excluded.11, 18 For partially irreversible adsorption 
reactions, changes in Cp may significantly affect the irreversibility and the microscopic MEA 
structures, and a Cp effect should fundamentally exist in irreversible adsorption systems.11, 17 
Therefore, the MEA theory provided a rational explanation for the phenomena of Cp effect 
and non-Cp effect from the fundamental thermodynamic principle. 

4. Microscopic measurement of metastable-equilibrium adsorption state 

It should be noted that, when the Cp effect isotherm equations are used in the modeling of 
practical adsorption processes, they may be totally empirical and does not imply particular 
physical mechanism. The macroscopic adsorption behavior is fundamentally controlled by 
the microscopic reaction mechanism of adsorbed molecules on solid surfaces. Therefore, the 
direct Measurement on the microstructures at solid-water interfaces is crucial to verifying 
the MEA principle. 
Macroscopic thermodynamic results19, 20 showed that Zn(II) adsorbed on manganite was 
largely irreversible (adsorption and desorption isotherms corresponding to the forward and 
backward reactions did not coincide, see Figure 9), but the adsorption of Zn (II) on ├-MnO2 
was highly reversible (there was no apparent hysteresis between the adsorption and 
desorption isotherms, see Figure 10). This contrast adsorption behavior between the two 
forms of manganese oxides could be explained from the different microscopic structures 
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between ├-MnO2 and manganite, as well as the linkage modes of adsorbed Zn(II) on ├-
MnO2 and manganite.19 
 

 
Fig. 9. Adsorption (closed symbols) and desorption (open symbols) isotherms of Zn(II) on 
manganite. EXAFS samples were indicated by arrows. 
 

 
Fig. 10. Adsorption (■) and desorption (□) isotherms of Zn(II) on ├-MnO2. EXAFS samples 
were symboled with blank triangles (Δ). 

Manganite had a structure with rows of edge-sharing Mn(II)O6 octahedra linked to adjacent 
rows through corners. Due to the Jahn–Teller effect of Mn(II) ions and to the presence of 
both O and OH groups, the MnO6 octahedra were highly distorted: each Mn is bound to 
four equatorial oxygen and two axial oxygen atoms.21, 22 This distortion gave rise to a mild 
layered structure. Hydrolyzable Zn could be bonded on MnO6 octahedra of manganite 
surface via edge and corner-sharing coordination modes.21, 22 The basic structure of ├-MnO2 

consisted of layers of edge-sharing MnO6 octahedra alternating with a layer of water 
molecules. One-sixth of Mn4+ positions were empty, which gave a layer charge that was 
compensated by two Zn atoms located above and below the vacancy.23, 24 Hydrolyzable Zn 
could be taken up in the interlayer to form tridentate corner-sharing complexes.25, 26 These 
differences in crystallographic structure resulted in different linkage modes for the 
adsorption of Zn on manganite and ├-MnO2. 
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Fig. 11. Corner-sharing linkage (a) and interlayer structures of Zn(II) adsorbed on ├-MnO2 
(b). (a) RZn–O = 2.07 Å, RMn–O = 1.92 Å, RZn–Mn = 3.52 Å. (b) Squares were vacant sites, 
illustration diagram adapted from Wadsley,27 Post and Appleman,28 and Manceau et al..25 
 

 
Fig. 12. Two types of linkage between adsorbed Zn(II) (octahedron and tetrahedron) and 
MnO6 octahedra on the ┛-MnOOH surfaces. (a) Double-corner linkage mode; (b) edge-
linkage mode. 

