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Abstract: Lignite’s large abundance, physicochemical properties and low cost are attractive for
industrial wastewater remediation. However, directly applying lignite for wastewater treatment
suffers low efficiency. Here, we synthesize highly efficient zero-valent iron (ZVI)-decorated lignite
carbon through the in-situ carbonization of a lignite and FeCl, mixture for heavy metal removal.
The effect of carbonization temperature on the morphology, structure and crystallite phases of ZVI-
decorated lignite carbons (ZVI-LXs) was investigated. At an optimized temperature (i.e., 1000 °C),
ZVI particles were found evenly distributed on the lignite matrix with the particles between 20 to
190 nm. Moreover, ZVI particles were protected by a graphene shell that was formed in situ during the
carbonization. The synthesized ZVI-L1000 exhibited higher Cu?*, Pb?* and Cd?+ stripping capacities
than pristine lignite in a wide pH range of 2.2-6.3 due to the surface-deposited ZVI particles. The
maximum Langmuir adsorption capacities of ZVI-L1000 for Cd?*, Pb** and Cu?* were 38.3, 55.2
and 42.5 mg/g at 25 °C, respectively, which were 7.8, 4.5 and 10.6 times greater than that of pristine
lignite, respectively. ZVI-L1000 also exhibited a fast metal removal speed (~15 min), which is ideal for
industrial wastewater treatment. The pseudo-second-order model fits well with all three adsorptions,
indicating that chemical forces control their rate-limiting adsorption steps. The reduction mechanisms
of ZVI-L1000 for heavy metals include reduction, precipitation and complexation.

Keywords: lignite; ZVI; carbothermal reduction; in situ synthesis; heavy metal removal

1. Introduction

Rapid industrialization and population growth have accelerated environmental pollu-
tion worldwide. Approximately 7 million tons of wastewater are discharged into surface
water annually, which has caused a severe clean water crisis [1]. In particular, heavy
metals (HMs) are considered the most noxious inorganic aquatic contaminants because
they are bioaccumulative, non-biodegradable and persistent [2]. Copper and cadmium
are categorized as priority pollutants because of their high frequency of occurrence in
HM effluents [3]. Large HM production stimulates the great discharge of HM, causing
build-up in the environment [4] and stimulating adverse health disorders such as liver
and kidney failure, mucosal irritations, lung cancers, chronic headaches, anemia, diarrhea
and damage to the reproductive system [5]. Conventional water remediation strategies
such as precipitation, ion exchange, membrane process, electrodeposition and adsorption
are employed for HM removal from groundwater [6]. However, in situ remediation offers
massive cost savings over groundwater treatment.

Zero-valent iron (ZV]) is an environmentally benign material with strong reducing
power and high reactant activity for environmental remediation [7]. Usually, small-sized
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ZVI particles (i.e., nanosized or few-micrometer-sized) are desired because their small
particle size and high surface area ensure good reactivities towards contaminants [8,9]. In
particular, nanoscale ZVIs (nZVIs) offer both outstanding adsorption and catalytic abili-
ties, and their use has been pronounced for pollution control over the past two decades.
However, owing to their high surface energy, ferromagnetic properties and high reactiv-
ity, small-sized ZVI particles (especially nZVI) suffer aggregation and rapid passivation
issues [10,11], which lead to colloidal instability and rapid reactivity loss. Incorporating
nanomaterials (i.e., nZVI) into the adsorbents can improve pollutant removal efficiencies
since both the pristine adsorbent and the nanophase act as the adsorbents. On the other
hand, the use of cost-effective nanomaterials has been highlighted in recent industrial
applications on a global and regional scale. Carbon-supported ZVI sorbents have been
recently developed to reduce ZVI agglomeration and provide long-term stability [12,13].
Nevertheless, ZVI-biochar hybrids are highly effective at contaminated soil and water
remediation due to the presence of quinone and graphene, enhancing electron transfer
towards pollutants [14]. ZVI-carbon hybrids remove HMs in many pathways (e.g., direct
reduction, surface adsorption followed reduction, surface complexation and coprecipi-
tation), as the removal is performed by both the carbon source and the ZVI. Generally,
ZVI-biochar hybrids are produced from the borohydride (BH4 ™) reduction route, where
biochar particles are dispersed in an aqueous solution containing Fe** and/or Fe3* ions,
followed by BH,~ addition to convert Fe?*/3* ions to ZVI that attach onto biochar sur-
faces [8]. However, the toxicity and high cost of borohydrides make this approach less
appealing for large-scale production and broad applications. Recently, the in-situ synthesis
of ZVI-biochar hybrids through the carbothermal reduction approach has received more
and more attention because of its easy synthesis, low cost and scalability [9].

