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Abstract

Natural phosphorus-ferromanganese ore (NPO-NFMO) based composites by mechanical ball milling method, applying for
the simultaneous remediation of arsenic (As) and lead (Pb) co-contaminated groundwater. Kinetic behavior adopted pseudo-
second-order adsorption mechanism attaining equilibrium in 120 min over a wide pH range (2.0-6.0). NPO-NFMO realized
higher adsorption capacity for As(III) (6.8 mg g~') and Pb(II) (26.5 mg g~') than those of single NPO (1.7 and 7.8 mg g~})
and NFMO (2.9 and 5.1 mg g~}), indicating that synergistic effects of NPO and NFMO considerably enhanced the adsorp-
tion capacity in mixed adsorption system. Fresh and used NPO-NFMO were characterized, and indicated that NPO-NFMO
formed stable minerals of PbAs,O4 and PbFe,(AsO,),(OH),. The underlying adsorption mechanism indicated that As(III)
and Pb(II) removal was involved with multiple mechanisms, including electrostatic adsorption, oxidation, complexation,
and coprecipitation. The effects of key reaction parameters including mass ratios of NPO and NFMO, initial metal ion con-
centration, dosage, solution pH, and co-existing anions in groundwater were systematically investigated. The novel designed
NPO-NFMO-based composites can be deemed as a promising amendment for simultaneous immobilization of As(III) and
Pb(II) in co-contaminated soil and groundwater.

Keywords Phosphorus-ferromanganese ore-based composites - Arsenic- and lead-co-contaminated groundwater -
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Introduction

Heavy metals are common pollutants in contaminated soil and
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Among the various remediation techniques includ-
ing adsorption, coagulation, flocculation, ion exchange,
electrodialysis, and membrane separation, adsorption was
most frequently used owing to its straightforward, opera-
tional simplicity, high efficiency, and cost effectiveness
(Meng et al. 2019). To date, diverse passivation agents,
such as iron-manganese-based materials (Qureshi et al.
2022), phosphorus-based materials(Cui et al. 2022), and
biocarbon materials (Liao et al. 2022) have been widely
used for heavy metal adsorption, which exhibited superior
performance owing to the large surface areas and preferred
surface properties. Recent researches focus on investiga-
tion of cost-efficient sorbents and the use of adsorbents
based on natural waste, and other readily available materi-
als to develop low-cost treatment strategies.

In many natural mineral materials, iron-based materials
are widely evaluated owing to their magnetic properties,
many active sites and high activity (Akin et al. 2012; Sun
et al. 2019; Zhang et al. 2007). However, most studies have
shown that iron-based materials exhibit better removal per-
formance for As(V) than As(III) (Cheng et al. 2016) mainly
because of the low affinity for arsenite (AsO,”) at low
concentrations of adsorbent, which requires an oxidative
pretreatment to improve removal performance (Chen et al.
2018; Zhang et al. 2020). Considering the high oxidation
potential of manganese oxides for As(IIl), it is an effective
additive for iron-based oxides, improving their adsorption
capacity toward As(III) in a wide pH range including acidic
environment (Gude et al. 2017; Lenoble et al. 2004; Wang
et al. 2020). Thus, an environmentally friendly natural fer-
romanganese ore (NFMO) is very advantageous for the
removal of As-containing pollutants. In addition, natural
phosphate ore (NPO, Cas(PO,);F) has been proven to be
another efficient and promising amendment due to low cost,
water insolubility, high biocompatibility, and high capac-
ity toward heavy metals. Note that Ca>* in NPO can be
replaced with metal cations such as Pb?* via ion exchange
reactions, resulting in excellent cation adsorption. NPO can
combine with Pb** to form stable precipitates, effectively
slowing down the migration and transformation ability,
reducing their biological toxicity. However, these natural
mineral materials still suffer from low capacity in the mix-
ture of heavy metals anions and cations ions removal. The
main objective of heavy metal adsorption was to remove a
single or the same kind of heavy metal. Previous research
of simultaneous or selective removal of multi-component
heavy metals was limited, leading to a negative effect on
remediation of heavy metals co-contaminated sites. There-
fore, in view of the completely opposite chemical properties
of Pb-As and the difficulty of simultaneous detoxification, it
is of great significance to develop the natural mineral based
composites for the simultaneous effectively remediation of
arsenic-and lead-co-contaminated soil and groundwater.

Herein, the main objectives of the present study were to
develop a novel natural phosphorus-ferromanganese ore (NPO-
NFMO) based composites and systematically investigate the
potential synergistic effects for the simultaneous remediation
of arsenic- and lead-co-contaminated groundwater. The mecha-
nism of As(III) and Pb(Il) removal were proposed by the charac-
teristics of the changes in physicochemical properties of natural
phosphorus-ferromanganese ore-based composites before and
after reaction. Furthermore, the effect of key reaction parameters
including mass ratios of NPO and NFMO, initial dosage, and
pH was also explored and the effect of co-existing anions in
groundwater on the simultaneous removal of As(IIT) and Pb(II)
by NPO-NFMO composites were systematically investigated.

Materials and methods
Materials

All solutions were prepared with ultrapure deionized water
(182 MQ cm™!, Millipore). The multi-metal stock solution
was prepared with ultrapure deionized water using sodium
arsenite and lead nitrate, which were purchased from the
Sinopharm Group Chemical Reagent Co., Ltd. All reagents
were of analytical grade without further treatment.

