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ABSTRACT

Four types of organo-mineral complex (OMC) samples with different sizes were extracted from loess in north-
western China. OMC, which has a size less than 2 pm, was used to investigate the adsorption behavior of lead.
The OMC sample had a porous structure with a surface area of 147.49 m?/g, and the adsorption capacity changed
with different conditions of OMC content, pH values of the solution, temperature, and ionic strength. The adsorp-
tion isotherms suggested that the adsorption process was favorable, and the maximum adsorption capacity of
lead on OMC was 1.5877 mg/g, which was calculated by using Langmuir equation. The reaction fits better the
pseudo-second-order kinetic equation, and the adsorption behavior could be divided into two sections, thereby
indicating that the reaction involved physical and chemical adsorption. The adsorption of lead on OMC was spon-
taneous and exothermic in nature, and the randomness of the system decreased slightly throughout the entire
process. The desorption efficiency was acceptable with purified water and with ultrasonic assistance.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal contamination of agricultural soil occurs with rapid ur-
banization and industrialization, and is attracting increasing public at-
tention in China. Such attention is warranted because the presence of
heavy metals in soils might pose a serious threat to human health
through the food chain (Chen et al., 2013; Yu et al., 2012). Lead (Pb),
as one of the toxic metals that are commonly discovered in agricultural
soils, can easily enter the soil system through various approaches, such
as atmospheric deposition, sewage irrigation, and application of fertil-
izers and pesticides (Finster et al., 2004; Huang et al., 2014; Sun et al,,
2006). Soil is known to function as a chemical and as a filter that reduces
the environmental effect of Pb introduced into the biosphere. The bio-
sphere is the first line of prevention against Pb contamination of
groundwater, which occurs partly through the adsorption process. A
high level of Pb in soils may affect crop yields significantly, deteriorate
soil quality, and inevitably increase the risk of Pb contamination in
farm products (Wang et al., 2006). Consequently, an in-depth under-
standing of the physicochemical behaviors of Pb in soils is necessary.

As the special particle unit of soil, organo-mineral complexes
(OMCs) have long been used to study the migration and distribution
of organic matter in soils (Feng et al., 2014; Junet and Basile, 2013).
Given the small particle size of OMC, the ability of OMC to adsorb foreign
substances, including metals, nitrogen and phosphate, might be differ-
ent from that of other soil constituents because of various characteristics
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of specific surface area and pore structures (Acosta et al., 2009; Bi et al.,
2013). Relevant research on the matter has been completed (Acosta
et al., 2009; Bradl, 2004; Dultz et al., 2005); however, most studies
focus on coarse particles, such as soil aggregates, clay minerals, and sed-
iments. Investigating the reaction behavior between OMC samples and
heavy metals is important.

The main factors that affect the adsorption process include metal
speciation and concentration, contact time, temperature, and pH
value. pH value is the most important environmental factor because of
its strong effect on chemical speciation and solubility of heavy metals
(Harter, 1983). The major objective of this paper was to identify the
composition and surface structure of OMC isolated from loess in north-
western China and to investigate the relationship between environ-
mental parameters and the adsorption process. This paper also
investigates the reaction kinetics, isotherms, and thermodynamics of
the adsorption of lead on OMC. This research is significant in improving
the understanding of the adsorption mechanism between OMC and Pb,
and in further evaluating the transformation behavior of Pb in the
pedosphere or ecosystem in a reasonable manner.

2. Materials and methods
2.1. Isolation of OMC

Loess samples were collected from a 0-20 cm deep surface horizon
of farmland located in Shaanxi University of Science and Technology,

Xi'an, China. The samples were transported to the laboratory in polyeth-
ylene bags and divided into four subsamples through the sedimentation
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method. The division of the subsamples is as follows: <2 pm particles,
2-20 pm particles, 20-200 pm particles and >200 pm particles (Brad],
2004). The <2 um particles were used in the study, and all samples
were air dried and kept in a desiccator over silica gel for subsequent
utilization.

