
Article

Adsorption of lead by kaolinite, montmorillonite, goethite and
ferrihydrite: performance and mechanisms based on
quantitative analysis
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Abstract

This work elucidated the performance and mechanisms of Pb2+ adsorption by kaolinite, montmorillonite, goethite and ferrihydrite using
batch experiments. The contributions of various adsorption mechanisms were quantified using a stepwise extraction method. Several
characterizations (scanning electron microscopy, X-ray diffraction, Fourier-transform infrared spectroscopy, point of zero charge ana-
lysis and X-ray fluorescence) were utilized to analyse the physicochemical properties and the potential adsorption mechanisms. The
results indicated that the adsorption processes of montmorillonite and goethite approached equilibrium within 20 min, while 60 min
were required for the adsorption processes of kaolinite and ferrihydrite. The adsorption processes of Pb2+ by the four minerals best
fit the pseudo-second order model. The adsorption capacities of the four minerals for Pb2+ followed the order: montmorillonite > goeth-
ite > ferrihydrite > kaolinite, and the maximum adsorption capacities were 69.20, 46.95, 34.32 and 18.62 mg g–1, respectively. The
stepwise extraction test showed that the adsorption mechanism of Pb2+ was dominated by ion exchange for montmorillonite, precipitation
and complexation for goethite and complexation for kaolinite and ferrihydrite.
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Clay minerals and iron oxide minerals are common solid-phase
components in soils. Clay minerals (including kaolinite, mont-
morillonite, illite, sepiolite, etc.) are composed mainly of hydrated
magnesium–aluminium silicates (Uddin, 2017; Guo et al., 2020;
Zhou et al., 2022). Iron oxides found in soils include goethite, fer-
rihydrite and hematite, among others (Ma et al., 2019; Lai et al.,
2021). Soil minerals constitute an important medium for the
accumulation of heavy-metal ions on account of their large spe-
cific surface area and abundant surface-adsorption sites, leading
to favourable adsorption capacities for lead (Pb2+), cadmium
(Cd2+), zinc (Zn2+) and other metal ions (Bedelean et al., 2009;
Mbaye et al., 2014; Vhahangwele & Mugera, 2015; Yin et al.,
2016; Lin et al., 2019; Otunola & Ololade, 2020).

Lead, one of the common ‘five toxic elements’ in ecosystems,
is non-biodegradable, accumulable and biotoxic (Bourliva et al.,
2013; Rui et al., 2019; Ramola et al., 2020). The adsorption
characteristics and mechanisms of Pb2+ on various soil minerals
vary significantly. Zhang & Hou (2008) demonstrated that
the adsorption mechanism of Pb2+ on montmorillonite could
be ascribed chiefly to the chemical binding of Pb2+ to surface
hydroxyl groups and electrostatic binding. Tang et al. (2009)
observed that the adsorption of Pb2+ on kaolinite occurred
through ion exchange and complexation. Trivedi et al. (2003)

proposed that Pb2+ was adsorbed on ferrihydrite mostly through
inner-sphere complexation. The adsorption mechanism deter-
mines the occurrence state of Pb2+ in soils, which in turn affects
the fate of Pb2+. However, quantification of the adsorption
mechanisms of Pb2+ by soil minerals (e.g. montmorillonite,
goethite, ferrihydrite, kaolinite) has been determined only rarely.
It has been reported that stepwise extraction could quantify the
contributions of adsorption mechanisms, improving under-
standing of the occurrence state and stability of metal ions.
For instance, Shen et al. (2017) quantified the contributions of
exchangeable state (1.38–4.29%), precipitation (75.61–85.76%)
and complexation (10.40–22.86%) adsorption mechanisms for
Pb2+ adsorbance on three biochars. Cao et al. (2019) quantified
the adsorption mechanism of Pb2+ on wheat straw biochar, in
which the contributions of major adsorption mechanisms such
as ion exchange and precipitation were 74.79% and 21.92%.
These studies quantifying adsorption mechanisms through
stepwise extraction have focused on biochars. However, current
research on the mechanism of Pb2+ adsorption by montmoril-
lonite, goethite, ferrihydrite and kaolinite has focused mostly
on qualitative analysis, while quantitative analysis of this topic
has been limited. Therefore, the quantification of the adsorption
mechanisms of Pb2+ by montmorillonite, goethite, ferrihydrite
and kaolinite based on stepwise extraction has important
theoretical significance for our in-depth understanding of the
occurrence state of Pb2+ in soils.