Preparation of the NPO-NFMO-based composites

Natural phosphorus ores (NPO) were purchased in Chaoy-
ang City, Liaoning Province, China. Natural ferroman-
ganese ores (NFMO) were obtained from Gabon, South
Africa. These natural minerals were first ground by ball
mill, screened for 100 meshes and set aside. The chemi-
cal composition of selected natural minerals was analyzed
by X-ray fluorescence (XRF, AB104L, AxiosmAX) and the
results were shown in Table S1 and S2 in Supplementary
Materials (SM).

The NPO-NFMO-based composites with different mass
ratios of NPO and NFMO (NPO: NFMO=1:1, 1:2, 1:3, 1:4,
4:1, 3:1, and 2:1) were synthesized by the modified meth-
ods reported before via mechanical ball milling method
according to the following procedure (Gao et al. 2015; Li
et al. 2009). Various proportions of NPO and NFMO mass
were weighed, and then added to two ball milling tanks and
sealed. Before ball milling, high-purity argon gas was filled
to protect the samples during ball milling. The spheroink
tank was made of stainless steel, lined with PTFE tank, and
the grinding ball was grinding with four kinds of zirconia
ball, with a mass ratio of 3:8:20:8 and a ball-to-material
ratio of 35:1. The NPO-NFMO-based composites with dif-
ferent mass ratios of NPO and NFMO were prepared by
alternating forward ball milling (550 rpm) for 10 min, fol-
lowed reverse ball milling (550 rpm) for 10 min, so that
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the cumulative ball milling time of the mixture of NPO
and NFMO reached 8 h. All as-prepared powders were
abbreviated as INPO-1NFMO, INPO-2NFMO, 1NPO-
3NFMO, INPO-4NFMO, 4NPO-1NFMO, 3NPO-1NEMO,
and 2NPO-1NFMO, which were representative of different
mass ratios of NPO and NFMO as 1:1, 1:2, 1:3, 1:4, 4:1,
3:1, and 2:1, respectively.

Adsorption kinetics experiments

The adsorption efficiency of As(III) and Pb(II) on the
NPO-NFMO composites were obtained using batch tests at
pH=6.0. Then, 150 mg of the NPO-NFMO composite with
the mass ratio of 1:4 was loaded in the 100 mL Erlenmeyer
flasks. Initial As(III) and Pb(II) concentrations were 5 mg L!
and 15 mg L™!, respectively. The Erlenmeyer flasks were
placed on the horizontal oscillator at 160 rpm for 120 min
at 25+ 1 “C. Simultaneously, series of batch tests were per-
formed to investigate the effect of NPO-NFMO composites
with the different mass ratio (1:1, 1:2, 1:3, 1:4, 2:1, 3:1, and
4:1), dosage (0.5, 1, 1.5,2,and 3 g L_l), initial pH (2, 3,
4, and 6), initial combined contamination concentrations
(As(IIT) 2 mg L™' +Pb(IT) 6 mg L ™!, As(IIT) 5 mg L~! +Pb(II)
15 mg L™!, and As(IIT) 10 mg L="+Pb(II) 30 mg L™!) and
coexisting anion (SO42_ and CI7) on the adsorption efficiency.
The pH was adjusted to 2, 3, 4, and 6 with dilute HNO; and/
or NaOH solution to avoid the metal precipitation caused
by hydrolysis at pH> 6. The changes of As(IlI), As(V), and
Pb(II) concentration in the treated solutions were analyzed
after time intervals (0, 5, 20, 40, 60, and 120 min) by using
inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7800, U.S.A) and liquid chromatography-atomic
fluorescence spectroscope (LC-AFS, Haiguang 6500, China).

Kinetics experiments were conducted in batches to deter-
mine the adsorption efficiency of As(II) and Pb(II) from
arsenic- and lead-co-contaminated groundwater onto the NPO-
NFMO composite. Two adsorption kinetics models (pseudo-
first-order kinetic model Eq. (1) and pseudo-second-order
kinetic model Eq. (2)) were analyzed to evaluate the experi-
ment data. The arsenic and lead adsorption capacity on NPO-
NFMO composite was calculated using the following equation:

g =q,x (1-e™") (1)

t_ 1t

49 kq* q. &
Vx(Cy—C,

go=—"@r—" 3)

where q, (mg g~') was the removal amount of the NPO-
NFMO base composite at the equilibrium concentration
(Eq. (3)), q, was the amounts of subjected analyte adsorbed
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(mg g~ 1) at any time (min). k, (min~") and k, (g mg~' min~!)
are the rate constant of the pseudo-first-order kinetic model
and pseudo-second-order kinetic model, respectively. V (L)
represented the solution volume. m (g) meant mass of the
NPO-NFMO composites. C, (mg L") and Cy (mg L") are
the equilibrium combined contamination concentrations and
initial combined contamination concentration, respectively.