Recent studies have discovered that lignite can also be modified like pristine biochar
to improve surface properties with enhanced adsorption features [15-18]. Lignite’s im-
mediate availability, plenty of minerals and affordability improve its potential practical
applications. It is an important carbon source like biochar; therefore, it can be used for
supporting metal (hydro-)oxides and Fe’ through surface coprecipitation or deposition [17].
Previously studies have used lignite to strip phosphate, nitrate, dyes and heavy metals
from aqueous media [16,17,19,20]. No previous investigations have been conducted to
design ZVI-decorated lignite carbon through the carbothermal reduction approach for
water treatment until now.

In this work, the in-situ synthesis of ZVI-decorated lignite carbon (ZVI-LX) was car-
ried out using the carbothermal reduction of FeCl, using lignite at different temperatures
(600-1000 °C). It was found that prepared ZVI-LXs exhibited temperature-dependent ZVI
accumulation and metal ion removal abilities. At 1000 °C, the as-synthesized ZVI-L1000
displayed a distinct structure and morphology compared to ZVI-LXs synthesized at
600-900 °C. Crystalline phases formed in ZVI-L1000 were determined using XRD analysis.
Surface elemental percentages and functional groups were acquired using SEM-EDX and
FTIR analysis. SEM observations showed that nZVI particles were dominating on the lignite
carbon surface, and few-micrometer-sized ZVI particles were also observed. TEM analysis
revealed that the nZVI particles were encapsulated by graphitic carbon layers. Furthermore,
the heavy metal (Cu?*, Pb?* and Cd?") removal capacity of ZVI-L1000 was evaluated.

2. Materials and Methods
2.1. Materials

Lignite was supplied from North American Coal Company (Ackerman, MS, USA). This
sample was dried and sieved to a particle size of 150-250 pm before use. Analytical grade
Pb(NO3),, Cd(NO3);, Cu(NO3); and FeCl,-4H,O were purchased from Sigma Aldrich
(St. Louis, MO, USA). Lignite contains C, O, Al and Si as principle elements [17].
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2.2. Development of ZVI-Decorated Lignite Carbon through Carbothermal Reduction

Lignite (18.0 g) and FeCl,-4H,0 (8.64 g) were weighed and transferred to a 250 mL
beaker (this mixture contained 10 wt.% Fe). Acetone and DI water (15 mL each) were added
to the beaker to dissolve FeCl,. This suspension was heated on a hot plate at (~300 °C)
for 30 min to evaporate the solvents. During the heating, Cl, gas bubbles were released,
and the beaker was covered with a watch glass to avoid solvent splashing. After that,
the solid residue (Fe?* impregnated lignite) was oven-dried at 110 °C overnight. The
carbothermal reduction was initiated by carbonized Fe?*-impregnated lignite in an electric
tubular furnace. Briefly, approximately 20 g of dried solid was loaded into two ceramic
boats and inserted into the furnace, followed by heating the furnace to the predetermined
temperature (i.e., 600, 700, 800, 900 or 1000 °C) with a ramping rate of 50 °C/min. After
holding the temperature for 1 h, the furnace was turned off and naturally cooled down to
room temperature. Nitrogen gas (99.999% purity, 1 L/min) was purged into the tubular
furnace during the carbonization and cooling processes. The carbonization products,
namely ZVI-LX, where X refers to the carbonization temperature, were stored in plastic
bottles before the characterization and adsorption experiments. Approximately 15 g of
the ZVI-LX products was obtained for all carbothermal reduction experiments, and the
corresponding ZVI-LX yields were ~75%.