In the present work, the Pb2+ adsorption properties and
mechanisms by montmorillonite, goethite, ferrihydrite and kaoli-
nite were investigated using batch adsorption tests and

*Email: liuhaibosky116@hfut.edu.cn

© The Author(s), 2022. Published by Cambridge University Press on behalf of The Mineralogical Society of Great Britain and Ireland

Cite this article: Mao X, Liu H, Chu Z, Chen T, Zou X, Chen D, Zhang X, Hu J (2023).
Adsorption of lead by kaolinite, montmorillonite, goethite and ferrihydrite: performance
and mechanisms based on quantitative analysis. Clay Minerals 57, 230–240. https://
doi.org/10.1180/clm.2022.41

Clay Minerals (2023), 57, 230–240

doi:10.1180/clm.2022.41

https://doi.org/10.1180/clm.2022.41 Published online by Cambridge University Press

https://orcid.org/0000-0003-4505-9236
https://orcid.org/0000-0001-6812-1739
mailto:liuhaibosky116@hfut.edu.cn
https://doi.org/10.1180/clm.2022.41
https://doi.org/10.1180/clm.2022.41
https://doi.org/10.1180/clm.2022.41


characterization techniques. The contributions of various adsorp-
tion mechanisms were quantified using a stepwise extraction
method to provide the theoretical foundations for an in-depth
understanding of the occurrence state of Pb2+ in soils.

Materials and methods

Chemicals and materials

Iron nitrate nonahydrate (Fe(NO3)3⋅9H2O) was kindly provided
by the Zhiyuan Chemical Reagent Co., Ltd (Tianjin, China).
Analytical reagents of lead nitrate (Pb(NO3)2), nitric acid
(HNO3), sodium hydroxide (NaOH) and potassium hydroxide
(KOH) were manufactured by Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China).

The kaolinite was collected from Yangshan, Suzhou, China,
and the X-ray fluorescence (XRF) results showed that the kaolinite
was composed mainly of SiO2 (49.41 wt.%), Al2O3 (46.35 wt.%),
Fe2O3 (1.14 wt.%) and others (3.10 wt.%). The montmorillonite
was collected from Chifeng City Wuhuatianbao Mineral
Materials Co., Ltd (Inner Mongolia, China). According to our
previous work, the montmorillonite was composed of SiO2

(69.46 wt.%), Al2O3 (17.30 wt.%), Fe2O3 (6.77 wt.%), MgO
(2.75 wt.%), CaO (1.97 wt.%) and others (1.75 wt.%) based on
the XRF results (Zhang et al., 2022). The preparation of goethite
was done according to the process described by Notini et al.
(2018) and synthesized via the hydrothermal method of mixing
Fe(NO3)3⋅9H2O and KOH in an alkaline environment. Ferrihydrite
was prepared according to the method of Schwertmann &
Cornell (2008), where Fe(NO3)3⋅9H2O was dissolved and then
the pH of the solution was adjusted to 7–8 with NaOH, allowing
Fe3+ hydrolysis to generate ferrihydrite. All samples were ground
and passed through a 0.075 mm sieve and then placed in a
desiccator.

Characterization

The composition and crystal structure of the four minerals
before and after Pb2+ adsorption were examined using X-ray
diffraction (XRD; DX-2700, Dandong, China) at a scanning
angle of 5–70°2θ. The morphologies and elemental distributions
of the four minerals with and without Pb2+ adsorption were
examined using scanning electron microscopy (SEM; Hitachi
SU8020; Hitachi, Tokyo, Japan). The functional groups of
the four minerals with and without adsorption of Pb2+ were
recorded using a Fourier-transform infrared (FTIR) spectrom-
eter (VERTEX 70; Bruker, Germany) in the wavelength range
of 400–4000 cm–1. The ζ-potential measurements of the four
minerals were conducted at pH 1–12 using a Zetasizer
Nano-ZS90 (Malvern Instruments, Inc., Malvern, UK). The iso-
electric points of the four minerals were determined from their
ζ-potentials and pH values (Fang et al., 2014). The distribution
of Pb2+ species in the pH range of 1–12 was simulated using
Visual MINTEQ 3.1.