Extended X-ray absorption fine structure (EXAFS) analysis showed that Zn(II) was adsorbed 
onto δ-MnO2 in a mode of corner-sharing linkage, which corresponded to only one Zn–Mn 
distance of 3.52 Å (Figure 11). However, there were two linkage modes for adsorbed Zn(II) 
on manganite surface as inner-sphere complexes, edge-sharing linkage and corner-sharing 
linkage, which corresponded to two Zn–Mn distances of 3.07 and 3.52 Å (Figure 12). The 
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edge-sharing linkage was a stronger adsorption mode than that of the corner-sharing 
linkage, which would make it more difficult for the edge linkage to be desorbed from the 
solid surfaces than the corner linkage.20 So adsorption of Zn(II) onto manganite was more 
irreversible than that on δ-MnO2. This implied that the adsorption reversibility was 
influenced by the proportion of different bonding modes between adsorbate and adsorbent 
in nature. 
Due to the contrast adsorption linkage mode, Zn(II) adsorbed on δ-MnO2 and manganite can 
be in very different metastable-equilibrium adsorption (MEA) states, which result in the 
different macroscopic adsorption–desorption behavior. For example, the extents of 
inconstancy of the equilibrium adsorption constant and the particle concentration effect are 
very different in the two systems. Adsorption of metals on δ-MnO2 and manganite may 
therefore be used as a pair of model systems for comparative studies of metastable-
equilibrium adsorption. 

5. Temperature dependence of metastable-equilibrium adsorption 

Since temperature (T) is expected to affect both adsorption thermodynamics and kinetics, 
the adsorption–desorption behavior may be T-dependent. The adsorption irreversibility of 
Zn(II) on anatase at various temperatures was studied using a combination of macroscopic 
thermodynamic methods and microscopic spectral measurement.  
Adsorption isotherm results29 showed that, when the temperature increased from 5 to 40 °C, 
the Zn(II) adsorption capacity increased by 130% (Figure 13). The desorption isotherms 
significantly deviate from the corresponding adsorption isotherms, indicating that the 
adsorption of zinc onto anatase was not fully reversible. The thermodynamic index of 
irreversibility (TII) proposed by Sander et al.30 was used to quantify the adsorption 
irreversibility. The TII was defined as the ratio of the observed free energy loss to the 
maximum possible free energy loss due to adsorption hysteresis, which was given by 

 eq eq

eq eq

ln ln
TII

ln ln

D

S D

C C

C C

 



      (23) 

where eq
SC  is the solution concentration of the adsorption state S ( eq

SC , eqqS ) from which 
desorption is initiated; eq

DC  is the solution concentration of the desorption state D ( eq
DC , 

eqqD ); eqC  is the solution concentration of hypothetical reversible desorption state ┛ ( eqC , 

eqq ). eq
SC  and eq

DC  are determined based on the experimental adsorption and desorption 
isotherms, and are easily obtained from the adsorption branch where the solid-phase 
concentration is equal to eqqD . 
Based on the definition, the TII value lies in the range of 0 to 1, with 1 indicating the 
maximum irreversibility. The TII value (0.63, 0.34, 0.20) decreased by a factor of >3 when the 
temperature increased from 5 to 40 °C. This result indicated that the adsorption of Zn(II) on 
the TiO2 surfaces became more reversible with increasing temperature.29 
EXAFS spectra results showed that the hydrated Zn(II) was adsorbed on anatase through 
edge-sharing linkage mode (strong adsorption) and corner-sharing linkage mode (weak 
adsorption), which corresponded to two average Zn–Ti atomic distances of 3.25±0.02 and 
3.69±0.03 Å, respectively.29 According to the DFT results (Figure 14),13 EXAFS measured the  
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Fig. 13. Adsorption and desorption isotherms of Zn(II) on anatase at various temperatures. 
Symbols, experimental data; solid lines, model-fitted adsorption isotherms; dashed lines, 
model-fitted desorption isotherms. S5, S20, and S40 indicate where desorption was initiated 
and samples selected for subsequent EXAFS analysis. Data given as mean of duplicates and 
errors refer to the difference between the duplicated samples. 

