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to each other, validating that the constants obtained by these two methods are basically the
same. The MMP model with KS-kinetic constants could predict the adsorption edges of heavy
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adsorption isotherms of heavy metals on MnO2 at various pH levels could be predicted
reasonably well by the MLI model with the KS-kinetic constants.
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The behavior, transport, and ultimate fate of heavy metals in aquatic
environment are often controlled by the sorption reactions on the
reactive surfaces of soil minerals (Wen et al., 1998; Serrano et al., 2009).
Moreover, adsorption is found to be a promising technique to remove
heavy metal ions from aqueous solutions because of its low
operational and maintenance costs and high efficiency, especially
for the heavy metal ions at low concentrations (Shi et al., 2005).
Different empirical approaches, in particular the measurements of
adsorption kinetics, adsorption isotherms and adsorption edges, have

been commonly used in the studies of the adsorption behavior of
heavy metals on various adsorbents including minerals. However, it
is troublesome to get these data under various practical conditions.
Thus, accurate description of the sorption process with mathematic
modeling is critical for the assessment of environmental risk of heavy
metals and the development of sound adsorption technologies for
removing heavy metals. Therefore, sorption modeling has received
considerable attention.
Many studies have been performed on surface complexation
models (constant capacitance model, double layer model, triple layer
model, and charge distribution multi-site complexation model) to
describe the adsorption of heavy metals on pure mineral surfaces or
soils and the results are quite promising (Wen et al., 1998; Ponthieu et
al., 2006; Weerasooriya et al., 2007). These above-mentioned models
incorporate the surface electrostatic effects and thus contain many
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The consistency between the Langmuir kinetic rate constant
(equilibrium constant) and the Langmuir isotherm parameter (adsorption constant) can be expected since the Langmuir isotherm
expression is derived based on the Langmuir kinetics (Yiacoumi and
Tien, 1995a, 1995b). Moreover, Wang et al. (2004) incorporated the
variation of surface site density with pH in the Langmuir isotherm
and then developed a modified metal partitioning model (MMP
model) to simulate and predict the adsorption edges of heavy metals
on fly ash very well with only one parameter, KS (adsorption
constant). Therefore, it is feasible to model the adsorption kinetics,
edge, and isotherm data with one pH-independent parameter,
adsorption constant or equilibrium constant, by developing proper
adsorption models. However, to the best of our knowledge, there was
no researcher taking advantage of the consistency between the
equilibrium constant and adsorption constant to predict the adsorption edges and isotherms based on the equilibrium constant derived
from the adsorption kinetics.
Manganese oxides are highly reactive minerals in sedimentary
environments, where they influence the fate and transport of
potentially toxic trace elements and essential micronutrients
(Frierdich and Catalano, 2012). Moreover, manganese dioxide
(MnO2) exhibits higher affinity and larger adsorption capacity for
heavy metals than other metal oxides such as Al2O3, Fe2O3, Fe3O4,
and TiO2 (Tamura et al., 1996, 1997). Therefore, MnO2 was employed
as the adsorbent in this study. The objectives of this article were (1)
to incorporate the pH effects into the Langmuir kinetic model and
employ this modified Langmuir kinetic model (MLK model) to
simulate and calculate the adsorption kinetics of heavy metals on
MnO2; (2) to calculate the adsorption edges and adsorption
isotherms of heavy metals on MnO2 with the equilibrium constants
obtained from the MLK model; and (3) to further verify this practice
by comparing the simulation results and parameters with the MMP
model developed by Wang et al. (2004, 2006).

1. Materials and methods
1.1. Materials
All chemicals were of analytical grade and were purchased
from Shanghai Reagent Station (China). The stock solutions
containing target heavy metals were prepared by dissolving
their corresponding chloride salts into 18.2 MΩ Milli-Q water
and acidified with HCl to pH 2.0.