2.3. Analytical Methods and Characterization

The structure and morphology of ZVI-LX were characterized using scanning electron
microscopy (SEM, JEOL JSM-6500F) and transmission electron microscopy (TEM, JEOL
2100). The surface elemental composition of ZVI-LXs was characterized using SEM-EDX.
The iron crystalline structure and phase composition in ZVI-LXs were identified using
the Rigaku ultima III XRD diffractometer (20-80° with 2° /min and step size 0.05°). The
thermogravimetric analysis (TGA) of lignite and ZVI-L1000 was conducted using a thermo-
gravimetric analyzer (TA Instruments Q50) under N;. Functional groups present on lignite,
Fe?*-impregnated lignite and ZVI-L1000 were characterized using Fourier-transform in-
frared spectroscopy (PerkinElmer FTIR spectrometer). The complete acid digestion of
ZVI-L1000 vs. lignite followed by AAS was performed to determine the total iron content.
The ash content and moisture content of ZVI-L1000 vs. lignite were found using ASTM
D2974-14. A series of pH-adjusted NaCl solutions were used to determine the adsorbent
point of zero charge (PZC).

2.4. Batch Sorption Experiments

Heavy metal uptake experiments were conducted by dispersing 50 mg sorbent (i.e.,
lignite and ZVI-LX) into 25 mL metal ion solutions in plastic centrifuge vials and by shaking
(200 rpm). The initial pH of Cu?*, Pb?* and Cd?* ionic solutions was changed from 2.2 to
6.4, and the equilibrium pH was reported after each experiment. The heavy metal uptake
kinetics experiments were conducted starting from 5 min to 1 h. The heavy metal uptake
isotherm experiments were conducted at 25 °C, respectively, with a contact time of 15 min
and an initial metal ion concentration ranging from 25 to 400 ppm. The simultaneous
removal of Cu?*, Pb?* and Cd?* was also investigated (25 mL of 1000 ppm cation concen-
tration in each and 0.5 g of adsorbent, 25 °C, pH 5.8). Replicates and controls were utilized
in each adsorption experiment. Residual metal ion concentrations in supernatant solutions
were determined using an atomic absorption spectrophotometer (AAS).

Metal ion uptake capacity (mg/g) can be calculated using

(G —CpV

Uptake capacity (q, ) = -

Metal ion removal efficiency (%) can be found with

() removal = (G =G0 X 10
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where Ce= equilibrium metal ion concentration (mg/L), C; = initial metal ion concentration
(mg/L), C¢ = final metal ion concentration (mg/L), V = volume of the solution (L) and
m = mass of the adsorbent (g).

Uptake kinetics were evaluated using pseudo-first and -second-order kinetic models,
and uptake isotherm data were evaluated using Langmuir and Freundlich isotherm models
(Table 1).

Table 1. Kinetic and isotherm models with nonlinear and linear forms.

Kinetic Model Nonlinear Form Linear Form
Pseudo-first-order gt = qe <1 - e*kt) log(ge — q:) = log(qe) — 2%’3
. - _ kgt LA S
Pseudo-second-order qr = % =R T
iri _ qmKLCe C _ Ce 1
Langmuir isotherm de = 1iR,C, de — qm T quKL
Freundlich isotherm Je = KfCel/ n Ing. =In K¢+ %ln Ce

where, g, and g; (mg/g) are the metal ion uptake capacity at the equilibrium time and at the given time, ¢,
respectively; C, (mg/L) is the equilibrium concentration; K|, (L/mg) and K are the constants; g, (mg/g) denotes
the maximum uptake capacity; and 1/n is the heterogeneity factor. Origin 2021b software was used to draw XRD
spectra and batch plots. ChemDraw Ultra 13.0 was used to draw the structures and the graphical image.