2.2. Physicochemical analysis of OMC

The composition of OMC was determined by chemical analysis.
A Brunauer-Emmett-Teller (BET) surface analyzer (Nova2200e,
QUANTACHROME) was used to measure nitrogen adsorption at
77 K. The surface area of OMC was calculated from the isotherms by
using the BET equation. The mineral phases of OMC were revealed
with an X-ray diffractometer (D/max2200PC, RIGAKU) that ran at
40 kV and 40 mA by using a Cu Ko radiation. The surface morphology
of OMC was identified by using a scanning electron microscope
(TM1000, HITACHI). The Fourier transform infrared (FT-IR) spectra
were obtained in the range of 4000-400 cm ™! on a spectrometer (Vec-
tor22, BRUKER) with KBr pellet method at room temperature.

2.3. Adsorption studies

A stock solution of 1000 mg/L of Pb was prepared from Pb(NOs)5.
Experimental solutions of the desired concentration were obtained by
diluting the stock solution using purified water. The effects of OMC con-
tent, original pH value of solution, temperature, and ionic strength on
adsorption behaviors were investigated. A constant-temperature air
bath shaker (ZD-85, Changzhou, China) was used to control the desired
temperature. The pH values of solution were adjusted by adding HCl or
NaOH solutions. All pH measurements were performed by using a pH
meter (pHS-3C, Shanghai, China).

The OMC sample was placed in a 250 mL conical flask with a stopper;
the flask contained 20 mL of the experimental solution of known con-
centration. The suspensions were shaken at 120 rpm for 4 h. The super-
natant liquids were then centrifuged at 4000 rpm for 5 min and then
filtered with 0.45 pm filter. All the experiments were performed for
three times. The initial and final concentrations of Pb were measured
by using a flame atomic adsorption spectrometer (Z-2000, HITACHI).
The obtained data were applied to calculate the adsorption capacity
(ge, mg/g) by using the following relationship:

Ge = (Co—Ce)/m x V. (1)

The removal efficiency (%) of lead on OMC can be calculated as fol-
lows:

Removal efficiency(%) = (Co—Ce)/Co x 100 (2)

where Cp and C, (mg/L) are the initial and equilibrium concentra-
tions of Pb, respectively, V (mL) is the volume of the solution, and m
(mg) is the content of OMC.

2.4. Desorption studies

Desorption experiments were carried out by using purified water as
a desorbing agent with ultrasonic assistance. The effect of the different
volumes of purified water (50, 100, 150 and 200 mL) and ultrasound
power (25, 50, 75 and 100 W) on desorption efficiency was studied
by contacting 0.1 g of Pb-loaded OMC samples. The mixture was stirred
until desorption equilibrium was achieved at 25 °C and then filtered.
The concentration of desorbed Pb in the filtrate was checked. The
desorption efficiency of Pb was calculated by using the following
equation:

Desorption efficiency(%) = C4V4/q.m x 100 (3)

where C; (mg/L) is the concentration of Pb in the purified water at
desorption equilibrium, V; (L) is the volume of purified water, m(g) is
the mass of OMC used for desorption studies, and g, (mg/g) is the ad-
sorption capacity of OMC for Pb.

3. Results and discussion
3.1. Characterization of OMC

3.1.1. BET and XRD

The BET surface area of OMC derived from loess was 147.49 m?/g,
which is lower than that of the loess sample described in our previous
investigation (Fan et al., 2013), thereby indicating acceptable adsorp-
tion sites on OMC samples. The XRD pattern of OMC is shown in Fig. 1.
The crystal phase of the OMC was mainly composed of quartz
(26.64°), muscovite (34.94°), clinochlore (19.80°), and polylithionite
(27.94°). Results showed that the clay minerals of the OMC were poorly
organized, and many disoriented particles were stacked randomly.

3.1.2. SEM

To determine some physical characteristics of the surface morpholo-
gy of OMC, a morphological investigation was conducted by SEM. Fig. 2
displays the SEM images of OMC, and micrometric particles of different
sizes could be observed. The surface of the OMC, which involved a ma-
jority of tiny pores, was clearly uneven.

3.1.3. FT-IR

The nature of OMC surface configuration was examined by spectro-
scopic analyses, and the FT-IR spectra are presented in Fig. 3. In the spec-
tra, the typical bands at 3471 and 3416 cm™' were related to the
stretching vibration of O-H groups likely indicating the presence of
H,0 in the OMC. A band within the 1620-1639 cm ™! region was also
visible and might be attributed to CONH or the bending vibration of
the hydroxyl and interlayer water molecules. The peak recorded at
1452 cm™ ! might be attributed to carbonate, and a band at 877 cm ™!
could be attributed to Si-O bending vibrations.