1.2. Batch equilibrium titration
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Surface site densities and acidity constants of MnO2 were
determined through a batch acidimetric-alkalimetric titration
method. Unless otherwise specified, 0.01 mol/L NaCl was used
as a background electrolyte in all experiments. The titration
procedure consisted of: (1) adding appropriate amount of MnO2
to double distilled deionized water and shake for 12 hr to
disperse the aggregates and hydrate adsorption sites prior to
each experiment; (2) distributing 100 mL of the suspension to a
series of 125-mL conical flasks; (3) adding different amounts of
acid (HCl) and base (NaOH) to the 125-mL flasks to adjust pH to a
range of 2.0–10.0; a control flask without acid or base addition
was included in each batch; (4) capping all flasks and then
shake at 220 oscillation/min using an SHZ-C shaker for 24 hr at
25 ± 1°C; (5) recording the final pH and plot the acid/base
addition volume as a function of pH to obtain an overall
titration curve; (6) filtering the suspensions and titrate the
filtrate (50 mL) back to the final pH of the control; and (7)

sc

empirical parameters, which makes the modeling process very
complex and limits their practical application (Guan et al., 2009).
Venema et al. (1996) discussed the scope and limitations of such
models and commented that, none of them can simultaneously
describe all available data for a particular extended data set although
most of these models can satisfactorily quantify the adsorption
phenomenon under the specific conditions used in the experiments.
Background electrolyte within the environmentally relevant ionic
strength range of 0.005–0.04 mol/L (in lakes, rivers, groundwaters but
not in sea) has negligible impact on the adsorption of metals over the
pH range studied, as illustrated in Appendix A Fig. S1, suggesting that
metal ions are specifically adsorbed on the MnO2 (Christophi and Axe,
2000). The negligible influences of ionic strength on heavy metal
adsorption on various minerals had also been reported (Christophi
and Axe, 2000; Tamura and Furuichi, 1997). Mahmudov and Huang
(2011) reported that the change of specific chemical energy constituted the
major portion of the change of total free energy of adsorption whereas
electrostatic energy appeared to play a much less significant role on the
adsorption process. It was argued that simpler hypotheses are more likely
to be a correct priori to make sharper, more testable predictions (Jeffery and
Berger, 1992). McBride (1997) pointed out that the adsorption behavior of
mineral surfaces can usually be understood in terms of simple mass action
principles and coordination chemistry without involving electrostatic
effects. Thus, the adsorption models ignoring the electrostatic effects may
be preferred for practical applications.
Serrano et al. (2009) developed a non-electrostatic equilibrium
model with both surface complexation and ion exchange reactions to
describe the sorption of heavy metals on four soils over a wide range
of pH and metal concentration. Pagnanelli and his colleagues
presented two approaches to model the effect of pH on heavy metal
adsorption on biomaterials (Esposito et al., 2002; Pagnanelli et al.,
2003). One introduced qmax as a pH function into the Langmuir
isotherm to obtain the heavy metal biosorption capacities at different
pH and the other was based on the non-competitive mechanism
between heavy metals and H+ protons (Esposito et al., 2002; Pagnanelli
et al., 2003). To describe the binding of heavy metals to humic
substances containing heterogeneous ligands, Benedetti et al. (1995)
developed a Non-Ideal Competitive Adsorption model based on a
Langmuir–Freundlich type affinity distribution function. Wang et al.
(2004, 2006) developed a modified metal partitioning model from the
Langmuir isotherm which could successfully quantify the adsorption
edges of heavy metals on fly ash. Rudzinski and Plazinski (2010) also
presented an equilibrium sorption isotherm equation incorporating
pH effects, which could describe the pH-dependent adsorption of
heavy metals.
However, the above-mentioned studies did not relate the parameters of adsorption kinetics with those of adsorption edges and
isotherms. The kinetics of adsorption is one of the most important
factors in adsorption system design, since the adsorbate residence
time and the reactor dimensions are controlled by the adsorption/
desorption kinetics. Various kinetic models, such as Statistical Rate
Theory approach, pseudo-first order, pseudo-second order, and the
Elovich equations, had been proposed to simulate the adsorption
kinetics (Plazinski et al., 2009). Their theoretical derivations existing in
literature could not be interpreted as general ones but rather as those
related to a specific system or to a limited range of operating
conditions (Plazinski et al., 2009). The common practice is to
determine the adsorption rate constants by simulating the adsorption
kinetics of heavy metals on minerals obtained under various
conditions with a specific adsorption kinetic model. Thus, the
adsorption rate constants calculated with these models are specific
and not inter-related. For instance, the rate constants obtained
by these models are pH-specific. One reason is that none of these
models incorporates pH effect, which strongly affects the adsorption
processes (Wang et al., 2004). Plazinski and his colleague modified the
statistical rate approach, which could describe the pH-dependent
kinetics of metal ion adsorption with one rate constant, but there
were two uncertain parameters (α or β) ranging from 0 to 1 (Plazinski
and Rudzinski, 2009; Plazinski, 2010).
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developing the net titration curve by subtracting the acid/base
consumed by the supernatant from the overall titration curve
under the same pH conditions. Carbon dioxide was not purged
since the impact arose from dissolved CO2 was counteracted by
subtracting the acid/base consumed in back titration from the
corresponding forward titration.