corner-sharing linkage mode at the Zn-Ti distance of 3.69 Å may be a mixture of 4-
coordinated bidentate binuclear (BB, 3.48 Å) and 6-coordinated monodentate mononuclear 
(MM, 4.01 Å) MEA states. DFT calculated energies showed that the MM complex was an 
energetically unstable MEA state compared with the BB (-8.58 kcal/mol) and BM (edge-
sharing bidentate mononuclear, -15.15 kcal/mol) adsorption modes,13 indicating that the 
MM linkage mode would be a minor MEA state, compared to the BB and BM MEA state. In 
the X-ray absorption near-edge structure analysis (XANES), the calculated XANES of BB 
and BM complexes reproduced all absorption characteristics (absorption edge, post-edge 
absorption oscillation and shape resonances) from the experimental XANES spectra (Figure 
15).13 Therefore, the overall spectral and computational evidence indicated that the corner-
sharing BB and edge-sharing BM complexation mode coexisted in the adsorption of Zn(II) 
on anatase. 
As the temperature increased from 5 to 40 °C, the number of strong adsorption sites (edge 
linkage) remained relatively constant while the number of the weak adsorption sites (corner 
linkage) increased by 31%.29 These results indicate that the net gain in adsorption capacity 
and the decreased adsorption irreversibility at elevated temperatures were due to the 
increase in available weak adsorption sites or the decrease in the ratio of edge linkage to 
corner linkage. Both the macroscopic adsorption/desorption equilibrium data and the 
molecular level evidence indicated a strong temperature dependence for the metastable-
equilibrium adsorption of Zn(II) on anatase. 
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Fig. 14. Calculated Zn(II)–TiO2 surface complexes using density functional theory: (a) 
dissolved Zn(II) with six outer-sphere water molecules; (b) monodentate mononuclear 
(MM); (c) bidentate binuclear (BB); (d) bidentate mononuclear (BM). Purple, red, big gray, 
small gray circles denote Zn, O, Ti, H atoms, respectively. Distances are shown in 
angstroms. 
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Fig. 15. Calculated XANES spectra of 4-oxygen coordinated BB and 5-oxygen coordinated 
BM complex and experimental XANES spectra. 

6. pH dependence of metastable-equilibrium adsorption 

According to MEA theory, both adsorbent/particle concentration (i.e., Cp) and adsorbate 
concentration could fundamentally affect equilibrium adsorption constants or isotherms 
when a change in the concentration of reactants (adsorbent or adsorbate) alters the reaction 
irreversibility or the MEA states of the apparent equilibrium. On the other hand, a general 
theory should be able to predict and interpret more phenomena. To test new phenomenon 
predicted by MEA theory can not only cross-confirm the theory itself but also provide new 
insights/applications in broadly related fields. The influence of adsorbate concentration on 
adsorption isotherms and equilibrium constants at different pH conditions was therefore 
studied in As(V)-anatase system using macroscopic thermodynamics and microscopic 
spectral and computational methods.14, 31, 32 
The thermodynamic results14 showed that, when the total mass of arsenate was added to the 
TiO2 suspension by multiple batches, the adsorption isotherms declined as the multi-batch 
increased, and the extent of the decline decreased gradually as pH decreased from 7.0 to 5.5 
(Figure 16). This result provided a direct evidence for the influence of adsorption kinetics (1-
batch/multi-batch) on adsorption isotherm and equilibrium constant, and indicated that the 
influence varied with pH. 
According to MEA theory, for a given batch adsorption reaction under the same 
thermodynamic conditions, when the reaction is conducted through different kinetic 
pathways (1-batch/multi-batch), different MEA states (rather than a unique ideal 
equilibrium state) could be reached when the reaction reaches an apparent equilibrium 
(within the experimental time such as days).14 Equilibrium constants or adsorption 
isotherms, which are defined by adsorption density, are inevitably affected by the reactant 
concentration when they alter the final MEA states.11, 12 
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Fig. 16. Adsorption isotherms of As (V) on TiO2 in 0.01mol/L NaNO3 solution at 25 °C 
under different pH. TiO2 particle concentration is 1g/L. 1-batch stands for a series of total 
arsenate being added to TiO2 suspension in one time, and 3-batch stands for the total 
arsenate being added averagely to TiO2 suspension in 3 times every 4 hours. EXAFS samples 
were marked by ellipse, in which the initial total As (V) concentration is 0.80 mmol/L. 
 