Batch adsorption experiments

The effects of initial concentration (5, 10, 20, 50, 80, 100 mg L–1)
and reaction time (5, 10, 20, 40, 60, 120, 180, 240 min) on the
adsorption behaviour of Pb2+ by montmorillonite, goethite, ferri-
hydrite and kaolinite were studied using batch experiments. All
Pb2+ solutions were obtained by diluting 10 g L–1 Pb(NO3)2.

The 0.5 g L–1 adsorbent was added into a polypropylene centri-
fuge tube containing Pb2+ solutions at various pH values (4, 5
or 6). The mixture was shaken continuously for a certain period
of time (ranging between 5 and 240 min). Then, the concentra-
tion of Pb2+ was measured using a flame atomic adsorption spec-
trophotometer (wys-2200, Wayeal, China).

Stepwise extraction of adsorbed Pb2+

In this study, by following the approaches of Shen et al. (2017)
and Tessier et al. (1979), the adsorption capacities of montmor-
illonite, goethite, ferrihydrite and kaolinite for Pb2+ and the
contributions of various adsorption mechanisms were analysed.
The adsorption mechanisms of Pb2+ included chiefly physisorp-
tion (Qphy), ion exchange (Qexc), precipitation (Qpre), electrostatic
(Qele) and complexation (Qcom) interactions. Based on the
equilibrium experiments, montmorillonite, goethite, ferrihydrite
and kaolinite were selected after adsorption of Pb2+ for stepwise
extraction to quantify the adsorption mechanisms. In detail, 0.4 g
of a sample was added into a centrifuge tube with 80 mL Pb2+

solution. When the adsorption process was complete, the adsorb-
ent was washed with deionized water and the supernatant was
removed. Following this, the prepared 20 mL of various extrac-
tion reagents were mixed with the Pb-loaded sample and were
shaken for 24 h for Pb-loaded samples in deionized water and
NaNO3 solution, for 2 h for samples in MgCl2 and for 5 h for
samples in NaOAc. During the extraction process, the extracting
reagents involved included deionized water, MgCl2 at pH 7,
NaOAc at pH 5 and 0.01 M NaNO3. Finally, the contribution
rate of each mechanism was calculated according to the adsorp-
tion/extraction capacity, and the effectiveness of the extracting
reagent was obtained, which could be calculated according to
Equations 1 & 2:

Qi = V(C0 – Ce)/m (1)

R = (Qi/Q) × 100% (2)

where C0 and Ce (mg L–1) correspond to the initial and equilib-
rium concentrations of Pb2+, Q (mg g–1) is the total amount of
adsorption, Qi (mg g–1) is the adsorption capacity corresponding
to each adsorption mechanism, R is the proportion of each
adsorption mechanism, m (g) is the weight of dried adsorbent
and V (L) is the Pb2+ solution content.

Adsorption kinetics model

Two models (pseudo-first order (Equation 3) and pseudo-
second order (Equation 4)) were used to fit the kinetics experi-
mental data:

ln(Qe – Qt) = lnQe – k1t (3)

t
Qt

= 1

k2Q2
e

+ 1
Qe

(4)

where Qe and Qt (mg g–1) correspond to the adsorption capacities
at equilibrium and time t (min), respectively, k1 and k2 represent
the rate constants.
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Adsorption isotherm model

The isotherm experimental data were fitted to two adsorption
isotherm models (Freundlich (Equation 5) and Langmuir
(Equation 6)), with the parameters presented in Table 1.

Ce

Qe
= 1

QmKL
+ Ce

Qm
(5)

logQe =
1
n
logCe + logKF (6)

where Ce (mg L–1) refers to the equilibrium concentration, Qe and
Qm (mg g–1) are the equilibrium and saturated adsorption capaci-
ties, respectively, KL and KF are the adsorption rate constants
implying the degree of adsorption, respectively, and 1/n is the
heterogeneous factor.

