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Abstract As one of the most toxic heavy metal ions, lead pollution has become an urgent problem.
Here, a cubic crystal nanoparticle (Prussian blue analogue, PBA), referred to as potassium man-
ganese ferrocyanide (KMFC) was synthesized and used as a highly-effective sorbent for removing
Pb(II) from aqueous solution. KMFC is a mesoporous material that has excellent ion exchange
properties, which was confirmed by a series of characterizations. This paper investigated the adsorp-
tive attributes of KMFC for lead ions in aqueous solution. The influences of temperature, contact
time and pH on adsorption were studied in batch experiments. The KMFC possessed a robust
adsorption capacity for resident lead ions in aqueous solution, which attained 107527 mg g~' at
room temperature (25 °C), based on the Langmuir model, which was far higher than any previously
reported values. The adsorption process was well fitted to a pseudo-second-order kinetic model, as
well as Langmuir and Temkin isotherm models, and was endothermic and spontaneous on the basis
of thermodynamic analysis. The adsorption of Pb(II) on the surface of KMFC started with electro-
static attraction, due to the electronegativity of KMFC. Further, ion exchange was the dominant
mechanism in this adsorption process, which was confirmed by FTIR, XPS, and other supplemen-
tary experiments. The good chemisorption (K™ exchange) properties of KMFC suggested that it
likely has excellent prospects in applications for heavy metal ions adsorption. This study not only
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provided a new perspective for the design and development of heavy metal sorbents but provided a
deep insight into the mechanism of adsorption of heavy metal ions by PBA.

© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lead is a highly poisonous element that is naturally present in
agricultural soils and ambient water bodies, which is referred
to as a bio-accumulative, persistent, and toxic heavy metal
(Safruk et al., 2017). The primary sources of aqueous lead con-
tamination include heavy metal and industrial wastewaters,
printing, and domestic sewage in mining areas. At high expo-
sure concentrations, lead can cause serious brain and central
nervous system impairments and death (Manawi et al.,
2018). As one of the most toxic of the heavy metals, Pb(II)
contamination always arouses public concern (Song et al.,
2018). The severe lead contamination of surface water tends
to accumulate in vegetables and seafood, which poses great
threats to human health. The remediation of lead-
contaminated water has emerged as an important research
topic for scholars in various countries.

Currently, several methods such as solvent extraction, elec-
trochemical separation, precipitation, membrane filtration, ion
exchange, and adsorption (Mohan et al., 2017; Xiao et al.,
2015), have been extensively applied for the removal of Pb
(IT) from aqueous media. Among these techniques, adsorption
has attractive advantages such as low cost, high removal effi-
ciency, and simple operation; thus, it is considered to be one
of the most promising methods to date (Xue et al., 2016). Con-
sequently, activated carbon (Maleki et al., 2015), mesoporous
silica (Benhamou et al., 2009; Da’Na and Sayari, 2012), and
inexpensive naturally-occurring lignocellulose substrates are
widely employed as sorbents for the removal of heavy metals.
However, these sorbents possess disadvantages, including low
adsorption capacities, unfavorable selectivity, and poor regen-
eration, which restricts their application (Cui et al., 2019a,b).
Therefore, it is critical to research and identifies new types of
materials with high adsorption abilities at a low cost
(Alamudy and Cho, 2018; Kang et al., 2018).

Prussian blue analogue (PBA) is a classic type of mixed-
valence hexacyanoferrate, which is formed via self-assembly.
The central transition metal ion of PBA serves as a metal lin-
ker, whereas a cyanide group ligand serves as an organic lin-
ker. As can be seen in Fig. 1, it possesses a cubic frame
structure. Recently, PBA has attracted significant attention
due to its strong potential for extensive applications, spanning
the fields of catalysis, energy storage, and biomedicine. The
facile synthesis, nontoxicity, cost effectiveness, easy nanoparti-
cle size tunability, and facile surface modification of PBAs
make them ideal for large-scale production and multifunc-
tional applications.