3.2. Adsorption process
3.2.1. Influential factors
3.2.1.1. Effect of OMC content on lead adsorption. The effect of OMC con-
tent on lead adsorption was studied by changing the OMC content
from 0.01 to 0.4 g at room temperature; results are presented in Fig. 4.
The removal rate increased evidently from 5.05 to 92% within the

OMC content from 0.01 up to 0.2 g and remained nearly constant there-
after. This condition occurred because the number of available

400,

300

:

Intensity/cps

s

00 25 50 75

2theta/degree

Fig. 1. The X-ray diffraction pattern of OMC samples.
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Fig. 2. SEM micrographs of OMC.

adsorption sites increased by increasing the OMC content. However, the
adsorption capacity decreased gradually mainly because of unsaturated
adsorption sites throughout the adsorption reaction (Kadirvelu and
Namasivayam, 2003). Particle interaction, such as aggregation, may de-
crease the total surface area of the adsorbent, and this decrease may be
the reason for the reduced adsorption capacity.

3.2.1.2. Effect of pH values on lead adsorption. The pH value of the solution
plays an important role in the adsorption process (Anbia and
Ghassemian, 2011; Gao et al.,, 2010; Ren et al., 2013), because it not
only affects the surface charge of the adsorbent but also determines
the ionization degree and speciation of heavy metals (Deng and Ting,
2005; Park et al., 2010). The influence of pH values on lead adsorption
was studied from pH ranges of 4.0-9.0, and results are shown in Fig. 5.
The adsorption capacity of lead on OMC increased as the pH values in-
creased from 4.0 to 7.5, peaking at 1.03 mg/g when the pH value was
7.5. Afterwards, the adsorption capacity no longer continued to in-
crease, but rather, it decreased gradually. Dominant lead species were
diverse at different pH values. When the pH value was less than 7.5,
the predominant lead species was Pb(II), and the adsorption process oc-
curred easily. Moreover, at lower pH, the concentration of H* ions was
high, which interfered with the adsorption of metal ions directly. The
active sites of the adsorbent were protonated excessively, thereby re-
ducing the adsorption capacity if the metal ions reduced (Kumar et al.,
2009). However, a detail that should be noted is that OMC is regarded
as a complex component more than as an organic colloid or inorganic
colloid, or an organic colloid and inorganic colloid. The environmental
factors and the adsorption process itself in the solution might change
or destroy the micro-characteristics of OMC, such as the amount of func-
tional groups on OMC surface, pore structure, specific surface area, and
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Fig. 3. The FT-IR spectra of OMC.

surface charge density (Feng et al., 2014). The related behaviors and
effects are complicated possibly leading to the different adsorption
characteristics of lead on OMC. In this paper, the acceptable pH value
was 7.5.

3.2.1.3. Effect of temperature on lead adsorption. Experiments were per-
formed at eight different temperatures to explore the relationship be-
tween temperature and the adsorption capacity of lead on OMC. The
maximum adsorption amount (1.06 mg/g) was attained at 303 K; be-
yond this temperature, the adsorption capacity decreased slightly, as
shown in Fig. 6. The high temperature had little influence on the adsorp-
tion capacity of lead on OMC; however, when the temperature was
below 303 K, the adsorption amount decreased to some extent to a min-
imum of 0.92 mg/g at 293 K; this decrease demonstrated a drop of 13%.
This finding indicates that raising the temperature favors lead adsorp-
tion to some extent.

3.2.14. Effect of ionic strength on lead adsorption. Experiments were car-
ried out in the presence of different anion concentrations of chloride ion,
nitrate ion, and phosphate ion under identical conditions to assess the
influence of anions on the adsorption of lead on OMC; results are sum-
marized in Fig. 7. As ionic strength, including chloride ion, nitrate ion,
and phosphate ion, increased from 0 to 0.2 mg/L, the extent of lead ad-
sorption onto OMC decreased obviously, and the degree of influence al-
most did not exhibit any differences. The adsorption amounts of lead,
which were 0.78, 0.72, and 0.66 mg/g, differed markedly as the anion
concentrations increased to 0.2 mg/L. A possible explanation for this
phenomenon might be the theory of electrical double layer. According
to this theory, when OMC and Pb were in contact with each other,
they were bound to be encircled by an electrical double layer because
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Fig. 4. Effect of OMC content for Pb adsorption on OMC. Adsorption experiments—Co:
10 mg/L; pH: 7; temperature: 298 K; solution volume: 20 mL.
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Fig. 5. Effect of pH for Pb adsorption on OMC. Adsorption experiments—Cy: 10 mg/L;
sample dose: 0.1 g/20 mL; temperature: 298 K.