1.3. Batch adsorption experiments
The batch adsorption experiments were carried out to investigate
the adsorption kinetics, adsorption edges and adsorption isotherms of heavy metals on MnO2. The first two steps of adsorption
experiments were the same as those of the titration experiments.
The pH of the solute solutions and the MnO2 suspension were
adjusted to the desired level with NaOH and/or HCl solution before
the adsorption experiments. The adsorption reaction was initiated
by dosing pre-determined amount of stock solution of heavy
metals to the MnO2 suspension. Then the flasks were sealed and
shaken at 220 oscillation/min using an SHZ-C shaker (purchased
from Shanghai Jiapeng Co., Ltd) at 25 ± 1°C. To investigate the
adsorption kinetics, the flasks were taken out from the shaker at
different time intervals. However, the adsorption reaction lasted
for 24 hr to determine the adsorption edges and isotherms.

1.4. Chemical analyses
The morphology of MnO2 was observed with a scanning electron
microscope (Philips XL-30 ESEM purchased from Philips-FEI). The
particle size was determined with laser particle analyzer (Better
Size 2000). The X-ray diffraction pattern of MnO2 was collected on
a Bruker D & Advance X-ray powder diffractometer (D8 Advance
X). The specific surface area was determined by the Brunauer–
Emmett–Teller (BET) (Micromeritics ASAP 2020 Surface Area and
Porosity Analyzer) method. ZetaSizer Nano ZS 90 (Malvern
Instruments, Worcestershire, UK) was used to determine the
zeta potential of MnO2. Our preliminary study confirmed that the
same results were obtained using either 0.22 or 0.45 μm
membrane filter made of cellulose acetate. Thus, at the end of
each adsorption test, the suspensions were immediately filtered
through a 0.45 μm membrane filter and the filtrates were
collected, acidified, and analyzed using the ICP-AES (Agilent
720-ES manufactured by Agilent Technologies.) to determine the
concentration of heavy metals. A pHS-3C pH electrode supplied
by INESA Scientific Instrument Co., Ltd, calibrated with buffers at
pH 4.00, 6.86, and 9.18, was used to measure pH.

1.5. Data analyses
SigmaPlot, a software that can perform nonlinear regression, was
employed to fit the titration curves of MnO2 to determine
its surface density and acidity as well as to fit the metal adsorption
data to determine the adsorption constants of metals.

Wang et al., 2004, 2008). The following Eq. (1) was employed to
simulate the net titration data for determining the surface
site concentration and the corresponding acidity constant, based
on the assumption that multiple types of monoprotic surface sites
were present on the particle surface (Wang et al., 2004):
ΔV SS ¼

X

V 0 STi K Hi
i ¼ 1−n
C

(

1
1
 þ
− 
H þ K Hi Hþ 0 þ K Hi

)
ð1Þ

where, ΔVSS (mL) is the net volume of stock acid/base (negative
value for acid) solution consumed by surface sites; V0 (mL) is the
total volume of MnO2 suspension; STi (mol/g) is the total
concentration of surface site species i; KHi is the acidity constant
of species i; C (mol/L) is the concentration of the acid/base stock
solution; and [H+]0 (mol/L) is the hydrogen ion concentration of the
control unit. Note the total surface site concentration STi =
Γi × SS., here Γi is the surface site density for species i (mol/g)
and SS (g/L) is the solid concentration.
The net volume of stock acid/base solution consumed by
surface sites under a certain pH condition, ΔVSS, an be
calculated using Eq. (2):
ΔV SS ¼ ΔV overall −ΔV water

ð2Þ

where, ΔVoverall (mL) is the total volume of acid or base added
during titration and ΔVwater for a certain pH is determined
based on the ΔVwater–pH curve, and the ΔVwater–pH curve is
determined by a titration experiment using a water sample
that has the same ionic strength as that in MnO2 suspensions.