Herein, a K-rich Mn/Fe-based Prussian blue analogue,
KMFC (potassium manganese ferrocyanide) was prepared
by liquid precipitation. The excellent catalytic activity of
KMFC might be attributed to its nanoporous cubic morphol-
ogy with a porous face-centered cubic lattice structure and low

degree of crystallinity, which makes available a large popula-
tion of active sites. Typically, the KMFC exhibits excellent
selective adsorption properties (Alamudy and Cho, 2018;
Kang et al, 2018), due to an open frame and extensive
three-dimensional porous structure. This nanometric geometry
provides abundant sites and transport channels for the reversi-
ble deintercalation of larger sized ions, which involves a com-
bination of chemisorption (high K-insertion capacity) and
physisorption. However, no research has been conducted to
date on the adsorption of heavy metal ions by Prussian blue
analogues, including KMFC.

In this work, for the first time, KMFC was employed to
adsorb lead ions from an aqueous solution and achieved spec-
tacular results. The morphologies, specific surface area, and
pore size of the KMFC were investigated by various technical
characterizations. Moreover, the adsorption mechanisms of Pb
(IT) on the KMFC and various influencing factors, including
pH, ionic strength, adsorption isotherms, and adsorption
kinetics were investigated.

2. Experimental

2.1. Reagents

The chemical reagents used in this study were of analytical
grade or higher. Potassium ferrocyanide(Il) trihydrate (K4Fe
(CN)¢-3H,0, 99%) and manganese(Il) chloride tetrahydrate
(MnCl,-4H,0, >98%) were obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd; Potassium chloride (KCI,
>99.5%) was purchased from the Shanghai Macklin Bio-
chemical Co., Ltd.; Lead nitrate (Pb(NOs),), absolute ethanol,
NaOH, HCI, and HNO; were purchased from Guangzhou
Chemical Reagent Factory.

2.2. Preparation of KMFC

Preparation of the KMFC material generally followed the pro-
tocol of Jiang et al., although some improvements were imple-
mented in the present paper (Jiang et al., 2017). Initially,
Smmol of K4[Fe(CN)g] and 15 g of KCI were dissolved in
100 mL of ultrapure water to form Solution A, while 5 mmol
of MnCl, dissolving in 50 mL of ultrapure water to form Solu-
tion B. Then, Solution B was slowly dropwise (over 15 min) into
solution A under constant stirring. A white suspension was
formed and stirred for an additional two hours to facilitate the
completion of the reaction. The solid phase was subsequently
removed through centrifugation and then rinsed with ultrapure
water twice, vacuum dried at 110 °C, and ground into a powder
to obtain KMFC (potassium manganese ferrocyanide). Com-
pared with Jiang et al., this study has improved the preparation
time, the number of molding elution times and the drying time.
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Fig. 1
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Schematic diagram of the crystal structure of the Prussian blue analogue: (a) an ideal vacancy-free 4, M [Fe(CN)é}lfy framework;
- A, -nH,0 framework. Coordinating water molecules that occupied the cavities of each of the eight

sub-cubes are omitted for clarity. (0 < x < 2,0 <y < I; A represents mobile cations, such as Li*, Na™, K* etc., M represents transition
metal ions, such as Mn, Co, Ni, Cu etc., and A represents a [Fe(CN)y| vacancy occupied with coordinating water).

2.3. Adsorption experiments

For the isothermal adsorption experiments, different concen-
trations of Pb(II) solution (100-1000 mg L™, configured Pb
(NO3),, dissolved with a small amount of dilute HNOs3)
(30 mL) were adsorbed with 10 mg of the sample at a pH value
of 5.0 (adjusted with 0.1 mol L™' NaOH) at different temper-
atures (298-318 K), followed by shaking for 12 h. The result-
ing supernatant solution was filtered and finally measured to
quantify the Pb(II) concentration using a flame atomic absorp-
tion spectrophotometer(Xie et al., 2019b; Zhu et al., 2018).

The adsorption of KMFC on Pb(II) was expressed by the
quantity of metal ions adsorbed in the solution. The calcula-
tion formula is:

(Co—C)xV
m

e

(1)

where ¢, (mg L™") is the concentration of adsorbate at equilib-
rium, V (L) is the volume of adsorbate, m (g) is the mass of adsor-
bent, and q. (mg g~ ") is the adsorbed quantity at equilibrium.

2.4. Characterization of KMFC

The morphology of the KMFC powder was examined by
SU8220 scanning electron microscopy (SEM; Hitach, Japan).