of electrostatic interaction, and the electrostatic attraction decreased
with increasing ionic strength; thus, the adsorption capacity reduced.
In addition, some anions might form complexes with metal ions and in-
terfere with the adsorption process (Ajmal et al., 1998) as a result. The
effect of ionic strength could assist in making a distinction between
the inner-sphere and outer-sphere surface complexes (Liitzenkirchen,
1997). The inner-sphere complexes were hardly affected by the ionic
strength, whereas outer-sphere complexation was significantly de-
creased by increasing ionic strength. Therefore, the adsorption process
of lead onto OMC could be inferred to have proceeded in light of outer
sphere complexation.

3.2.2. Adsorption isotherm

Adsorption isotherm studies can better interpret the relationship be-
tween equilibrium adsorption capacity and equilibrium concentration
at a definite temperature. The adsorption isotherms of lead on OMC
within the volume of the solution were 20 mL, the mass of OMC was
0.02 g, and the lead concentration ranged from 0.2 to 2.0 mg/L at
25 °C; these parameters were studied, and results are presented in
Fig. 8. The adsorption capacity of Pb increased obviously with the in-
crease of equilibrium concentration. In this study, the adsorption equi-
librium data were analyzed by using the Langmuir and Freundlich
adsorption isotherm models. The Langmuir model was believed to be
suitable for homogeneous adsorption where the adsorption process
had identical activation energy and was applicable to monolayer
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Fig. 6. Effect of temperature for Pb adsorption on OMC. Adsorption experiments—Co:
10 mg/L; pH: 7; sample dose: 0.1 g/20 mL.
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Fig. 7. Effect of ion concentration of chloride, nitrate and phosphate for Pb adsorption on
OMC. Adsorption experiments—Co: 10 mg/L; pH: 7; sample dose: 0.1 g/20 mL;
temperature: 298 K.

adsorptions that did not have any interaction between metal ions
(Abdullah et al,, 2009). The Langmuir equation is given as follows:

Ce/Qe = CE/Qm + ]/QmKL (4)

where C, (mg/L) is the equilibrium concentration of Pb, g, (mg/g) is
the adsorption capacity at equilibrium, and K; (L/mg) and g,, (mg/g) are
the Langmuir constants involved in adsorption energy and saturated ad-
sorption capacity, respectively. The Langmuir isotherm parameters g,
and K; were calculated from slope (1/q,,) and intercept (1/K;q,,) of
the plot of C./q. versus C, respectively, and the correlative data are
given in Table 1. The value of correlation coefficient (R?> = 0.9875)
was close to 1, which indicated that the Langmuir model was suitable
for Pb adsorption onto OMC. Moreover, the separation factor (R;) that
assessed the feasibility of adsorption on adsorbent was an important
parameter, and its equation is defined as follows:

R =1/(1+K,C) (5)

where K; (L/mg) is the Langmuir constant, C (mg/L) is the initial ion
concentration of Pb, and the concrete values of R; could help to
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Fig. 8. The adsorption isotherm of Pb on OMC.



54 C. Fan et al. / Journal of Geochemical Exploration 176 (2017) 50-56

Table 1
The Langmuir and Freundlich equations and parameters for the adsorption of Pb on OMC.

Langmuir model Freundlich model
Ki(l/mg) qm(mg/g) R R

1.2805 1.5877 0.9875 0.2808-0.7961

Ke(mg/g) n(gl) R

0.9664

1.3976  0.9828

distinguish the type of the isotherm: unfavorable (R, > 1), linear (R, =
1), favorable (R, < 1), and irreversible (R, = 0) (Sharma et al., 2010),
which are displayed in Table 1. Results suggested that Pb adsorption
onto OMC was favorable.