Analytical and characterization methods

The surface morphologies of NPO, NFMO, and NPO-NFMO
composites were analyzed by scanning electron microscopy
(SEM, SU-8010, Hitachi) and the elements compositions were
detected by energy dispersive X-Ray spectrometer (EDS) and
elemental mapping analysis. The zeta potential measurements
were tested on a Malvern Zetasizer NanoZSP (Malvern Instru-
ments Ltd, UK). The crystallinity and chemical composition
of the sample powder were identified by X-ray powder dif-
fraction (XRD) analysis with Cu Ka radiation in the range
of 10-80° (Bruker D8 advance Germany). Fourier transform
infrared spectroscope (FT-IR, Tensor II, Bruker, Germany)
was used to identify the distribution of functional groups on
the sample surface between different materials at a resolution
of 1 ecm™!. X-ray photoelectron spectroscopy (XPS) was used
to analyze the elemental chemical states and surface com-
position in composites materials before and after adsorption
process. Zero point charge pH (pHpc) of the NPO-NFMO
composite was determined by acid-base titration method as
described by Stumm and Morgan (Stumm and Morgan 1996).
The specific surface area and pore size of adsorbents material
was measured by Brunauer-Emmett-Teller (BET) N, adsorp-
tion method where the samples were dried with a constant
flow of N, at 60 °C for 24 h (ASAP 2460, McMortic, USA).

Results and discussion

Characterization of the NPO-NFMO-based
composites

The phase and crystallinity information of the fresh NPO,
NFMO, and NPO-NFMO-based composites characterized by
XRD measurement were shown in Fig. 1. The characteristic
peaks of the fresh NPO were clearly observed at 26 =31.9°,
32.3°,33.1°, and 34.1°. These peaks matched well with the
JCPDS data for Cas(PO,);F (JCPDS No. 15-0876) (Zhang
et al. 2014). The fresh NFMO contained complex composi-
tion and weak crystallinity due to the peaks with wide and
low intensity. The characteristic peaks of the fresh NFMO
were clearly observed at 20=21.2°, 26.3°, and 36.6°, which
matched well with the JCPDS data for goethite (FeOOH)
(JCPDS No. 29-0713) (Hu et al. 2019) and MnO, (JCPDS
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Fig.1 XRD patterns of the fresh NPO, NFMO, and NPO-NFMO-
based composites

No.42-1316) (Feng et al. 2020). The characteristic peaks of
the fresh NPO-NFMO-based composites matched well with
the JCPDS data for Ca5(PO,);F (JCPDS No.15-0876), MnO,
(JCPDS No.42-1316), and FeOOH (JCPDS No.29-0713),
indicating that the two minerals were thoroughly mixed
together.

Fig.2 SEM images and EDS-
mapping of the fresh NPO,
NFMO and NPO-NFMO

To understand surface morphologies of the fresh NPO,
NEFMO, and NPO-NFMO composite, SEM analysis were per-
formed. As shown in Fig. 2, fresh NPO was more dispersed
and has larger particles. By contrast, the NFMO particles
had a cluster structure and possessed a certain specific satu-
ration magnetization of 2.38 emu g~! (Fig. S1). The NPO-
NFMO-based composite exhibited sheet-like particles with
a cluster structure. The specific saturation magnetization of
the NPO-NFMO-based composite decreased to 1.80 emu g™
The calculated BET specific surface areas for the fresh NPO,
NFMO, and NPO-NFMO composite were 10.39, 148.98, and
97.98 m? g™, respectively. NPO particles displayed a size dis-
tribution around 2.6 um; while NFMO was at around 1.3 pm.
In a similar trend to the surface area results measured by BET,
NPO-NFMO had a smaller particle size than NPO due to the
successful loading of NFMO, but was larger than NFMO at 1.5
(Fig. S2). Therefore, the surface area of NPO-NFMO compos-
ite material increased, indicating an increase in its reactivity.

Synergistic effectiveness and kinetics

Figure 3 showed the synergistic removal efficiency of As(III)
and Pb(Il) by the NPO-NFMO-based composites. The
removal efficiencies of NPO, NFMO, and NPO-NFMO-
based composite were compared. The removal efficiencies
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of As(IIT) + Pb(I) by NPO, NFMO, and NPO-NFMO-based
composite were 44.2 +58.8%, 99.8 +32.4%, and 100+ 100%
after 120 min. A much higher removal efficiency of As(III)
and Pb(II) concentration was observed in the presence of
NPO-NFMO-based composite, suggesting that the syn-
ergistic contribution between NPO and NFMO was non-
negligible. NPO-NFMO realized higher adsorption capac-
ity for As(IIT) (3.1 mg g~!) and Pb(II) (12.5 mg g~!) than
those of either NPO (1.3 mg g™' and 7.3 mg g~!) or NFMO
(2.7 mg g~" and 4.1 mg g~"). After finally determining the
best ratio of NPO-NFMO materials, it was compared with
two common types of materials on the market, Hematite and
Manganese, respectively (Fig. S3). The results showed that
NPO-NFMO has good removal performance of As(IIl) and
Pb(II) composite pollution. We also performed the dissolu-
tion of metal ion from the NPO-NFMO (Fig. S4). It showed
that after 120 min of adsorption, the leaching concentration
of Fe, Mn, and P are lower than those before adsorption, and
lower than the groundwater quality standard. It indicates that
the NPO-NFMO material can be studied extensively as a
restoration material.