Prior to SEM analysis, the sample was subjected to gold
spray treatment to form a conductive layer on the surface.
Transmission electron microscopy (TEM) images were exam-
ined by Tecnai G2 20 microscope (FEI, United States). Sur-
face area measurements were obtained with an ASAP2020
Plus HDS8S fully automatic specific surface area and porosity
analyzer (Micromeritics, United States). The sample was
degassed overnight under nitrogen prior to adsorption mea-
surements. The pore distribution and volume were calculated
using the adsorption branch of the N, isotherm based on the
BJH model. The XRD pattern of the prepared sample was
acquired using a D8 ADVANCE X-ray diffractometer (Bru-
ker, Germany) to confirm the structure of the KMFC. X-ray
photoelectron spectroscopy (XPS) was performed using an
Escalab 250Xi instrument (Thermo Fisher, Britain). The zeta
potential was measured at various pH with a Zetasizer
NANO ZS (Malvern, Britain). The functional groups on
the material were investigated via Fourier-transform infrared
spectroscopy (FT-IR, Nicolet6700, Thermo, United States).
The residual lead ions in aqueous solution were diluted to
below 10 mg/L and determined with an Atomic Absorption
Spectrometer (22000, Japan). The calibration curves of lead
ions were developed from 0 to 2, 4, 6, 8, and 10 mg L-1 in
a 2vol% of concentrated HNO; in ultrapure water
(R? > 0.9995).
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3. Results and discussion

3.1. Characterization of KMFC

The morphology of the KMFC was observed via TEM and
SEM. As a result, the TEM and SEM images in Fig. 2 depict
that KMFC was a cubic-like crystal with a particle size of 20—
30 nm. The crystal structure of the KMFC nano-cube was
characterized by powder X-ray diffraction (Fig. 3a). This con-
firmed the monoclinic phase structure of the KMFC, as the
sharp peaks confirmed that the product was well crystallized.
The N, adsorption-desorption isotherms of the KMFC were
shown in Fig. 3b. A specific Brunauer-Emmett-Teller surface
area of 42.240 m? g~' was measured for the KMFC powder.
The pore size distribution curve revealed an average pore size
of 100.080 A, which was mesoporous in nature, whereas the
KMFC pore volume was 0.183 m* g~'. The Type IV isotherms
with a hysteresis loop characteristic of large constricted meso-
pores were observed for the KMFC, which indicated a typical
mesoporous structure (TIWARI et al., 2013).

Meanwhile, the zeta potential was measured to elucidate
the KMFC-heavy metal interactions (Fig. 3c). The surface
charge of the KMFC was negative and became more so at
higher pH levels, which enhanced the electrostatic interactions
that accounted for improved adsorption (Efome et al., 2018).

The zeta potential of the KMFC was from —22 to —38 mV,
which reflects the stability of colloidal systems. As reported
in previous studies, most materials typically had an isoelectric
point (pHpzc), which indicated only a negative charge within a
certain range in the environment (Efome et al., 2018; Xin et al.,
2012). However, in contrast, the surface adsorption of nega-
tively charged KMFC can be widely employed to adsorb
cations throughout the environment (Efome et al., 2018).

3.2. Pb(II) adsorption kinetics by KMFC

Kinetics usually determine the mass transfer rate of adsorption
and are considered to be one of the most important consider-
ations (Chen et al., 2013). From Fig. 4a, the adsorption rate of
KMFC increased initially, growing rapidly, and then achieved
adsorption equilibrium at 180 min for Pb(II), because of the
high initial Pb(IT) concentration in the solution. At the onset,
the abundant adsorption sites on the KMFC surface facilitated
the rapid adsorption of Pb(II) at the adsorption sites (Yan
et al., 2017). When the adsorption process was prolonged, both
the Pb(Il) concentration and the available adsorption sites
were decreased, which resulted in a gradual decrease of the
Pb(II) adsorption rate. Finally, the Pb(II) adsorption process
reached saturation. The experimental adsorption results were
analyzed and calculated by kinetic models as follows:

Fig. 2

TEM images (a, b, ¢) and SEM images (d) of the KMFC.
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pseudo-first-order kinetic model,

t
In(g. = ¢;) = Inq, = ka5 =57 (2)
pseudo-second-order kinetic model,
t 1 t
= 4= 3
4 kq; 4. )
and intraparticle diffusion model,
q, =kt + C (4)

where q. and q, (mg g~!) are the adsorbed quantity of Pb(II)
by KMFC at equilibrium and at time t (min), respectively.
ke (min~!) and k (mg g~ "min~") are the pseudo-first-order
and pseudo-second-order rate constant, respectively. k;q(mg
¢ ' min~"%) represents the internal diffusivity constant of
the particle, and C represents the boundary layer thickness,
which is a constant.