2.2. Incorporation of pH effect into the Langmuir kinetic model
The adsorption reaction on metal oxide surface, postulating
that there is one type of surface site and two surface reactions
controlling the metal adsorption, can be elucidated by
Eqs. (3)–(4):
SOH⇌SO− þ Hþ

ð3Þ

KH
−

where, SOH and SO are the protonated and deprotonated
MnO2 sites, respectively; KH is the acidity constant.
ka

SO− þ M2þ ⇌ SOMþ
kb

ð4Þ

KS

where, M2+ is the dissolved free divalent heavy metal ion;
SOM+ is metal-adsorbent complex, KS (L/mol) is the equilibrium constant; ka is the adsorption rate constant, and kd is the
desorption rate constant. Moreover, it is assumed that one
free-surface site (SO−) binds one metal ion (Wang et al., 2004).
According to Langmuir kinetic model, the adsorption
kinetics of heavy metals can be expressed as:
−

h
i
d M2þ
dt

h
i


¼ ka M2þ ½SO− −kd SOMþ

ð5Þ

2.1. Titration model

h
i
d M2þ =dt ¼ 0;

The determination of surface site density and acidity is a key
step for adsorption modeling (Guan et al., 2009; Su et al., 2008;

which is referred to KS-kinetic in the following part.

.cn

2. Model development

where, [ ] (mol/L) stands for the aqueous concentration, and t
(sec) is time.
At equilibrium,
ð6Þ

je
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The following mass balance equations are considered:

metal adsorption, the dissolved metal concentration can be
expressed as:

Surface site balance:

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

 r
2 4M ﬃ
1
MT
T
MT
1
−
þ
1−
þ
1
þ
−
þ
h
i
ST
αH ST K S
αH ST K S
ST
ST
2þ
M
¼
2
ST



ST ¼ ½SO−  þ ½SOH þ SOMþ

ð7Þ

Metal balance:
h
i 

MT ¼ M2þ þ SOMþ

ð8Þ

where, ST (mol/L) and MT (mol/L) are the total surface site
concentration and the total metal concentration, respectively. It is postulated that the concentration of soluble
metal hydroxide species is negligible (Tamura and
Furuichi, 1997; Pagnanelli et al., 2003).

 þ −
H ½SO 
KH

ð9Þ

Inserting Eqs. (8) and (9) into Eq. (7), one gets:
 þ −
h
i
H ½SO  
þ MT − M2þ
K
H h
i
1
¼
½SO−  þ MT − M2þ
αH

ST ¼ ½SO−  þ

ð10Þ

where, αH ¼ K þK HHþ , the ratio of deprotonated sites to the total

H ½
surface sites that are not occupied by heavy metals.
Then inserting Eqs. (8) and ((10) into Eq. (5), one gets:

ð11Þ

ð15Þ

If the surface concentration (mol/g) is defined as,


SOMþ
Mass adsorbent

ð16Þ

and
h
i2
h
i
þ αH ka M2þ þ fαH ka ðST −MT Þ þ kd g M2þ ¼ kd M T

ð12Þ

Eq. (12) indicates that the concentration of residual metal
in the solution, [M2+], is a function of t, pH, total surface site
concentration, and initial metal ion concentration. It is
inferred as MLK model that incorporates the effect of pH
(included in the αH term). The values of ka and kd could be
obtained by simulating the kinetics data of heavy metal
adsorption and the details of the procedure are present in
Appendix A Supplementary data. The derivation process of
MLK model revealed that it was only applicable at constant
pH. Since buffer may influence heavy metal adsorption, no
buffer was used in the adsorption tests. Thus, the adsorption
kinetics experiments should be performed at low pH, which
could maintain almost constant without buffer during the
adsorption experiments, to obtain the values of KS-kinetic
with MLK model.