The pseudo-first-order and pseudo-second-order were
used to describe kinetic mechanism of the adsorption pro-
cess (Fig. 4a, b). As observed, the regression coefficients of
the pseudo-second order kinetic fitting (Fig. 4b) for the NPO,
NFMO and NPO-NFMO-based composite are greater than
that of the pseudo-first-order kinetic fitting (Fig. 4a), indicat-
ing that the adsorption reaction was more consistent with the
pseudo-second-order kinetic model. Specifically, the As(III)
and Pb(II) removal rate constant of the pseudo-second-order
kinetic model onto NPO-NFMO-based composite were
1.1x107' gmg™' min~" and 7.2x 1072 g mg™! min~", respec-
tively, which were observably higher than those of either NPO
(4.7x1072 g mg™' min~"' and 1.5%x 1072 g mg~! min™!) or
NFMO (54x107% gmg ™' min~' and 1.3x 107> g mg™" min™").
The adsorption of As(IIT) and Pb(Il) by NPO-NFMO-based
composite was likely to be kinetically controlled as a sec-
ond-order reaction and this adsorption was dependent on the
concentration of both adsorbent and adsorbate. Figure S5
showed the potential energy of NPO-NFMO before and after

adsorption. After adsorption, the Zero point charge pH (pHypc)
of NPO-NFMO moved from 5.1 to 6.25. The results revealed
that chemisorption was the main adsorption mechanism, involv-
ing electrostatic attraction (Ain et al. 2020).

Effect of mass ratios of NPO and NFMO, initial
dosage, and pH

Figure 5a, b showed the synergistic removal efficiency
of NPO-NFMO composites for As(IIT) and Pb(II) with
different ratios. After 120 min, INPO-4NFMO showed
the highest removal rate for As(III) + Pb(II). The pseudo-
second-order kinetic model analysis of the adsorption data
of As(III) and Pb(II) onto the NPO-NFMO-based compos-
ites with different mass ratios. It can be observed that the
As(III) removal rate constant of the pseudo-second order
kinetic model increased from 2.0x 1072 g mg~! min™!
(INPO-1NFMO) and 1.9x 1072 g mg~! min~! (INPO-
2NFMO) to 4.8 x 1072 ¢ mg™' min~! (INPO-3NFMO)
and 1.05x 107! g mg~! min™' (INPO-4NFMO), and
then decreased to 1.6x 1072 ¢ mg~' min~! (2NPO-
INFMO), 1.6 x 1072 g mg~' min~! (3NPO-1NFMO),
and 2.0x 1072 g mg~! min~! (4NPO-1NFMO). Simi-
larly, the Pb(II) removal rate constant decreased
from 1.2x 1072 g mg~! min~! (INPO-1NFMO)
to 1.1x1072 ¢ mg~! min~! (INPO-2NFMO), and
1.1x 1072 g mg~! min™' (INPO-3NFMO), and then
abruptly increased to 7.2x 1072 g mg~! min~! (INPO-
4NFMO), and finally decreased to 1.1 x 1072 g mg~! min~!
(2NPO-1INFMO), 2.0x 1072 g mg~! min~! (3NPO-
INFMO), and 1.7 x 1072 g mg~! min~! (4NPO-1NFMO).
Results indicated that the mass ratio within a certain range
could enhance the synergistic contribution from NPO and
NFMO. Therefore, INPO-4NFMO was chosen to better
elucidate NPO-NFMO in the removal of the combined
As(IIT) and Pb(II).

The NPO-NFMO-based composite dose plays a signifi-
cant role in the optimization of adsorption capacity. The
effect of the NPO-NFMO-based composite dose was exam-
ined by adding 0.5, 1, 1.5,2,and 3 g L~! of INPO-4NFMO

Fig.3 Synergistic removal 10{9As 32— NPO 10{9 pp, >—NPO
efficiency of As(III) and :
—3—NFMO ——

Pb(II) by NPO, NEMO, o o o5 R
and NPO-NEMO-based L —&— NPO-NFMO " —@—NPO-NFMO
composite. Reaction condi- - -
tions: [As(Il)] =5 mg L™!, S S
[Pb(II)] =15 mg L™, adsor- o S
bents dosage of 1.5 g L™!, 0.4 044
V=100 mL

0.2 0.2

0.0 0.0

0 25 50 100 125 0 25 50 75 100 125

Time (min)

@ Springer

Time (min)



Environmental Science and Pollution Research (2023) 30:102446-102461

102451

a Pb
( )3. As J— 7 Q_____-____"_"_-_"O 12 ek T P---=- B e EE L PR o
S & ) ¢ @ ~po R'=0.898 k=0.172
A S ol ! @ NFMO R?=0.789 k=0.195
cH Qo @ NPO R'=0.940 k=0242 | @ : @ NPO-NFMO R’=0.997 k=0.447
E / @ NFMO R=0.966 k=0.134 | ¥ | ! a 9
=, U e g e s R e
S P 9 NPONFMO R=0988 k=021} |61 | -~ 4
B e i e B TR SR « A |
N 9 9
14 :.’D/ 2 1 Je— B e
t 34 sl [*)
i 9
§
: L
o{a@ 0{d
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
(b)100 - 35
As @ NPO R?=0.987 k=0.047 Pb @ NpPO R?>=0.995 k=0.015
% @ NFMO R2=0.999 k=0.054 | 301 @ NFMO R=0.977 k=0.013
= @ NPO-NFMO R’=0.999 k=0.105 _.-""’Q 25 4 @ NPO-NFMO R’=0.999 k=0.072 e
‘o0 et ~ e
g J -
:u60 - E" 20 - -
£ o & .
£ - = 3 £ 15 - e -
& Q.- et nare g Q. e
- -~ amen il 10 g T o
. e - o - oot
20+ L 3.._-_-;.:-3' P
P 5] e et -
S el
0 oL §
0 20 40 6 80 100 120 0 20 40 60 80 100 120
Time (min)