Unlike the Langmuir model, the Freundlich model describes multi-
layer adsorptions on the heterogeneous surface (Zhen et al., 2013).
The Freundlich equation is given as follows:

logq, = logKF + logCe/n (6)

where g, (mg/g) is the adsorption capacity at equilibrium, C, (mg/L)
is the equilibrium concentration of Pb, and n (g/L) and Kr (mg/g) reflect
the affinity of OMC to metal ions, and their values were obtained from
slope (1/n) and intercept (logKr) of the plot of logg. versus logC,, respec-
tively; the detailed parameters are summarized in Table 1. As seen from
Table 1, the correlation coefficient value obtained from the Langmuir
model (R? = 0.9875) was similar to that calculated from the Freundlich
model (R? = 0.9828), thereby suggesting that both the Langmuir model
and Freundlich model could illustrate the adsorption process. However,
the value of n indicates the favorability of adsorption; in this study, n > 1
demonstrated that the adsorption was favorable (Wang et al., 2010).
This finding is consistent with the conclusion of the Langmuir model.

3.2.3. Adsorption kinetics

Adsorption kinetics could clarify the adsorption rate of Pb on OMC at
a certain initial temperature (25 °C) and confirms the adsorption time
from the beginning to equilibrium. As shown in Fig. 9, the adsorption ca-
pacity increased with the extension of contact time. Obviously, in the
first 75 min, the adsorption was rapid and then slowed significantly.
The probable interpretation for this condition is that Pb ions might eas-
ily enter the accessible pore sites and bound with the chelating ligands
in the initial fast adsorption step, while in the following slow adsorption
step, some Pb ions might penetrate into the deeper pores.

To explore the related diffusion mechanism during the adsorption
process, the pseudo-first-order kinetic and pseudo-second-order

1.0,
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Fig. 9. Adsorption kinetics of Pb on OMC.

kinetic models (Ghasemi et al., 2014) were studied. These models
could be defined by Eqgs. (7) and (8), respectively.

log(q.—q;) = logq.—k:t/2.303 (7)
t/Qtzl/kZCIngt/qe (8)

where g, (mg/g) is the adsorption capacity at equilibrium; g, (mg/g)
represents the amounts of Pb adsorbed at time t (min); and k; (min™!)
and k, (g/mg min) are the rate constants of pseudo-first-order and
pseudo-second-order kinetic equations, respectively. k; and ¢, 4 are
computed by plotting log(q.-q,) against t, and the plot of t/q, versus t
allowed calculation of the rate constant k, and g, 4. The calculated
and experimental g, values, and k;, k, the correlation coefficient (R?)
values, are listed in Table 2. The correlation coefficient (R?) values of
two kinetic models are almost equal. However, a comparison with g,
a1 Values of two kinetic models indicates that the g, . value of the
pseudo-first-order model was obviously much closer to g xp. value.
This finding indicates that the pseudo-second-order model was more
suitable than the pseudo-first-order model for Pb removal on OMC.

3.2.4. Intra-particle diffusion model

The obtained adsorption isotherms and kinetics indicate that the ad-
sorption process of Pb on OMC involved physical and chemical adsorp-
tion. The intra-particle diffusion equation was used to illustrate the
reaction to further reveal the adsorption mechanism and diffusion be-
havior of Pb on OMC (Weber and Morris, 2015). The equation is de-
scribed as follows:

Q= kt® +1 9)

where Q;, (mg/g) is the adsorption capacity at t, k, (mg/g/min~ %) is
the intra-particle diffusion rate constant, and I (mg/g) is the intercept
related to interface characteristics.

The adsorption process of Pb on OMC could be generally divided into
two sections, as shown in Fig. 10. The initial section might be attributed
to external surface adsorption, in which Pb diffuses through the solution
to the external surface of OMC, where the adsorption rate is high. The
second section describes the gradual adsorption stage, in which the
intra-particle diffusion starts to slow down and intraparticle diffusion
rate is rate controlling. None of the lines passed through the origin,
which proves that intraparticle diffusion was involved in the adsorption
process, but was not the only rate-controlling step.

3.2.5. Adsorption thermodynamics

Adsorption thermodynamics could reveal the effects of the energy in
the adsorption process and also confirms whether an adsorption process
could occur under a certain temperature and conditions. Adsorption ther-
modynamics studies were conducted at different temperatures (283, 288,
293, 298, 303, and 308 K). Thermodynamics parameters, including Gibbs
free energy (AGY), enthalpy change (AH?), and entropy change (AS°),
were calculated through the following equations.