2.3. Adsorption edge and isotherm
A mathematic model describing the adsorption edge of
metal ions on fly ash was developed by Wang et al. (2004).
Assuming that only free metal ions are present in the system
and that only one type of acid site is responsible for the

Γmax ¼

ST
Mass adsorbent

ð17Þ

Thus, the MLI equation can be re-organized to be:
h
i
αH K S Γ max M2þ
h
i
Γ¼
1 þ αH K S M2þ

ð18Þ

3. Results and discussion
3.1. Characterization of MnO2
The MnO2 particles were aggregated with many small
particles (Fig. 1a), resulting in a rough surface and a porous
structure. Its particle size is mainly in micro-size range with
the average size of 20 μm, as shown in Fig. 1b. The BET specific
surface area of MnO2 was determined to be 49.1 m2/g. The
XRD pattern, as illustrated in Fig. 1c, revealed that MnO2
employed in this study was a γ-MnO2 (Adelkhani, 2012). As
demonstrated in Fig. 1d, the point of zero charge (pHpzc) of
MnO2 was 3.1, which fell within the range of point of zero
charge values reported by Zhang et al. (2008). The concentration of soluble Mn(IV) was less than 0.1 mg/L at pH ≥ 4.2, as

.cn

dt

h
i
αH K s ST M2þ


h
i
SOMþ ¼
1 þ αH K S M2þ

Γ¼

Eq. (11) can be further modified to be:
h
i
d M2þ

The MMP model can be obtained by incorporating Eqs. (13)
in (14), which can be used to describe metal partitioning under
different metal loadings and different pH conditions. It was
easy to derive the MMP model for a system that contains
multiple surface sites following the practice of Wang et al.
(2004).
In addition, the modified Langmuir isotherm model (MLI
model) that incorporates the pH effect in metal adsorption
isotherm can be expressed as (Wang et al., 2004):

.ac

dt


h
i
h
i
h
i
¼ ka αH ST þ M2þ −M T Þ M2þ −kd ðMT − M2þ

ð14Þ

MT

sc

−

h
i
d M2þ

h
i
M2þ

je

½SOH ¼

where, KS (L/mol) is the adsorption constant of heavy metal
ions in Langmuir adsorption isotherm, which is referred to
KS-Langmuir in the following part. Then, the metal partitioning or the ratio of metal concentration in the solid phase
to the total metal concentration in the system (R) can be
expressed as:
R ¼ 1−

From the definition of KH, one can get:

ð13Þ
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(Lewis acids). Compared to S1O−, S2O− was expected to have
much greater tendency to coordinate with heavy metals since
the pKH of S2 was much larger than that of S1. Simulating the
adsorption edges of heavy metals with the MMP model for two
types of surface sites, when both S1O− and S2O− were
considered as adsorption sites, revealed that the adsorption
constants of heavy metals on surface site S1 were much
smaller than those on surface site S2 or even negative, as
listed in Appendix A Table S1. Moreover, the simulation
results with MMP model for single type of surface sites (S2O−)
were almost identical to those with MMP model for two types
of surface sites. Therefore, S2O− should be the adsorption sites
accounting for the adsorption of heavy metals and only one
type of surface sites (S2O−) was considered in the following
modeling process.

shown in Appendix A Fig. S2. However, the dissolution of
MnO2 was not negligible at very low pH and the concentration
of Mn(IV) was as high as 11.8 mg/L at pH = 2.0.

3.2. Surface site acidity and speciation
Fig. 2a shows the net titration results for MnO2 at different
concentrations. The site densities and acidity constants of
MnO2 were determined by fitting the titration curves using
Eq. (1). The best curve fitting results were based on the
two-site assumption, as indicated by smooth curves. Thus, it
was hypothesized that the MnO2 surface contains two types of
surface sites, denoted as sites S1 and S2. The densities (Γ) of
acid sites S1 and S2 are 1.6 × 10− 4 ± 0.1 × 10−4 and 1.3 × 10− 4 ±
0.1 × 10−4 mol/g, respectively and their acidity constants (pKH)
are 3.5 ± 0.1 and 7.0 ± 0.2, respectively. Since the values of pKH
for these two sites are all greater than pHpzc, the deprotonated
surface sites are negatively charged. As the surface is
positively charged at pH below 3.1, there must be another
surface site S0 which is positively charged before deprotonation. However, site S0 was not observed since our titration
was limited to pH above 2.0 due to the considerable
dissolution of MnO2 at pH ≤ 2.0. Fig. 2b demonstrates the
speciation of S1 and S2 at various pH levels. Then the
deprotonated form of surface sites S1 and S2, S1O− and S2O−,
which are negatively charged and can act as Lewis base,
should contribute to the adsorption of heavy metal ions