Fig.4 Pseudo-first-order (a) and pseudo-second-order (b) kinetic model analysis of the adsorption data of As(II) and Pb(II) onto the NPO,

NEFMO, and NPO-NFMO based composite

to 100 mL of 5 mg L~! As(IIl) and 15 mg L~! Pb(II) aque-
ous solution and shaking for 120 min. Figure 6 showed the
synergistic removal efficiency of NPO-NFMO composites,
pseudo-second-order kinetic model analysis of the adsorp-
tion data of As(IIT) and Pb(II) onto the INPO-4NFMO-
based composite. It was observed that the As(III) removal
rate constant increased from 1.3x 1072 ¢ mg~! min~!
to 2.1x1072 g mg™! min~!, 1.1x 107! g mg™" min~!,
1.2x 107" g mg™' min~!, and 2.4 x 107! g mg~! min~! with
an increase in adsorbent dose due to the increase in the avail-
ability of more adsorption sites occupying the adsorbate.
However, the Pb(II) removal rate constant first increased
from 1.0x 107> g mg™' min~! to 1.2x 107> g mg~! min~!
and 7.2x 1072 g mg~' min~!, and then decreased to
1.3x1072 g mg~! min~' and 2.8 x 107> g mg~! min~". This
might be attributed to the adsorption sites of As(III) and
Pb(II) increased with the increase amount of 1NPO-4NFMO,
but when the amount of INPO-4NFMO was excessive, the
utilization rate of adsorption sites reduced and the adsorp-
tion capacity decreased due to overlap of adsorption sites. In
addition, the produced As(V) in solution was detected during
INPO-4NFMO reacting with As(III). Figure 6¢ also showed
that the residual As(V) concentrations in solution were very

low, suggesting most of As(V) produced by As(III) oxida-
tion could be subsequently adsorbed by INPO-4NFMO. The
decrease of As(V) was far more quickly than the decrease of
As(IIT). Combined with kinetic modeling, As(III) removal
was mainly oxidation followed by chemical reactions. Fe in
the NPO-NFMO was more likely to react preferentially with
As(V) to form low-solubility substances, so co-precipitation
may be one of the main mechanisms for As(V) adsorption
(Bhowmick et al. 2014).

The pH value was an important index of adsorp-
tion experiment research, in order to further explore
the influence of pH on adsorption capacity, the influ-
ence of pH (in the range of 2.0-6.0) on As(III) and
Pb(II) removal efficiency of INPO-4NFMO was
explored. As shown in Fig. 7, with the increase of pH
(2.0-6.0), the removal rate constant of As(IIl) increased
gradually from 6.3x 1072 g mg~' min~! (pH=2) and
5.6x1072gmg~ ' min~! (pH=3) to 1.0x 107! g mg~! min~!
(pH=4)and 1.1x 107! g mg~! min~! (pH=6). The surface
potential of the NPO-NFMO composite at experimental pH
(1.0-6.0) was —3-5.87 mV (Fig. S5), so the electrostatic
adsorption could partially explain their effective immobiliza-
tion for As(IIl). Similarly, the removal rate constant of Pb(II)
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Fig.5 Synergistic removal efficiency of As(Ill) and Pb(Il) onto
the NPO-NFMO-based composites with different mass ratios
(a) pseudo-second-order kinetic model (b). Reaction conditions:

increased gradually from 5.0x 10 g mg™' min~! (pH=2) to
1.7%1072 g mg™! min~! (pH=3), 1.1x 107! g mg~! min~!
(pH=4), and 7.2x 1072 g mg™! min~! (pH=6). When the
initial pH was 2.0, Pb(II) and H* competed for adsorption
sites on the adsorbent surface, and the removal rates of
INPO-4NFMO was low. However, with the increase of pH
value, the concentration of H* in the solution decreased,
thus increasing the adsorption site of Pb(Il) on the surface of
the adsorbent. When pH was 4.0, the removal efficiency of
Pb(II) increased a lot, which was on account of the prepon-
derance of Pb>* in the solution. The adsorption efficiency
of Pb(Il) decreased when pH=6.0. The pH value of the
solution will affect the existence form of Pb(II). At low pH
value, the reason for less Pb(II) adsorption was that Pb(Il)
and H* competed for adsorption sites (Wang et al. 2022).
As observed in Fig. 7, the residual As(V) concentrations
in solution were very low, suggesting most of As(V) pro-
duced by As(II) oxidation could be subsequently adsorbed
by INPO-4NFMO.
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[As(I)] =5 mg L', [Pb(II)] =15 mg L', the NPO-NFMO-based com-
posites dosage with a mass ratio of 1:1, 1:2, 1:3, 1:4, 4:1, 3:1, and 2:1 of
1.5gL™!, V=100 mL

Effect of initial arsenic- and lead-co-contaminated
concentrations and coexisting anion