Based on the calculated parameters (Table 1), the adsorp-
tion kinetic data fitted better with the pseudo-second-order
kinetic mode 1(R*>0.999), as compared to the pseudo-first-
order kinetic model. In addition, the q. value (1085.78 mg g~ ')
of Pb (II) onto KMFC calculated by the pseudo-second-order
kinetic model was similar to the experiment (uax
(1086.96 mg g~ '). It indicated that the adsorption process
may be dominated by surface complexation or chemisorption.
Moreover, chemisorption generally involves ion exchange and
covalent forces and (Dan et al., 2012; Fan et al., 2017; Sun
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-3
=
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(a) XRD pattern of KMFC; (b) N, adsorption—desorption isotherms of the KMFC; (c) Zeta potential of the KMFC.

et al., 2014), which could more accurately describe the adsorp-
tion kinetics of adsorbates on sorbents.

The adsorption kinetics involves three adsorption pro-
cesses: external liquid membrane diffusion, surface adsorp-
tion, and intraparticle diffusion. In order to further
analyze the adsorption control mechanism and diffusion
phenomenon, an intraparticle diffusion model was estab-
lished. Fitting a particle diffusion model at each stage to
obtain the intra-particle diffusion curve equation, the data
are shown in Table 2. From Fig. 4d, the adsorption process
was divided into three different stages, where the first stage
was the liquid film diffusion process, followed by the intra-
particle diffusion process and the adsorption saturation
(Zhou et al., 2018), respectively. In summary, Pb(II) adsorp-
tion process onto KMFC was dominated by the pseudo-
second-order kinetic, with intraparticle diffusion.

3.3. Pb(1l) adsorption isotherms by KMFC

The equilibrium adsorption isotherm is critical in the adsorp-
tion system because it describes the balance and interaction
between adsorbates and sorbents (Sharma et al., 2017). From
Fig. 5a, the level of adsorption on the KMFC was increased
with higher Pb(II) concentrations. The quantity of Pb(II)
adsorption increased slowly as the concentration of Pb(II)
attained a certain value to eventually reach saturation, which
indicated that the quantity of Pb(II) adsorption onto the
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Fig. 4 (a) Effect of the contact time on adsorption of Pb(II) via KMFC (30 mL Pb(II) of 800 mg L™, 10 mg KMFC, 25 °C, pH = 5.0,
220 rpm), and the adsorption kinetics modeled with (b) pseudo-first-order, (c) pseudo-second-order and (d) intraparticle diffusion.

Table 1 Constants and correlation coefficients for the kinetics models.

Metal ion Initial concentration Pseudo-first-order model Pseudo-second-order model
Co (mgL™") qe (mgg ) Kaa (min~") R? ge (mg-g™) k (mg-g~"'min~") R?
Pb(1I) 800 268.097 0.01244 0.83786 1086.96 116.2791 0.99987

Table 2 Constants and correlation coefficients for intraparticle diffusion model.

Metal ion Liquid film diffusion Intraparticle diffusion Equilibrium stage
Kig1 (mg-g~'min~*%)  C R? ki (mgg~''min~*%)  C, R? Kigs (mg-g~'min~*%)  C5 R?