Results and discussion

XRD characterization

The XRD traces of kaolinite, montmorillonite, goethite and ferri-
hydrite are shown in Fig. 1. These patterns matched well with the
standard XRD traces of the four minerals. Information in the
XRD traces allows identification of kaolinite, montmorillonite,
goethite and ferrihydrite. No new reflections appeared after
adsorption of Pb2+ by kaolinite, montmorillonite, goethite and
ferrihydrite (Fig. 1), indicating that no new phase formed after
the adsorption of Pb2+. However, Fig. 1b showed that the peak
intensity of montmorillonite after adsorption was weakened and
the layer spacing was decreased. Layer spacing is one of the
important factors reflecting the structural characteristics of mont-
morillonite, which can be calculated using the Bragg equation
(Yu et al., 2007). Specifically, the reflection that appeared at
5.86°2θ was consistent with the (001) plane of montmorillonite,
and the corresponding layer spacing was 1.51 nm. The character-
istic reflection located at 5.86°2θ was shifted to 6.17°2θ after
the adsorption of Pb2+. The layer spacing on the d001 surface of
montmorillonite reduced from 1.51 to 1.43 nm after the adsorp-
tion of Pb2+, illustrating that Pb2+ adsorption led to variation in
the montmorillonite layer spacing, which was also demonstrated
in Qu et al. (2018).

SEM analysis

Kaolinite and montmorillonite both displayed a sheet-like
morphology, while goethite and ferrihydrite showed a rod-like
and irregular block-like morphology, respectively (Fig. 2a–h).
The elemental composition of the four minerals was characterized
using an energy-dispersive spectrometer (EDS) and elemental
mapping. The results showed that the kaolinite presented a homo-
geneous distribution of Al, O and Si elements before adsorption
(Fig. 2a,b). It was observed that O, Si, Al, Mg and Ca occurred
in montmorillonite (Fig. 2c,d). Goethite and ferrihydrite were
composed chiefly of Fe and O elements (Fig. 2e–h). No Pb elem-
ent was found in the four minerals before adsorption, while the
Pb element with various mass percentages of 5.16, 4.12, 2.84
and 3.47% was detected after adsorption. The above results con-
firmed that Pb2+ was adsorbed on the mineral surface.

FTIR spectroscopy analysis

FTIR spectroscopy was used to investigate the interaction
mechanisms among the four minerals (kaolinite, montmorillon-
ite, goethite and ferrihydrite) and Pb2+ related to various func-
tional groups. O–H, Si–O, Al–O and other functional groups
exist in the four minerals, among which O–H plays an important
role in the adsorption process. In the case of kaolinite, internal
and surface stretching of –OH corresponded to the peaks between
3620 and 3695 cm–1 (Fig. 3a; Mouni et al., 2018). The intensities
of all peaks caused by the –OH stretching modes were reduced
due to the adsorption of Pb2+. For montmorillonite, the bands
at 1635 and 3412 cm–1 demonstrated the existence of the bending
and stretching vibrations of adsorbed water (Fig. 3b). Both bands
were reduced significantly after Pb2+ adsorption. The adsorption
band at 3620 cm–1 represented structural –OH stretching (Liu
et al., 2013). The position of the structural –OH shifted to slightly
greater wavenumbers after adsorbing Pb2+, indicating that the –
OH group participated in the adsorption process of Pb2+ (Wu
et al., 2011). Figure 3c shows that the adsorption peaks of goethite
at 890 and 798 cm–1 were caused by the bending vibrations of
Fe–OH, and the broad band at 3132 cm–1 illustrates the –OH
stretching vibration of the group (Adebayo et al., 2020). The
results demonstrate that the peaks near 3132, 890 and 798 cm–1

broadened, revealing that –OH groups participated in the adsorp-
tion process. Ferrihydrite presented bands at 3354 and 1044 cm–1

related to the stretching vibration of structural –OH and the
bending vibration of Fe–OH, respectively (Fig. 3d; Yang et al.,
2021). After the adsorption occurred, the peak located at
3354 cm–1 shifted to 3389 cm–1, while the band at 1044 cm–1

demonstrated reduced intensity. These indicate the interaction
of Pb2+ with the hydroxyl group on ferrihydrite (Gan et al., 2019).

Adsorption kinetics

Figure 4 displays the relationship between contact time and the
amounts of Pb2+ adsorbed by kaolinite, montmorillonite, goethite
and ferrihydrite under batch experiments. The adsorption rates of
the four minerals for Pb2+ were rapid, occurring within 5 min,
and then gradually declined and became stable (Fig. 4). It has
been speculated that the decreasing adsorptive sites occupied by
Pb2+ reduce the adsorption rate (Zhang et al., 2017; Penido
et al., 2019). Notably, Pb2+ adsorption on montmorillonite and
goethite reached equilibrium within 20 min, while Pb2+ adsorp-
tion on kaolinite and ferrihydrite took 60 min to reach

Table 1. Adsorption isotherm parameters of Pb2+ onto kaolinite,
montmorillonite, goethite and ferrihydrite at pH 4–6.