As showed in Fig. 8, with the increase of the initial con-
centration of complex pollutants, the removal efficiency of
As(IIT) and Pb(IT) by NPO-NFMO decreased, correspond-
ing the removal rate constant of As(IIl) decreased gradually
from 3.9x 107! g mg™! min™' to 1.1x 107! g mg~! min~!
and 2.0x 1072 g mg™! min~! and the removal rate con-
stant of Pb(II) decreased from 5.2x 107! g mg~! min~! to
7.2x1072 g mg~ ' min~! and 1.3%x 1072 g mg~! min~!. When
the adsorbent was 1.5 g L™!, the adsorption sites on the sur-
face of the adsorbent was fixed, with the increase of the
initial concentration of As(III) and Pb(II), the adsorption
sites was gradually occupied. When the initial concentra-
tion of As(IIT) and Pb(IT) was 10 mg L~! and 30 mg L™},
the adsorption capacity was the highest. The maximum
removal of As(III) was 6.8 mg g~! at an initial concentra-
tion of 10 mg L~!, while maximum removal of Pb(Il) was
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Fig.6 Synergistic removal efficiency of As(Il) and Pb(I) by
NPO-NFMO-based composite with different initial dosages (a),
pseudo-second-order kinetic model (b) and variation in the resid-

achieved at the initial concentration of 30 mg L™! with an
equilibrium removal of 26.5 mg g~'. When the initial con-
centration of As(II) and Pb(II) continued to increase, the
adsorption capacity reached adsorption equilibrium. As
observed in Fig. 8, the residual As(V) concentrations in
solution were also very low, suggesting most of As(V) pro-
duced by As(IIl) oxidation could be subsequently adsorbed
by INPO-4NFMO.

Figure 9 showed the synergistic removal efficiency of
As(III) and Pb(IT) by NPO-NFMO with co-existing anions in
groundwater and pseudo-second-order kinetic model analysis
of the adsorption data of As(III) and Pb(IT) by 1INPO-4NFMO-
based composite with co-existing anions (SO42‘ and CI7) in
groundwater. SO42_ and CI™ were selected because they are

ual concentration of As(II) and As(V) (c). Reaction conditions:
[As(I)]=5 mg L', [Pb(Il)]=15 mg L~!, INPO-4NFMO-based
composite dosage of 0.5, 1, 1.5,2,and 3 g L', V=100 mL

abundant in natural groundwater and interfere in As(IIl) and
Pb(II) removal. Results showed that the removal rate con-
stant of As(IIT) and Pb(II) were significantly influenced by
an increase in coexisting anions concentrations. With the
increase of the initial SO,*~ concentration from 1 mmol L™
to 10 mmol L™, the removal rate constant of As(III) was sup-
pressed, decreasing sharply from 1.1x 107! g mg~! min~!
(CK) t02.9% 1072 g mg™! min~!, 3.2x 1072 g mg~! min~!,
and 3.6 x 1072 g mg~! min~!. However, the removal rate con-
stant of As(III) barely changed with the increase of the initial
C1~ concentration from 1 to 20 mmol L™!. Meanwhile, the
concentration changes of high concentration SO,>~ initial and
post-reaction were detected, it was clear that the concentra-
tion decreased by 22.9% after 120 min of co-existing reaction
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Fig. 7 Synergistic removal efficiency of As(III) and Pb(II) by NPO-
NFMO with different initial pH (a), pseudo-second-order kinetic
model analysis (b), and variation in the residual concentration of

(Fig. S6). These might be attributed to competitive adsorp-
tion between SO42_ and As(III) for the adsorption sites on
the surface of INPO-4NFMO-based composite (Guan et al.
2009). Similarly, with the increase of the initial SO42' con-
centration from 1 to 10 mmol L™', the removal rate con-
stant of Pb(II) first decreased from 7.2x 1072 g mg™! min~!
(CK) t0 9.0x 107> g mg™! min~!, and then increased to
35%x1072 g mg™! min~! and 4.2x 1072 g mg™' min~".
The removal rate constant of Pb(II) first decreased from
7.2x1072 g mg™! min~! (CK) to 8.0x 107> g mg™! min~!,
and then increased to 2.1x1072 ¢ mg~! min~! and
2.5% 1072 g mg~! min~! with the increase of the initial

@ Springer

As(III) and As(V) (c). Reaction conditions: [As(III)]=5 mg L}
[Pb(ID)]=15 mg L~!, INPO-4NFMO-based composite dosage of
15¢g L, initial pH 2.0, 3.0, 4.0, and 6.0, V=100 mL

Cl~ concentration from 1 to 20 mmol L~!. These might
be attributed to substitution and dissolution—precipita-
tion reactions could result in the formation of chlorapatite
(Cas(PO,)5Cl), chloropyromorphite (Pbs(PO,);Cl), Cas(PO,,
S50,);0H and Pbs(PO,, SO,);O0H (Ma et al. 1994).

Synergistic mechanisms for the NPO-NFMO-based
composites

In order to clarify the synergistic adsorption mechanisms
of the NPO-NFMO-based composite, the composite after
reaction was collected and analyzed. Figure 10a showed that
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Fig.8 Synergistic removal efficiency of As(IIl) and Pb(IT) by NPO-
NFMO with different initial concentrations of As(III) and Pb(II) (a),
pseudo-second-order kinetic model analysis (b), and variation in

the XRD pattern changed after the reaction, and the major
crystal planes of PbAs,O4 and PbFe,(AsO,),(OH), were in
a good agreement with JCPDS No. 44-0427 and JCPDS
No. 39-1355, which may be formed after the reaction of

Time (min)