Pb(1I) 37.195 819.195 0.9944 2.079 1013.721 0.9817 0.571 1065.424  0.7568
KMFC was related to the concentration of Pb(II) in the equi- Ce _ 1 C. (5)
librium solution. As the temperature was increased, the maxi- 4 DKL Qoax
mum level of Pb(IT) adsorption increased gradually, indicating InC.
that higher temperatures benefit the adsorption process. Ing, = InKyr + " (6)

The Langmuir Eq. (5), Freundlich Eq. (6), Temkin Eq. (7),

and Dubinin—Radushkevich (D-R, Egs. (8)—(10)) isotherm g, = EIMKT n R—TlnCe (7)

models were proposed as the following Equations: br br
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Ing, = —pe* + Inq,, (8)

¢ = RTIn(1 + Cl) 9)
1

E = ﬁ (10)

where c.(mg L™") is the Pb (II) equilibrium concentration; g
and Quax(mg g~ ') are the adsorption quantity at adsorbed

equilibrium and the theoretical maximum adsorption amount,
respectively; Ky (L mg™") and Kp((mg g~")-(L mg~")"/") are the
Langmuir and the Freundlich constant, respectively; 1/n is the
heterogeneity factor; Kt(L mg™") is the equilibrium binding
constant, by is the Temkin isotherm constant, q,, (mg g’l) is
the theoretical isotherm saturation amount, p(mol* kJ™2) and
¢ are the Dubinin—Radushkevich isotherm constant, R
(8.314 J-mol~ 'K 1) is the universal gas constant, T(K) is the
Kelvin temperature, and E is the free energy.
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All isotherms showed a similar shape and were nonlinear
under a wide range of aqueous solution equilibrium concentra-
tions (Fig. 5). The fitting constants and correlation coefficients
(R?) were both summarized in Table 3. The data for the Pb(II)
adsorption quantity at adsorbed equilibrium(q., mg g~ ') and
equilibrium concentration (C,, mg L) were well-fitted to
the Langmuir isotherm model(R? > 0.994), which signified
that Pb(II) adsorption onto the KMFC was monolayer molec-
ular adsorption (Xin et al., 2012). In addition, a notable char-
acteristic of the Langmuir adsorption isotherm could be
represented by the separation constant R7, Ry = 1/(1 + cob)
(CRINI et al., 2007). The R} values were 0.9947-0.9983, which
verified that the shape of the isotherms was favorable
(0 < R} < 1) (Bulut et al., 2008).

According to the Langmuir model, the maximum adsorp-
tion capacity of Pb (IT) was 1075.27 mg g~' on KMFC, which
was similar to the calculated q. (1085.78 mgg™') of the
pseudo-second-order kinetic model. Compared with other
reported sorbents, the adsorption capacity of Pb(Il) on KMFC
was far higher than any other sorbents (Algadami et al., 2019;
Lin et al., 2011; Liu et al., 2011; Xin et al., 2012; Xu et al.,
2013) (Table 4). These comparisons confirmed that KMFC
had a surprisingly excellent adsorption capacity, which fully
demonstrated its adsorption advantages.

On the basis of the correlation coefficients in Table 3, Tem-
kin model (R*) 0.992) could also fit the adsorption process
well. The Temkin isotherm model assumes an indirect interac-
tion between adsorbates and sorbents and describes this
chemisorption using principal electrostatic interactions (Fan
et al., 2017). The molecular heat of the adsorption decreases

linearly with increases in coverage (Dil et al., 2017). From
the table, the correlation coefficient (R%) of Temkin adsorption
isotherm was>0.985, which was superior to the Freundlich
adsorption isotherm (R > 0.902) and D-R isotherm models
(R? > 0.795). Thus, electrostatic interaction was an important
mechanism between the Pb(II) and KMFC, which was consis-
tent with the result of the pH influence.

In summary, the above fitting results revealed that the lin-
ear correlation coefficient of the Langmuir and the Temkin
isotherm models were higher than the others. Hence, the
KMEFC involved uniform monolayer adsorption and electro-
static interactions for the removal of Pb(II). It was further
indicated that the adsorption process may be caused by ion
exchange adsorption to Pb(II) on the surface of the sorbent,
or electrostatic adsorption to Pb(II), due to the negative charge
on the surface of the sorbent, rather than physical adsorption
as determined by van der Waals forces.

3.4. Adsorption thermodynamics for Pb(II)

It is critical to calculate the thermodynamic parameters, as
they elucidate the thermodynamic changes during the adsorp-
tion process. (Ali et al., 2016). The thermodynamic theory
assumes that entropy change is the driving force behind the
inability to obtain and lose energy in isolated systems (Fan
et al., 2011; Lei et al., 2017). At the same equilibrium concen-
tration, the quantity of adsorbed Pb(II) increased with higher
temperatures, which indicated that an elevated temperature
was beneficial to the adsorption process.