3. Results
3.1. Structure, Morphology and Heavy Metal Uptake Performance of ZVI-LX Particles

The FTIR spectra of ZVI-LXs and lignite were scanned from 500-4500 cm™! (Figure 1a).
Lignite is carbon-rich organic matter that consists of many functional groups, includ-
ing alkyl branches (C-H stretching at 2917 and 2922 cm~!, C-H bending vibrations at
1428 cm 1), aromatic rings (C=C stretching at 1605 cm~!), hydroxyls (O-H vibrations at
3620 cm 1), carbonyls (C=0 at 1650 cm ™}, this peak is overlapped with the C=C peak), Si-
0-Si, Si-O-C (1031 and 1010 cm 1), C-H out-of-plane vibrations of aromatic ring structures
(745 cm~1), aromatic ether oxygen bond stretching vibrations of alcohols, phenols and
acids (1263 cm™1), ether oxygen bonds (1117 cm~1) [21] as well as clay and silicate minerals
(544 cm~1) [22], as depicted by the FTIR spectrum. After FeCl, impregnation, the peak
related to C=0 groups at 1650 cm ™! shifted to 1707 cm ™!, indicating Fe?* physisorption
under Van der Waals forces [23]. Furthermore, the peaks related to C-O stretching at 1263
and 1117 em~! were reduced and indicate the Fe3* interactions with oxygen-containing
functional groups in lignite [12]. Moreover, peaks centered at 636 cm ™! and 630 cm~! were
also observed, which are related to Fe-O-C [24,25]. After carbonizing the FeCl, /lignite
mixture at 600 °C, the peak at 636 cm ™! shifted to 635 cm ™!, and the peak intensity also
increased (Supplementary Materials, Figure S1). This indicates that the impregnated Fe?* re-
acted with oxygen-containing functionalities in the lignite and formed Fe,Oj particles [26].
However, further increasing the temperature from 700 to 900 °C caused a reduction in Fe-O
peak intensity, suggesting the reduction of Fe,O3 to Fe’. At 1000 °C the disappearance of
the Fe-O peak indicated the complete reduction of Fe;O3 to Fe'.

XRD patterns of lignite and ZVI-LXs are shown in Figure 1b. Lignite has a broad
crystalline peak at 20 = 24.9°, indicating that it is mainly composed of amorphous carbon.
Furthermore, peaks located at 26 = 20.8° and 26.6° correspond to the (100) and (011) re-
flections of quartz (5iO,) that are overlapped with the amorphous carbon peak [17]. After
Fe?* impregnation and carbonization at 600 °C, the synthesized ZVI-L600 showed Fe,O3
and SiO; diffraction peaks, indicating the thermal decomposition of FeCl, to Fe;O3 in the
presence of lignite (Figure 1b). ZVI-L700 shows a distinct XRD pattern compared to ZVI-
L600, in which the dominating metallic body-centered cubic iron («-Fe) diffraction peaks
(26 = 44.6° and 65.2°) are observed [27], along with a weak Fe,O3 peak at 26 = 35.4° [14].
These observations indicate that the carbothermal reduction of FeCl, to nZVI by lignite
requires 700 °C, which is different from the carbothermal reduction of Fe(NO3)s by lignin,
which requires 600 °C [28]. At carbonization temperatures above 800 °C, the x-Fe peaks still
dominate, whereas the Fe;O3 peak becomes invisible, and a weak metallic face-centered cu-
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bic iron (y-Fe) at 43.6° is observed [29]. y-Fe is an unstable iron phase below the iron—carbon
eutectic temperature (727 °C) at room temperature [30]. The presence of y-Fe nanoparticles
in the ZVI-L700 implies that they are confined in graphene shells [14,29,31-33]. Furthermore,
an increase in the carbonization temperature to 1000 °C leads to a reduction in the o-Fe
diffraction intensity and an increase in y-Fe diffraction intensity, along with a visible and
broad carbon (002) diffraction peak. These results indicate that higher temperatures fa-
cilitate the conversion of «-Fe to y-Fe along with the formation of more graphene shells
through carbon dissolution and precipitation [14].