Time (min)

the residual concentration of As(II) and As(V) (7). Reaction condi-
tions: [As(III)] =2, 5, and 10 mg L™, [Pb(I)] =6, 15, and 30 mg L™,
INPO-4NFMO-based composite dosage of 1.5 g L™!, V=100 mL

dissolved phosphorus, Pb**, and oxidized As(III) (Asri et al.
2010). After adsorption of As(III) and Pb(II), the main phase
of the NPO-NFMO-based composite was transformed into
PbAs,04 and PbFe,(AsO,),(OH),, indicating that it was a
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Fig.9 Synergistic removal efficiency of As(Ill) and Pb(I) by [As(I)]=5 mg L™, [PbdD]=15 mg L, [SO42_]=1, 4, and
NPO-NFMO with co-existing anions in groundwater (a), pseudo- 10 mmol/L, [CI7]=1, 10, and 20 mmol/L, INPO-4NFMO-based
second order kinetic model analysis (b). Reaction conditions: composite dosage of 1.5 g L™, V=100 mL
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Fig. 10 XRD patterns (a) and
FT-IR spectroscopies of the
NPO-NFMO before and after
reaction (b)
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co-oxidation-precipitation-adsorption process. Figure 10b
showed the FT-IR spectroscopies of the NPO-NFMO-based
composite before reaction. The P-O symmetric and asym-
metric stretching vibrations occur in the 963-1093 cm™!
spectral region as a broad peak, whereas the asymmetric P-O
bending vibration gives rise to sharp peaks in 570—-600 cm™!
region. The peaks of the pristine NPO-NFMO-based com-
posite at 470 cm ™! was mainly contribution to low crystalline
ferrihydrite or amorphous iron(Ill)-hydroxide. The FT-IR
spectra of the NPO-NFMO-based composite particles after
use in Fig. 10b showed enhanced signals at 1260 cm™' (the
asymmetric stretching vibration of P=0 bond), 1150 cm™!
(assigned to acid phosphate (HPO42_)), 1060 cm™! (sym-
metric and asymmetric stretching vibrations of P-O bond),
930 cm™! (asymmetric stretching vibration of As-O bond)
(Depalma et al. 2008), 850 cm~! (As-O stretching vibration
of the As-O-Fe coordination of ferric arsenate precipitate on
ferrihydrite) (Jia et al. 2007), and 700 cm™' (As-O stretching
vibration bands of the protonated adsorbed arsenate spe-
cies on ferrihydrite). The results of FT-IR were basically
consistent with those of XRD. After adsorbing As and Pb,
new peaks appearing at 1260 and 850 cm™! were caused by
the reaction of As and Pb with P-O and Fe—O functional
groups on the NPO-NFMO-based composite, respectively.
The transfer and disappearance of some functional groups
indicated that the corresponding functional groups were
involved in the removal of heavy metals to some extent.

It was noted that the weak As-O—H band at 700 cm™!
was shown at acidic pH indicating the present of protonated
adsorbed arsenate species on ferrihydrite at acidic pH (Jia
et al. 2007). The presence of a new peak at 850 cm™! for both
As(III)- and As(V)-laden the NPO-NFMO-based composite.
It was evident that As(III) was first oxidized to As(V) and
then adsorbed onto the surface of the NPO-NFMO-based
composite, which was consistent with the results by Pena
et al. (2006). They also compared FT-IR bands for sorbed
and dissolved arsenate species, noted a marked shift in the
band positions of arsenate upon sorption. For dissolved
H,AsO,, two peaks were observed at 878 and 909 cm™!
corresponding to the symmetric and asymmetric stretching

T T T T T
1400 1200 1000 800 600
Wavenumbers(cm™)

60 70 802000 1800 1600 400

vibrations of As-O bonds. Upon adsorption, the peaks were
shifted to 808 and 830 cm™!, respectively. The shift on band
positions was attributed to symmetry reduction resulting
from inner-sphere complex formation. The immobilization
of As was probably attributed to the interactions between
the surface groups of iron oxide and arsenate by forming
Fe-As complexes or the insoluble secondary minerals, such
as FeAsO, and PbFeAsO,OH (He et al. 2022). Goldberg and
Johnston (2001) reported that for arsenate sorbed on amor-
phous iron oxide, there existed two distinct bands corre-
sponding to surface-complexed and non-surface-complexed
As-O groups, respectively. In our case, however, only one
single band was observed and the wavenumber was shifted
to 850 cm™!, indicating that surface complexation was the
predominant mechanism for arsenate sorption to the NPO-
NFMO composite. The peak (1150 cm™Y) of the used NPO-
NFMO composite could be assigned to the bending vibration
of hydroxyl groups of acid phosphate. Zhang et al. (2005)
ascribed this phenomenon to ion exchange reaction between
-OH and arsenate anions.

Figure 11 revealed that the morphology of the NPO-
NFMO-based composite particles showed visible change, sug-
gesting the reaction of the NPO-NFMO-based composite with
As(IIT) and Pb(II). Figure 11 also depicts that the adsorbed
NPO-NFMO-based composite was covered with As, Pb, Fe,
Mn, P, and Ca, confirming that As and Pb were successfully
encapsulated onto the NPO-NFMO-based composite. During
the adsorption of Pb(II) by NPO-NFMO, the release of Ca**
and a very small amount of phosphorus were also detected,
indicating that an isomorphous replacement reaction might
be the mechanism for Pb(II) immobilization. Meanwhile, the
distribution of As and Pb might be strongly associated with
Fe, P, and O, which was mainly attributed to the occurrence
of Fe—O-As, Fe—O-Pb, and Fe—O-As-Pb complexation and
coprecipitation on the NPO-NFMO-based composite surface.