Sample 
As-O 

As-Ti 

Res. CN1/CN2 BB MM 

CN R(Å) σ2 CN1 R1(Å) σ2 CN2 R2(Å) σ2 

1-batch pH5.5 3.9 1.68 0.002 1.9 3.17 0.008 1.1 3.60 0.01 8.6 1.8 
3-batch pH5.5 4.0 1.68 0.002 2.2 3.26 0.01 0.9 3.61 0.008 14.2 2.4 

1-batch pH6.2 4.0 1.68 0.002 1.8 3.16 0.007 1.0 3.59 0.006 11.0 1.7 
3-batch pH6.2 3.9 1.68 0.002 2.1 3.19 0.008 0.8 3.59 0.01 9.0 2.5 
1-batch pH7.0 4.1 1.69 0.002 1.8 3.17 0.007 1.1 3.59 0.001 13.2 1.6 
3-batch pH7.0 4.1 1.68 0.002 2.2 3.22 0.004 1.0 3.60 0.001 10.9 2.2 
As(V)-pH5.5 4.1 1.68 0.004       6.7  
As(V)-pH7.0 4.1 1.69 0.003       5.3  

Calculated values 4.0 1.70  2.0 3.25  1.0 3.52    

Table 1. Summary of As(V) K-edge EXAFS results for 1-batch and 3-batch adsorption 
samples at pH 5.5, 6.2 and 7.0. 

The comparison of EXAFS measured and DFT calculated results indicated that arsenate 
mainly formed inner-sphere bidentate binuclear (BB) and monodentate mononuclear (MM) 
surface complexes on TiO2, where EXAFS measured two As-Ti distances of 3.20±0.05 and 
3.60±0.02 Å (Table 1) corresponded to the DFT calculated values of BB (3.25 Å) and MM 
(3.52 Å) complexes (Figure 17), respectively.14 
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Fig. 17. DFT calculated structure of inner-sphere and H-bond adsorption products of arsenate 
on TiO2: (a) monodentate mononuclear arsenate H-bonded to a H2O surface functional group 
occupying the adjacent surface site (MM1); (b) monodentate mononuclear arsenate H-bonded 
to a -OH surface functional group occupying the adjacent surface site (MM2); (c) bidentate 
binuclear (BB) complex; (d) H-bonded complex. Red, big gray, small gray, purple circles 
denote O, Ti, H, As atoms, respectively. Distances are shown in angstroms. 

The EXAFS coordination number of CN1 and CN2 represented statistically the average 
number of nearest Ti atoms around the As atom corresponding to a specific interatomic 
distance. We used the coordination number ratio of CN1/CN2 to describe the relative 
proportion of BB mode to MM mode in adsorption samples. The CN1/CN2 was 1.6 and 2.2 
for 1-batch and 3-batch adsorption samples at pH 7.0, respectively (Table 1),14 indicating that 
3-batch adsorption samples contained more BB adsorbed arsenate than that of 1-batch 
adsorption samples. This result was cross-confirmed by measuring the spectral shift of X-ray 
absorption near edge structure (XANES) and Fourier transform infrared spectroscopy 
(FTIR). 
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DFT calculation showed that the theoretical XANES transition energy of BB complex was 
0.62eV higher than that of MM complex. Therefore, the blue-shift of As (V) K-absorption 
edge observed from 1-batch to 3-batch adsorption samples suggested a structural evolution 
from MM to BB adsorption as the multi-batch increased (Figure 18).31 
 

 
Fig. 18. The first derivative K-edge XANES spectra of As (V) adsorption on anatase. 