Mineral pH

Langmuir Freundlich

Qm KL R2 KF 1/n R2

Kaolinite
4 10.1937 0.0137 0.7953 0.1973 0.7735 0.9562
5 15.2905 0.0412 0.9730 1.0794 0.5708 0.9279
6 18.6220 0.1297 0.9747 2.8576 0.4676 0.9204

Montmorillonite
4 66.1376 0.1575 0.9786 13.1066 0.3882 0.9896
5 67.6133 0.4350 0.9887 25.6555 0.2370 0.9307
6 69.2042 0.4544 0.9933 18.4103 0.3902 0.7735

Goethite
4 27.3598 0.0781 0.9323 5.6381 0.3282 0.9603
5 31.2695 0.3402 0.9907 14.7737 0.1572 0.5166
6 46.9484 0.5897 0.9958 14.9310 0.3140 0.6355

Ferrihydrite
4 21.5424 0.0196 0.9557 0.7140 0.6802 0.9878
5 23.2558 0.0586 0.9952 2.3734 0.5041 0.9869
6 34.3171 0.2435 0.9940 7.6057 0.3894 0.8336
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equilibrium. The reason for this result might be the different
mechanisms of adsorbing Pb2+ exhibited by the four minerals.
The corresponding parameters are depicted in Table 2. The find-
ings reveal that the adsorption process was more suitable for the
pseudo-second order model (R2 > 0.98), which indicates that Pb2+

adsorption on the four minerals was determined by chemisorp-
tion (Ahmad et al., 2018; Jung et al., 2019).

The pH value is a crucial factor in adsorption that can influence
the surface charge of the adsorbent and the speciation of heavy
metals in solution, which in turn affects the adsorption
mechanism (Qu et al., 2020a). Therefore, the surface properties
of the four minerals were further tested using a ζ-potential ana-
lyser. The points of zero charge (pHpzc) of kaolinite, goethite
and ferrihydrite were determined to be ∼2.84, 8.17 and 8.33,
respectively, while montmorillonite was negatively charged at the
tested pH values of 1–12 (Fig. 4i). It should be noted that lead pre-
sents primarily in the form of Pb2+ at the experimental pH values
of 4–6 (Fig. 4j). Therefore, theoretically, montmorillonite and kao-
linite demonstrated better Pb2+ adsorption performance than
goethite and ferrihydrite, which might be due to electrostatic
repulsion between goethite and ferrihydrite and the positive Pb2+

(Qu et al., 2020a). However, the amount of Pb2+ adsorption of

the various minerals was in the following order: montmorillonite
> goethite > ferrihydrite > kaolinite (Fig. 4a–d). The excellent
adsorption properties of montmorillonite might be caused by
its high electronegativity and typical cation-exchange capacity
(Zhu et al., 2016). Nevertheless, the adsorption performance of
kaolinite for Pb2+ was less impressive than that of goethite and
ferrihydrite, although its pHpzc was lower. This result reveals
that electrostatic interaction was not the dominant mechanism
determining the adsorption capacities of goethite, ferrihydrite
and kaolinite. In addition, the adsorption capacities of the four
minerals for Pb2+ demonstrated an upward trend with increasing
solution pH, which could be attributed to the precipitation and
complexation of Pb2+ on the four minerals at greater pH values.
This was consistent with the stepwise extraction results showing
that pH was correlated positively with precipitation and
complexation.

Adsorption isotherms

The adsorption isotherms of Pb2+ on the four minerals are shown
in Fig. 5. The adsorption capacities of the four minerals increased

Fig. 1. XRD traces of (a) kaolinite, (b) montmorillonite, (c) goethite and (d) ferrihydrite before and after Pb2+ adsorption at pH 4–6.
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Fig. 2. SEM images, EDS spectra and elemental mapping images of the four minerals before and after Pb2+ adsorption. (a,b), (c,d), (e,f) and (g,h) represent kao-
linite, montmorillonite, goethite and ferrihydrite before adsorption, respectively; (i,j), (k,l), (m,n) and (o,p) represent kaolinite, montmorillonite, goethite and fer-
rihydrite after adsorption at pH 6, respectively.
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rapidly with increasing Pb2+ concentration up to 50 mg L–1 and
then increased more slowly to adsorption equilibrium. The
adsorption properties of the four minerals for Pb2+ were com-
pared. Note that montmorillonite showed the strongest adsorp-
tion performance for Pb2+ and kaolinite showed the weakest
performance, which illustrates that Pb2+ adsorption on montmor-
illonite was outstanding. Moreover, the adsorption capacities of
the four minerals were correlated positively with pH and
increased with increasing pH, which was consistent with the
kinetics results.