3.3. Modeling the adsorption kinetics of metal ions
Fig. 3 shows the adsorption kinetics of Cu(II), Co(II), Cd(II),
Zn(II), and Ni(II) on MnO2. For all metals, the adsorption was
fast and majority of metals were removed within the first
120 min of contact with the adsorbent. However, the adsorption experiments lasted for 24 hr to ensure that the adsorption equilibrium could be achieved. Moreover, Fig. 3 reveals
that the adsorption of heavy metals increased significantly
with the increase of pH, which may be ascribed to the increase
in the amount of deprotonated surface site (S2) as illustrated
5
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Fig. 1 – (a) Scanning electron microscope image of MnO2; (b) Particle size distribution of MnO2; (c) X-ray diffraction patterns of
γ-MnO2 employed in this study; (d) zeta potential of MnO2 as a function of pH using 0.01 mol/L NaCl as the background electrolyte,
the concentration of MnO2 was
0.1 g/L.
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Fig. 2 – (a) Net titration results for MnO2 of three concentrations (ΔVSS/SS as a function of pH); (b) surface speciation of MnO2 at
different pH levels. S1, S2: surface sites.

(dotted lines) coincide with the experimental data reasonably
well, indicating that the adsorption kinetics of heavy metal on
MnO2 at various pH could be described with a single set of
parameters. However, this model could not predict the
adsorption kinetics of heavy metal at higher pH so well as it
did at lower pH, which should be ascribed to the variation of
pH (±0.3) when the adsorption kinetics was performed in the
pH range 4.5–5.1. In addition, this MLK model can be employed
to predict the adsorption kinetics carried out at different
concentrations of metals and adsorbent, since they are also
incorporated in this model. Appendix A Fig. S4 shows the
Ni(II) adsorption kinetics on MnO2 in the first 120 min of
adsorption at different pH levels.

in Fig. 2b. The adsorption kinetics of heavy metals on MnO2
fitted very well to the pseudo second order kinetic model with
a high correlation coefficient (R2 > 0.99), as illustrated in
Appendix A Fig. S3, indicating that the adsorption of heavy
metals on MnO2 was reaction-controlled rather than mass
transfer-controlled (Özer et al., 2004).
The MLK model was used to simulate the kinetics of heavy
metal adsorption on MnO2 in 120 min at pH 3.2 or 3.3,
which was very low and kept almost constant during the
adsorption tests, to obtain the adsorption rate constant (ka ),
the desorption rate constant (kd ) and then the corresponding
equilibrium constant (KS-kinetic). The determined ka , kd , and
KS values were summarized in Table 1. As shown in Fig. 3, the
MLK model could simulate the kinetics of heavy metal
adsorption on MnO2 at pH 3.2 or 3.3 quite well. Because the
MLK model incorporates the effect of pH, the MLK model
could be applied to predict the adsorption kinetics of heavy
metals at other pH levels with the parameters (ka and kd)
listed in Table 1. Fig. 3 demonstrates that the calculations

3.4. Predicting the metal adsorption edges
The adsorption edges of Cu(II), Co(II), Cd(II), Zn(II), and Ni(II) ions
on MnO2 were determined in the pH range of 2.0–7.0 and shown
in Fig. 4. The adsorption of heavy metals on MnO2 increased

Cu(II), pH = 4.5 ± 0.3

80

Cu(II), pH = 3.2

60
80

30

25

15

0

40

0

04080120

40

04080120

20

Co(II), pH = 4.5 ± 0.3
0

0
100
Removal efficiency (%)