The DFT calculated frequency analysis showed that the As-OTi asymmetric stretching 
vibration (υas) of MM and BB complexes located at 855 and 835 cm-1, respectively. On the 
basis of this theoretical analysis, the FTIR measured red-shift of As-OTi υas vibration from 1-
batch sample (849 cm-1) to 3-batch sample (835 cm-1) suggested that the ratio of BB/MM in 
3-batch sample was higher than that in 1-batch sample (Figure 19).32 
The good agreement of EXAFS results of CN1/CN2 with XANES and FTIR analysis also 
validated the reliability of the CN ratio used as an index to approximate the proportion 
change of surface complexation modes. BB complex occupies two active sites on adsorbent 
surface whereas MM occupies only one. For monolayer chemiadsorption, a unit surface area 
of a given adsorbent can contain more arsenate molecules adsorbed in MM mode than that 
in BB mode. Therefore, the increase of the proportion of BB complex from 1-batch to 3-batch 
addition mode was shown as the decrease of adsorption density in 3-batch isotherm  
(Figure 16). 
Table 1 showed that the relative proportion of BB and MM complex was rarely affected by 
pH change from 5.5 to 7.0, indicating that the pH dependence for the influence of adsorption 
kinetics (1-batch/multi-batch) on adsorption isotherm was not due to inner-sphere 
chemiadsorption.14 The influence of pH on adsorption was simulated by DFT theory 
through changing the number of H+ in model clusters. Calculation of adsorption energy 
showed that the thermodynamic favorability of inner-sphere and outer-sphere adsorption 
was directly related to pH (Table 2).14 As pH decreased, the thermodynamic favorability of 
inner-sphere and outer-sphere arsenate adsorption on Ti-(hydr)oxides increased. This DFT 
result explained why the adsorption densities of arsenate (Figure 16) and equilibrium 
adsorption constant (Table 2) increased with the decrease of pH.  
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Fig. 19. ATR-FTIR spectra of adsorbed As(V) of 1-batch and 3-batch adsorption samples, 
dissolved arsenate, and TiO2 at pH 7.0. 

Theoretical equilibrium adsorption constant (K) of calculated surface complexes (BB, MM 
and H-bonded complexes in this adsorption system) that constructed real equilibrium 
adsorption constant were significantly different in the order of magnitude under the same 
thermodynamic conditions (Table 2). The theoretical K were in the order of BB (6.80×1042) 
>MM (3.13×1039) >H-bonded complex (3.91×1035) under low pH condition, and in the order 
of MM (1.54×10-5) > BB (8.72×10-38) >H-bonded complex (5.01×10-45) under high pH 
condition. Therefore, even under the same thermodynamic conditions, the real equilibrium 
adsorption constant would vary with the change of the proportion of different surface 
complexes in real equilibrium adsorption. 
DFT results (Table 2) showed that H-bond adsorption became thermodynamically favorable 
(-203.1 kJ/mol) as pH decreased. H-boned adsorption is an outer-sphere electrostatic 
attraction essentially (see Figure 17d), so it was hardly influenced by reactant concentration 
(multi-batch addition mode).14 Therefore, as the proportion of outer-sphere adsorption 
complex increased under low pH condition, the influence of adsorption kinetics (1-
batch/multi-batch) on adsorption isotherm would weaken (Figure 16).  
Both the macroscopic adsorption data and the microscopic spectral and computational 
results indicated that the real equilibrium adsorption state of As(V) on anatase surfaces is 
generally a mixture of various outer-sphere and inner-sphere metastable-equilibrium states. 
The coexistence and interaction of outer-sphere and inner-sphere adsorptions caused the 
extreme complicacy of real adsorption reaction at solid-liquid interface, which was not taken 
into account in traditional thermodynamic adsorption theories for describing the 
macroscopic relationship between equilibrium concentrations in solution and on solid 
surfaces. The reasoning behind the adsorbent and adsorbate concentration effects is that the 
conventional adsorption thermodynamic methods such as adsorption isotherms, which are 
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defined by the macroscopic parameter of adsorption density (mol/m2), can be inevitably 
ambiguous, because the chemical potential of mixed microscopic MEA states cannot be 
unambiguously described by the macroscopic parameter of adsorption density. Failure in 
recognizing this theoretical gap has greatly hindered our understanding on many 
adsorption related issues especially in applied science and technology fields where the use 
of surface concentration (mol/m2) is common or inevitable. 
 