Langmuir and Freundlich models were used to simulate the
obtained data, and the corresponding calculated parameters are
listed in Table 1. The results demonstrate that the Freundlich iso-
therm better fit the Pb2+ adsorption data as shown by the greater
R2 value at pH 4, which indicates that the adsorption processes of
the four minerals were mainly heterogeneous and represent multi-
layer adsorption. The Langmuir model (0.97 < R2 < 0.99) of the
four minerals showed a better fit effect than the Freundlich
model (0.51 < R2 < 0.98) at pH 5 and 6, illustrating that Pb2+

adsorption on the four minerals might be ascribed to the

Fig. 2. (cont.)
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monolayer coverage of Pb2+ and homogeneous sites on the surface
of the four minerals (Al-Ghouti & Da’Ana, 2020; Wu et al., 2021).
In addition, the total adsorption capacity of montmorillonite for
Pb2+ was greater than that of kaolinite, goethite and ferrihydrite at
pH 4–6. The maximum adsorption ability achieved for Pb2+ was
69.20 mg g–1 with montmorillonite at pH 6, whereas adsorption
abilities reached 18.62, 46.95 and 34.32 mg g–1 with kaolinite,
goethite and ferrihydrite, respectively, which was attributed to
the typical cation-exchange capacity of montmorillonite. A rela-
tively weak pH dependence was observed for montmorillonite
adsorption, indicating that the main mechanism of montmoril-
lonite adsorption was not pH-dependent complexation but the
cation exchange between Pb2+ and the interlayer cations of mont-
morillonite (Chen & Kocar, 2018).

Adsorption mechanism of Pb2+

The interactions that exist between soil minerals and metal ions
are caused by multiple mechanisms (Gu et al., 2019). To explore
the Pb2+ adsorption mechanisms of the four minerals, the amount
and contribution of each adsorption mechanism were quantified

using a stepwise extraction method, and the results are depicted
in Fig. 6. The contributions of physisorption for kaolinite, mont-
morillonite, goethite and ferrihydrite were 21.94–24.53, 1.02–1.87,
1.39–2.88 and 20.55–21.78% at pH 4–6, respectively. These results
indicate that chemical action rather than physical action domi-
nated the adsorption of Pb2+ by the four minerals. Regarding
the adsorption process of Pb2+, the four minerals demonstrated
various adsorption mechanisms. For montmorillonite, the contri-
bution of ion-exchange mechanism (Rexc) values ranged from
49.24 to 66.73% and decreased with increasing pH, indicating
that ion exchange was the principal mechanism. Kaolinite, goeth-
ite and ferrihydrite all had smaller Rexc values than 18.91% and
their contribution of complexation (Rcom) values were greater
than 38.38%, which imply that the adsorption mechanism of kao-
linite, goethite and ferrihydrite was complexation rather than ion
exchange. The adsorption mechanism determines the occurrence
state of Pb2+ in soil, which affects the stability of the adsorbed
Pb2+ accordingly. The Pb2+ adsorbed on the four minerals via
physical interaction and cation exchange is unstable and highly
bioavailable. By contrast, Pb2+ adsorbed through precipitation
represents the partially bioavailable fraction, and the Pb2+

Fig. 3. FTIR spectra of (a) kaolinite, (b) montmorillonite, (c) goethite and (d) ferrihydrite before and after Pb2+ adsorption at pH 4, 5 and 6.
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Fig. 4. (a–d) Pseudo-first order kinetics and (e–h)
pseudo-second order kinetics of Pb2+ adsorption on kaoli-
nite, montmorillonite, goethite and ferrihydrite at pH 4–6.
(i) ζ-potentials (ZPs) of the four minerals under various pH
conditions. ( j) The species distributions of Pb2+ vs pH at
the metal ionic concentration of 50 mg L–1.
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adsorbed through complexation is stable and harmless in soils. In
brief, the great capacity of montmorillonite to adsorb Pb2+ was
primarily due to the action of ion exchange, which only changes
the occurrence state of Pb2+ and does not reduce environmental
risk. The removal of Pb2+ via complexation with montmorillonite,
kaolinite, goethite and ferrihydrite could reduce the readily bio-
available Pb2+, thereby decreasing environmental risks.