AG® = —RTInK, (10)
InKo = AS® /R—AHC /RT (11)
Table 2

The pseudo-first-order and pseudo-second-order equations and parameters for the ad-
sorption of Pb on OMC.

e exp. Pseudo-first-order kinetic Pseudo-second-order kinetic

(mg/g)  k(min™')  Geca R ko(g/mg  geca R
(mg/g) min~") (mg/g)

1.05 0.0162 0.9938 0.9885 0.0102 1.4385 0.9895
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Fig. 10. Intra-particle diffusion model for adsorption of Pb on OMC.

where Kj is the distribution coefficient of different temperatures, R
(8.314 J/mol K) represents the molar gas constant, T (K) is the absolute
temperature, and AH? and AS° are computed from the slope and inter-
cept of the linear plot of InKy versus 1/T. All data are shown in Table 3.
The negative value of AG® demonstrates that the adsorption of Pb ions
onto OMC was feasible and spontaneous in the range of experimental
temperature. In addition, with respect to the adsorption process, the ab-
solute value of AH® was lower than 40 k]/mol, which illustrated that this
adsorption process was controlled by a physical mechanism rather than
a chemical mechanism. In this paper, the value of AH° (—3.5884 kJ/
mol) clearly indicates that the adsorption was exothermic. The value
of AS? presented an idea to depict the randomness at the solid-solution
interface during the adsorption process. The negative value of AS°
(—0.0565 kJ/mol K) proved the decrease of randomness.

3.3. Desorption

In general, desorption behavior was investigated to provide insight
into potential adsorption mechanisms between adsorbents and solutes.
Thus, studying the desorption of Pb from OMC was necessary. The
same parameters, except for the volume of purified water and ultra-
sound power, were used in the desorption experiment. Experimental re-
sults showed the desorption efficiency of Pb, and the data are listed in
Fig. 11. As observed, with the volume of purified water constant kept
constant, the desorption efficiency of Pb increased with increasing ultra-
sound power from 25 W to 100 W. This phenomenon might be due to
the emergence of more cavitation events with high power. As a result,
more Pb ions were desorbed from OMC. The increase of ultrasound
power corresponds to an increase in the acoustic amplitude, a higher
acoustic amplitude, and a more violent cavitation bubble collapse.
Thus, the higher power would result in greater ultrasonic effects in the
collapsing bubble. Consequently, high ultrasound power could be con-
cluded to break the bonds between Pb and OMC, and enhance the
mass transfer through high-pressure shock waves, high-speed microjets,
and acoustic vortex microstreaming (Hamdaoui and Naffrechoux, 2007).
The desorption efficiency of Pb could increase only by increasing the vol-
ume of purified water, thereby indicating that physical adsorption must
have played a major role in the adsorption process (Meitei and Prasad,
2013). This finding is consistent with the results of adsorption
thermodynamics.

Table 3
Thermodynamic parameters for the adsorption of Pb ions onto OMC.

T(K) 283 288 293 298 303 308
AGP(k]/mol)
AH?(k]/mol)
ASO(k]/mol K)

—1.2525 —1.2028 —1.1531 —1.1034 -—1.0537 —1.0040
—3.5884
—0.0565
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Fig. 11. Desorption effect of Pb from OMC under different conditions.

4. Conclusions

In this paper, OMCs were extracted from loess samples in north-
western China. The adsorption characteristics and mechanisms of Pb
on OMC were discussed in batch adsorption procedures. OMC has a po-
rous structure with a surface area of 147.49 m?/g. The adsorption capac-
ity of Pb on OMC reached its maximum at a pH value of 7.5, and the
adsorption capacity changes with various conditions of OMC dosage,
temperature, and ionic strength. The Langmuir and Freundlich iso-
therms fit the adsorption process acceptably, and the maximum adsorp-
tion capacity was 1.5877 mg/g, as calculated from the Langmuir
isotherm. The pseudo-second-order kinetic equation fit the reaction
well, and the adsorption process was spontaneous and exothermic.
The desorption efficiency was acceptable with purified water and in
an ultrasonic assisted system. Results reveal the physicochemical effect
in the Pb removal process on OMC.
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