Table 3 Constants and correlation coefficients of adsorption isotherms.

Temperature/K Langmuir model Freundlich model
qum/(mg/g) K /(L/mg) R{ Kr/(L/g) n RE
298 1075.27 0.04021 0.9947 202.6135 3.5932 0.9293
308 1111.11 0.04663 0.9978 232.4790 3.8241 0.9028
318 1123.60 0.06168 0.9983 271.1033 4.1237 0.9203
Temperature/K Temkin model D-R model
br K /(L/mg) RT qm /(mg/g) B (mol’ /kJ?) E () Rbr
298 15.7337 1.5065 0.9924 812.53 0.000003 408.248 0.7951
308 16.7113 2.3053 0.9850 870.36 0.000002 500.000 0.8771
318 18.3549 4.5159 0.9937 866.45 0.000001 707.407 0.8045
Table 4 Comparison of maximal reported adsorption capacity of Pb(II) removal with various adsorbents.
Name Structure BET Pore volume (. pHpe References
m’/g)  (em’/g) (mg/g)
KMFC Mesoporous, cubic lattice 42.24 0.18 1075.27 None, always  This study
structure negative
Amine-functionalized mesoporous Mesoporous 25.94 0.18 369.0 4.0 Xin et al.,
Fe304 (AF-F6304) 2012
Titania—silica—phosphonate (TSP) Mesoporous, semicrystalline 670 1.1 92.40 — Lin et al.,
anatase structure 2011
Fe;04@TATS@ATA Mesoporous, nanocomposite 114 0.054 205.2 5.3 Algadami
et al., 2019
Iron oxide magnetic nanoparticles - - - 188.25 - Xu et al.,
(MNPs) and Ca-alginate 2013
Pb(II) ion-imprinted polymer (Pb(II)- Mesoporous 113.81  0.27 38.10 - Liu et al.,
IIP) 2011
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Table 5 Thermodynamic data for the adsorption of Pb(Il).

Temperature AG AH AS

(K) (x10°Jmol™")  (x10*Jmol™")  (J:mol”"K™)
298 —22.367 16.793 131.212

308 —23.497

318 —24.999

Thermodynamic parameters such as Gibbs free energy
(AG®, J-mol™"), enthalpy change (AH®, J-mol™!), and entropy
change (AS®, J-mol~".K~') are calculated according to Egs.

(11)-(13).

AG® = —RTInK, (11)
AS'  AH°
AG® = AH® — TAS® (13)

where K4(L mol™!) is the apparent equilibrium constant,
which is transformed from the Langmuir isotherm constant
KL-

Combined with the Langmuir isothermal equation, the
specific analytical results were listed in Table 5. The negative
value of AG® indicated that the Pb(II) adsorption process onto
the KMFC was spontaneous. And, the AG? value decreased
slightly, with the temperature increased, indicating that high
temperatures were beneficial for the adsorption process. The
positive value of AH manifested that the Pb(II) adsorption
onto KMFC was an endothermic process, whereas the positive
value of AS signified that the degree of chaos was increased
during the Pb(II) adsorption process.

3.5. Adsorption mechanisms

Based on the above discussion, the mechanism of Pb(II)
removal may involve electrostatic attraction and chemisorption
(ion exchange). To further demonstrate this, Fourier-transform
infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) characterizations were confirmed.

The FTIR spectrum of KMFC in the range of 4000—
450 cm™' was depicted in Fig. 6a and the typical functional
groups are shown in Table SI. The peaks of the primary
KMFC functional groups included 3433.03cm~! (O—H
stretching), 2068.17 cm™! (C=N stretching), 1629.30 cm™!
(O—H bending), 594.06cm ™' (Fe—CN stretching) (Wang
et al.), and 452.76 cm~! (Mn—CN stretching). Several peaks
were altered when the Pb(II) was adsorbed to the KMFC,
including 3433.03 — 3468.63 cm ™', 2068.17 — 2040.43 cm ™',
1629.30 — 1617.32cm™",  594.06 — 596.18 cm™"', 452.76 —
453.92 cm™!. Therefore, the lead ions occupied interstitial cav-
ities within the cubic lattice of the KMFC, which did not affect
the basic structure (Guo et al., 2018).