The influence of pH on the Pb2+ adsorption of the four miner-
als was explored at an initial pH of 4–6. Figure 6a–d demonstrates
that the adsorption capacity of montmorillonite was ∼13.0,
1.5 and 2.5 times those of kaolinite, goethite and ferrihydrite,
respectively, at pH 4–6, indicating the excellent adsorption per-
formance of montmorillonite. The pH value of the solution affected
considerably the contributions of various adsorption mechanisms,
especially for montmorillonite (Pehlivan et al., 2009). The pH value
was correlated negatively with ion exchange and correlated

positively with precipitation and complexation, which was attrib-
uted primarily to the increased pH and easier formation of metal
hydroxides and carbonates (Fig. 6b; Zhong et al., 2020). The con-
tributions of electrostatic interactions to Pb2+ absorption on kao-
linite and montmorillonite at pH 6 were 14.16 and 4.41%,
respectively, while those for goethite and ferrihydrite were 0%.
This was because kaolinite and montmorillonite were negatively
charged at the experimental pH, while goethite and ferrihydrite
were positively charged. Therefore, electrostatic interaction was
involved in the uptake of Pb2+ by kaolinite and montmorillonite.
Thus, pH value not only affected the adsorption mechanisms of
the four minerals for Pb2+, but also had an effect on the stability
of the adsorbed Pb2+. In general, considering the contributions of
Pb2+ adsorption on the four minerals, it could be determined that
pH value had the most critical effect on the Pb2+ adsorption
process.

Conclusion

The Pb2+ adsorption capacities of kaolinite, montmorillonite,
goethite and ferrihydrite were investigated. Furthermore, the con-
tributions of various adsorption mechanisms at various pH values
to remove Pb2+ were quantified using stepwise extraction experi-
ments. The results illustrated that the four minerals had a signifi-
cant capacity for Pb2+ removal. The kinetics of Pb2+ adsorption
by the four minerals could be described well by the pseudo-second
order model, indicating that the Pb2+ adsorption by the four
minerals occurred mainly via chemical adsorption. Solution pH
values affected the contributions of the various adsorption mechan-
isms considerably, especially for montmorillonite. Regardless
of solution pH, the adsorption mechanisms of Pb2+ by montmor-
illonite and ferrihydrite were primarily ion exchange and complex-
ation, accounting for 49.24–66.73 and 69.87–70.90%, respectively.
The principal Pb2+ absorption mechanisms of kaolinite were

Table 2. Adsorption kinetics parameters of Pb2+ onto kaolinite, montmorillonite,
goethite and ferrihydrite at pH 4–6.

Mineral pH

Pseudo-first order model
Pseudo-second order

model

k1 Qe R2 k2 Qe R2

Kaolinite
4 0.0094 1.0921 0.6970 0.0418 3.2624 0.9945
5 0.0093 2.1299 0.8420 0.0197 6.4400 0.9968
6 0.0102 2.4936 0.9010 0.0189 16.6528 0.9995

Montmorillonite
4 –0.0064 1.0072 0.1930 –0.0530 29.5159 0.9968
5 0.0043 3.8524 0.4925 0.0241 38.2555 0.9994
6 0.0052 3.4876 0.7558 0.0123 54.3478 0.9996

Goethite
4 0.0100 2.3587 0.7900 0.0265 10.8472 0.9985
5 0.0030 1.6265 0.3268 –0.0773 22.7583 0.9995
6 0.0092 1.4507 0.7325 0.0305 29.5596 0.9999

Ferrihydrite
4 0.0114 2.9678 0.6286 0.0095 7.2031 0.9859
5 0.0107 5.2849 0.9177 0.0123 14.4991 0.9976
6 0.0096 6.1851 0.9003 0.0046 21.7770 0.9976

Fig. 5. Adsorption isotherms of Pb2+ on (a) kaolinite,
(b) montmorillonite, (c) goethite and (d) ferrihydrite
at pH 4–6.
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physical adsorption and complexation with a combined contribu-
tion of 60.32–66.23%, while those of goethite were precipitation
and complexation with a combined contribution of 93.17–
95.08%. These results, especially those from the stepwise experi-
ments, improve our understanding of the fate of Pb2+ in soils.
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