The XPS spectra of the pristine NPO-NFMO-based com-
posite and the NPO-NFMO-based composite after reaction in
the region of Fe 2p and Mn 2p are given in Fig. 12(a, b). As
can be observed, the binding energy at 711.1 eV and 642.5 eV
in pristine NPO-NFMO-based composite was assigned to Fe
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Fig. 11 SEM images and EDS-
mapping of the NPO-NFMO
after reaction

Fig. 12 XPS spectra of a the
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2p3/2 and Mn 2p3/2, respectively. Comparing the binding
energy of the Fe2p3/2 and Mn2p3/2 before and after As(IIT)
and Pb(II) adsorption, slight changes was observed, indicating
the formation of Fe/Mn-OPb and Fe/Mn-OAs from Fe/Mn-OH.
The Fe 2p3/2 profiles for the NPO-NFMO-based composite
before and after reaction were deconvoluted into two Fe 2p3/2
peaks at 710.8 eV and 713.0 eV, corresponding to Fe(II) and

@ Springer

Fe(III) with atom ratio of 28.1% and 71.9% before reaction
and 38.1% and 61.9% after reaction, respectively. This observa-
tion mean that Fe(Il)/Fe(III) both existed in the pristine NPO-
NFMO-based composite. After the reaction, the relative con-
tent of Fe(IIT) on the surface decreased from~71.9 to~61.9%,
indicating that surface iron atoms are the potential active sites.
After adsorption of As(IIT) and Pb(Il), the binding energy of
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Mn 2p3/2 spectra decreased from 642.4 to 641.7 eV. This may
be explained by an increase in the fraction of reduced Mn spe-
cies relative to Mn(IV) originating from As(III) oxidation by
Mn oxide, suggesting that Mn species mainly respond to oxi-
dation of As(IIl), rather than adsorption in this case. In addi-
tion, corresponding to the total XPS spectrum after adsorption
(Fig. S7), the energy spectrum of As3d could be found at 64 eV.
The Mn 2p3/2 profiles for the NPO-NFMO-based composite
before and after reaction were decomposed into two Mn 2p3/2
peaks at 642.2 eV and 643.6 eV, corresponding to Mn(II) and
Mn(IV) with the atom ratio of 48.1% and 51.9% before reaction
and 61.2% and 38.8% after reaction, respectively. Obviously,
it was found that the atom ratio of Mn(IV) decreased from
51.9 to 38.8% after reaction. Consequently, the redox reaction
among Mn(II) and Mn(IV) occurred on the surface of the NPO-
NFMO-based composite.

Therefore, based on the above analysis, we concluded
that the synergistic adsorption mechanism for the NPO-
NFMO-based composite under the As-Pb co-existence sys-
tem was electrostatic adsorption, oxidation, complexation,
and coprecipitation. Schematic illustration of the mecha-
nisms for simultaneous removal of As(III) and Pb(Il) by
the NPO-NFMO based composite was shown in Fig. 13.
The involved reaction equations might be involved:

Cas(PO,),F + 6H" — 5Ca** + 3H,PO;, +F~ @)
5Pb** + 3H,PO; + F~ — Pbs(PO,),F + 6H* 5)
MnO, + H,AsO; +2H* — Mn** + H,AsO, + H,0  (6)
FeOOH + H,AsO} + H* — FeAsO, + 2H,0 (7
Fig. 13 Schematic illustra-

tion of the mechanisms for
simultaneous removal of As(III)

o — ———

I

'

= O
'
3

3Pb”* + 2H,AsO, — Pb,(AsO,),F + 4H* 8)

FeAsO, + Pb(OH)* + OH™ — PbFe, (AsO,),(OH),  (9)

Conclusions

A novel natural phosphorus-ferromanganese ore (NPO-
NFMO) based composites were first prepared, charac-
terized, and applied in the simultaneous remediation of
arsenic- and lead-co-contaminated groundwater. Results
showed that NPO-NFMO displayed highly effective
adsorption performance of As(IIT) and Pb(II) with the max-
imum adsorption capacity of 6.8 mg g~! and 26.5 mg g~!,
respectively, which was much higher than single NPO (1.7
and 7.8 mg g~!) and NFMO (2.9 and 5.1 mg g~!). The
results suggested that the synergistic effect between NPO
and NFMO enhanced the removal efficiency of As(Il) and
Pb(II). The adsorption kinetics of As(III) and Pb(II) on
NPO-NFMO-based composites were well-described by
pseudo-second-order model, indicating that the adsorp-
tion was controlled by chemisorption. The XRD, FT-IR,
SEM, and XPS analyses indicated that NPO-NFMO can
form stable minerals of PbAs,O4 and PbFe,(AsO,),(OH),
with Pb and As. The adsorption mechanism indicated that
As(IIT) and Pb(II) removal might include electrostatic
adsorption, oxidation, complexation, and co-precipitation.
For efficiency, simplicity, and cost-effectiveness, the newly
designed NPO-NFMO-based composites can be deemed
as a promising amendment for simultaneous immobili-
zation of As(III) and Pb(II) in co-contaminated soil and
groundwater.

and Pb(II) by the NPO-NFMO- @ As(Ill)
based composite
Pb(1l)
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