HO/AsO4 Adsorption reaction equations ΔG K 

Bidentate binuclear complexes 

0 H2AsO4- ( H2O)12+ [Ti2(OH)4(H2O)6]4+ → 
       [Ti2(OH)4(H2O)4AsO2(OH)2]3+(H2O)2+ 12H2O -244.5 6.80×1042 

1 H2AsO4- ( H2O)12+ [Ti2(OH)5(H2O)5]3+ → 
       [Ti2(OH)4(H2O)4AsO2(OH)2]3+(H2O)2  + OH-( H2O)11 

13.1 5.15×10-3 

2 H2AsO4- ( H2O)12+  [Ti2(OH)6(H2O)4]2+ → 
       [Ti2(OH)4(H2O)4AsO2(OH)2]3+(H2O)2 + 2OH-(H2O)10 

211.5 8.72×10-38 

Monodentate mononuclear complexes 

0 H2AsO4- ( H2O)12+ [Ti2(OH)4(H2O)6]4+→ 
       [Ti2(OH)4(H2O)5AsO2(OH)2]3+ H2O + 12H2O 

-225.4 3.13×1039 

1-1 H2AsO4- ( H2O)12+ [Ti2(OH)5(H2O)5]3+→ 
       [Ti2(OH)4(H2O)5AsO2(OH)2]3+ H2O + OH-( H2O)11 

32.1 2.37×10-6 

1-2 H2AsO4- ( H2O)12+ [Ti2(OH)5(H2O)5]3+ → 
       [Ti2(OH)5(H2O)4AsO2(OH)2]2+ H2O + 12H2O 

-135.6 5.72×1023 

2 H2AsO4- ( H2O)12+  [Ti2(OH)6(H2O)4]2+→ 
       [Ti2(OH)5(H2O)4AsO2(OH)2]2+ H2O + OH-( H2O)11 

27.5 1.54×10-5 

H-bond complexes 

0 H2AsO4- ( H2O)12+ [Ti2(OH)4(H2O)6]4+ → 
       [Ti2(OH)4(H2O)6AsO2(OH)2]3+ + 12H2O 

-203.1 3.91×1035 

1 H2AsO4- ( H2O)12+ [Ti2(OH)5(H2O)5]3+ → 
       [Ti2(OH)4(H2O)6AsO2(OH)2]3+  + OH-( H2O)11 

54.4 2.96×10-10 

2 H2AsO4- ( H2O)12+  [Ti2(OH)6(H2O)4]2+ → 
       [Ti2(OH)4(H2O)6AsO2(OH)2]3+  + 2OH-(H2O)10 

252.9 5.01×10-45 

Table 2. Calculated ΔGads (kJ/mol) and equilibrium adsorption constant K at 25 °C of 
arsenate on various protonated Ti-(hydr)oxide surfaces. 

Metastable-equilibrium adsorption (MEA) theory pointed out that adsorbate would exist on 
solid surfaces in different forms (i.e. MEA states) and recognized the influence of adsorption 
reaction kinetics and reactant concentrations on the final MEA states (various outer-sphere 
and inner-sphere complexes) that construct real adsorption equilibrium state. Therefore, 
traditional thermodynamic adsorption theories need to be further developed by taking 
metastable-equilibrium adsorption into account in order to accurately describe real 
equilibrium properties of surface adsorption. 
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