50

Cd(II), pH = 5.1 ± 0.3

Co(II), pH = 3.3

Cd(II), pH = 3.3

04080120

0
40

80

200 400 600 800 1000 1200 1400
Time (min)

20
20

60

10
0

40

0
04080120

20

Zn(ll), pH = 5.1 ± 0.3
Zn(ll), pH = 3.3

0
0

200 400 600 800 1000 1200 1400 0
Time (min)

04080120
Ni(ll), pH = 5.1 ± 0.3
Ni(ll), pH = 3.3

200 400 600 800 1000 1200 1400
Time (min)

.cn

Removal efficiency (%)

100

je

sc

.ac

Fig. 3 – Adsorption kinetics of heavy metals. Experimental condition: adsorbent dose, 5 g/L; initial metal concentrations (mmol/L),
Cu(II) 0.104, Co(II) 0.126, Cd(II) 0.113, Zn(II) 0.125, Ni(II) 0.110. Symbols are experimental data; solid lines are simulation results with
MLK model; dashed lines are adsorption kinetics predicted with the parameters got from MLK model. The insets show the first
120 min of the kinetics data at low pH for each metal ion.
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Cu(II) 0.104, Co(II) 0.126, Cd(II) 0.113, Zn(II) 0.125, Ni(II) 0.110. Solid lines are simulation results with MMP model; dashed lines are
predicted with the corresponding adsorption constants got from the MLK model.
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results at different initial metal concentrations with the corresponding adsorption constants got from the MLK model. The
surfaces, plotted by the MMP model with the equilibrium constant (KS-kinetic), describe the Ni(II) adsorption edges on MnO2 at
different metal/adsorbent concentrations.

Table 1 – Comparison of the equilibrium constants determined from the modified Langmuir kinetic model (MLK model)
(logKS-kinetic) with those from the the modified metal partitioning model (MMP model) (logKS-Langmuir) (confidence level:
α < 0.05).
kd (× 10−3)

3.21
2.55
1.42
1.13
0.64

1.82
6.68
7.26
3.76
5.16

±
±
±
±
±

0.96
0.52
0.45
0.18
0.21

±
±
±
±
±

0.71
1.50
2.48
0.65
1.88

Eq. (14)

R

logKS-kinetic
((mol/L)− 1)

logKS-Langmuir
((mol/L)− 1)

0.937
0.980
0.951
0.974
0.929

7.25
6.58
6.29
6.48
6.09

7.35
6.54
6.39
6.34
6.17

±
±
±
±
±

0.04
0.05
0.03
0.06
0.02

R

logK1 a

0.995
0.992
0.997
0.980
0.999

6.00
4.80
3.92
5.04
4.14

sc

Stability constant of MOH+.

je

a

ka (× 104)

Eq. (6)
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Fig. 6 – Experimental data and predictive curves for the
adsorption isotherms of Ni(II) at different pH (3.3 ± 0.1 and
4.3 ± 0.1). Experimental conditions: adsorbent dose, 5 g/L;
initial Ni(II) concentration 0.110 mmol/L. Solid lines are
predicted results with adsorption constants got from the
MLK model. The surface, plotted by the MLI model with the
equilibrium constant (KS-kinetic), describes the Ni(II)
adsorption isotherms on MnO2 at different pH.

demonstrated by the surface plot in Fig. 6. The predicted
adsorption isotherms matched the experimental results
reasonably well over the entire concentration range. This
prediction approach is also applicable to other divalent heavy
metal ions and to predict the adsorption edges and isotherms
of these metals over a wide range of pH and broad metal
loading conditions.