To further determine the KMFC surface chemistry, XPS
analyses were conducted. As shown in Fig. 6, the main elemen-
tal composition prior to adsorption included Fe, Mn, C, N, K,
and O. Once the adsorption was completed, Pb4f appeared on
the full spectrum (Fig. 6b), which signified that Pb was
adsorbed to the KMFC. The XPS spectrum of Pb 4f was fitted
to the peaks, as shown in Fig. 6d. It can be seen that there were
two peaks Pb 4f5; (142.96 eV) and Pb 4f;,, (137.72 eV), which

corresponded to Pb (II) (Wang et al., 2015). This revealed that
the adsorption of Pb(II) by KMFC did not alter the valence of
Pb. A plausible mechanism for the lead adsorption was that
the negative KMFC surface facilitated the attraction of posi-
tively charged cations. The lead was adsorbed by KMFC
started with electrostatic attraction, and then exchanged with
potassium in the KMFC, that was evidenced via XPS, by the
absence of the potassium peak following adsorption
(Fig. 6b). Lead ions could easily enter the KMFC to be
exchanged with potassium within the crystal lattice to achieve
adsorption, due to the defect void structure of the KMFC
(Shao et al., 2019; Xie et al., 2019a).

To further demonstrate the exchange of lead and potassium
ion in solution, a supplementary experiment was performed as
described below, with the results shown in Fig. 7. The concen-
tration of Pb(II) in the solution began to decline to equilibrium
over time, while potassium ions began to increase to equilib-
rium. Moreover, changes in the amount of substance of lead
ions were smaller than those of potassium ions (Fig. 7b), i.e.
An(Pb*") < An(K™), rather than An(Pb*") = 2An(K™).This
undoubtedly confirmed the existence of an ion-exchange mech-
anism (K™ exchange) during the adsorption process, where ion
exchange was dominant, though not the only mechanism
involved.

3.6. Stability and recyclability of KMFC in the present system

The effect of pH on adsorption is extremely large, as it affects
the surface charge and functional groups of the sorbent, even
the morphology of metal ions in solution (Kotodynska et al.,
2012). The result (Fig. S2) shown that the quantity of Pb(II)
adsorption decreased as the pH increased. Meanwhile, the
experiment found that the morphology of the KMFC did
not change significantly (Fig. S3) while keeping in strong acid
and alkali for 5 h. It also can be seen from the FTIR spectrum
(Fig. S4), the chemical structure of KMFC did not change at
pH = 2 or pH = 10, which proved the great pH stability of
KMEFC. Also, a cycling experiment was conducted in this
study. A mixture of metal salts (0.5 M KCIl and MnCl,) was
used as a desorption agent under batch conditions, due to
the ion exchange of lead onto KMFC. It can be seen in
Fig. S5 that after three cycles, the adsorbed quantity of KMFC
was kept in 804.68 mg g-1, which was still higher than many
other sorbents (Lin et al., 2011; Xu et al., 2013). Therefore,
the KMFC was a promising highly-efficient and recyclable sor-
bent for the removal of Pb(Il) from wastewater.

4. Conclusions

For this study, an efficient K-rich Prussian blue analogue sor-
bent, referred to as KMFC, was facilely synthesized and
employed for the first time to remove Pb(Il) from aqueous
solutions. The preparation procedure of KMFC was simple,
cost-effective, and environmentally compatible. The adsorp-
tion of Pb(II) onto the KMFC attained equilibrium within
180 min. at pH 5.0 and agreed well with the pseudo-second-
order kinetic model, as well as the Langmuir and Temkin
adsorption isotherm models. The maximum adsorption capac-
ity of the KMFC for Pb(II) was 1075.27 mg g~ at room tem-
perature, which was significantly higher than any other
reported materials. According to thermodynamic analyses,
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the adsorption process was endothermic and spontaneous. The

mechanism of Pb(II)

adsorption involved electrostatic

attraction and ion exchange, among which ion exchange was

dominant. It is anticipated that this K-rich Prussian blue ana-
logue will have broad applicability and efficiency for the
removal of lead ions from wastewater.
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