3.6. Linear correlation

.cn

The divalent heavy metal ions also form hydroxo complexes in
homogeneous solutions (hydrolysis) with different reactivities,
which can be evaluated by the reported stability constants of the
hydroxo complexes. The adsorption constants of heavy metals
on MnO2 were compared with the reactivities of these heavy
metals to form hydroxo complexes, as illustrated in Appendix A
Fig. S5a. There is a good correlation between equilibrium
constants and the stability of MOH+ (Stumm and Morgan, 1996).
Similar phenomenon was observed for heavy metal adsorption
on both MnO2 and Fe2O3 (Tamura and Furuichi, 1997). The
similar tendency of heavy metal ions for adsorption and
hydrolysis indicates similarities in the two reactions, which
can be regarded as the interaction between Lewis acid and Lewis
base. The deprotonated surface hydroxyl sites and hydroxide
ions are Lewis base and they interact with heavy metal ions,
which are Lewis acid, via their oxygen atoms. Thus, the heavy
metal ions with higher reactivity to form hydroxo complexes
have higher adsorption affinities for MnO2. Consequently, the
adsorption constants of other heavy metal ions on MnO2 can be
estimated based on the correlation shown in Appendix Fig. S5a.
Moreover, the correlation between the equilibrium constants
determined from the MLK model (KS-kinetic) and the adsorption
constants obtained from the MMP model (KS-Langmuir) is
demonstrated in Appendix A Fig. S5b. There is a sound linear

.ac

Eq. (18) is a MLI model which incorporates the pH factor,
included in the αH term, in the Langmuir isotherm. According
to this MLI model, the variation of the adsorption capacity of
one adsorbent with pH is not due to the change of adsorption
constant with pH but to the change of effective adsorption site
density with pH. Thus the MLI model can be applied to
simulate or predict the adsorption isotherms over a wide pH
range with only one adsorption constant. The adsorption
isotherms of Ni(II) on MnO2 at pH 3.3–6.0 were predicted by
the MLI model with KS-kinetic as the adsorption constant, as

0.12

sc

3.5. Predicting the adsorption isotherms

0.14

je

with increasing pH. As pH increased, the net surface charge of
MnO2 became more negative, resulting in an increase in cation
adsorption and the “S” shaped adsorption edge was observed.
These adsorption edge results are consistent with what other
researchers have reported (Christophi and Axe, 2000).
In neutral and low pH ranges, adsorption of the free metal ion
is the only mechanism for metal adsorption because the
formation of metal-hydroxide complexes is not significant
(Wang et al., 2004). Tamura and Furuichi (1997) confirmed that
if metal adsorption onto metal oxides took into account hydroxo
complexes (MOH+), it made this adsorption path difficult to
accept since the adsorption affinity of those species would be too
high to be believable. Moreover, Tamura and Furuichi (1997)
suggested that the adsorption of divalent heavy metal ion be
through the interaction between the positive charge of the heavy
metal ions and the negative charge of deprotonated hydroxyl
sites –O−. Thus, only the interaction of free metal ions with the
deprotonated form of surface site S2, i.e., S2O−, was considered in
this study. The MMP model developed by Wang et al. (2004)
(Eq. (14)) was employed to simulate the adsorption edges and the
results are presented in Fig. 4. The KS-Langmuir values of
different heavy metals, listed in Table 1, revealed that the
adsorption affinities of heavy metal ions toward MnO2 surface
followed the order of Cu(II) > Co(II) > Cd(II) ≈ Zn(II) > Ni(II).
Different sequences of affinity of heavy metals for various
adsorbents had been reported (Christophi and Axe, 2000), while
Cu(II) always had greater affinity than the other four heavy
metals investigated in this study.
As discussed above, the equilibrium constants (KS-kinetic)
got from the adsorption kinetics of heavy metals are theoretically identical to the adsorption constants in Langmuir
isotherm. Therefore, this MMP model was employed to predict
the adsorption edges of heavy metal ions on MnO2 with the
equilibrium constants (KS-kinetic) determined from Eq. (6)
(Fig. 4). With the equilibrium constants (KS-kinetic) determined
from MLK model, MMP model could predict the adsorption
edges superbly.
The MMP model can also be used to predict the adsorption
edges of heavy metals at different heavy metal concentrations
and sorbent concentrations. Thus, the adsorption edges of
Ni(II) on MnO2 (1.0, 5.0 g/L) over a wide Ni(II) concentration
range were predicted by the MMP model with KS-kinetic, as
shown by the surface plots in Fig. 5. The adsorption edges of
Ni(II) on MnO2 at different initial Ni(II) concentrations (0.058,
0.110, 0.225, 0.550 mmol/L) were determined experimentally
and are present in Fig. 5. There is a quite good agreement
between the experimental data and the model predictions.

(mmol/L.g)
Ni(II) adsorbed
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