a b * Si0, + Graphite ¢ y-Fe x a-Fe « Fe,04
Q*
. . ZVI-L1000
o\e —_ ) * &
o | 3 I
g ' & * ZVI-L900
[ £ I e —
*
.-g | = s + ZVI-L800
: g :
T a + ZVI-L700
g | b= - ~*
= £ [T
—— Lignite+ FeCl2 wm‘ At Aovuschiny ZVI-Leoo
{——nzvI-L1000 N
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Figure 1. (a) Baseline-corrected FTIR spectra of lignite, FeCl,-impregnated lignite and ZVI-L1000;
(b) XRD patterns for ZVI-LXs synthesized at 600-1000 vs. lignite.

ZVI-LX synthesis conditions (effect of temperature, salt type and concentration) were
optimized to determine the hybrid with the highest Cu?*, Pb** and Cd?* removal perfor-
mance at 25 °C (initial metal ion concentration, 100 ppm, solution volume, 25 mL, 24 h, pH
5.5). The uptake capacities of ZVI-LXs synthesized at different temperatures (600-1000 °C)
and the lignite are shown in Figure 2. The uptake capacities of lignite towards Cd?*, Cu?*
and Pb?* are 7.4, 2.9 and 104 mg/g, respectively at pH 5.5. ZVI-L600 exhibited lower
capacities, i.e., Cd** 4.6 mg/g, Cu?>* 1.3 mg/g and Pb?>* 6.7 mg/g, in comparison with
lignite. This is because FeCl, was not reduced to ZVI at 600 °C, as illustrated by the XRD
pattern Error! Reference source not found. With the increasing carbonization temperature
of ZVI-LX, the removal capacities of all three metals were improved (Figure 2) for the
results of the reduction of FeCl, /Fe;O3 to ZVI (more details are in FTIR and XRD analyses).
In particular, ZVI-L1000 showed the greatest affinity towards Cd?*, Cu?** and Pb?*, with
uptake capacities of 11.4 mg/g, 31.1 mg/g and 23.1 mg/g, respectively.

[ Lignite
ZVI1-L600
ZVI1-L700
201 &3 ZVI-L800 N
1 ZVI-L900
= ZVI-L1000

ol il

Figure 2. Comparison of heavy metal uptake capacities of lignite and ZVI-LX synthesized at 600-1000 °C.

30+

d. (Mg/g)

Pb

TGA profiles were obtained for both lignite and FeCl,-impregnated lignite under
nitrogen (Figure S2). Lignite showed very little mass loss at the early stages of the tempera-
ture ramping (<200 °C), whereas a significant weight loss was observed at a temperature
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between 400 and 600 °C, corresponding to the thermal degradation of its surface functional
groups. Moreover, mass loss at temperatures above 600 °C was attributed to the carboniza-
tion of lignite. In comparison with lignite, FeCly-impregnated lignite showed huge mass
loss at a temperature below 200 °C, indicating the presence of FeCl, salt promoting the
lignite thermal degradation. Another significant weight loss observed at a temperature
above 700-1000 °C corresponded to the reduction of FeCl, to ZVI. The total mass losses
for lignite and ZVI-L1000 were 16.5% and 6.7%, indicating that ZVI-L1000 restricted huge
mass losses due to its high inorganic ash (e.g., iron) content.

To investigate why ZVI-L1000 outperformed ZVI-L700, ZVI-L800 and ZVI-L900 for
heavy metal uptake, despite all the samples showing dominated metallic iron diffraction
peaks by XRD (Figure 2), SEM characterizations were conducted for ZVI-LXs obtained
at 700-1000 °C (Figure 3a—d). The lignite surface (Figure 3a) was smooth and contained
a few tiny and large SiO, crystallites [17]. After impregnation using Fe?* followed by
carbonization, ZVI-LX samples showed rough surfaces with many iron nanoparticles,
which was in agreement with previous studies [34]. Moreover, some few-micrometer-sized
ZVI particles (1-2 um) were also observed (Figure 3e,f), which were generated from the
aggregation and merging of nZVI particles at evaluated temperatures. With the increase
in carbonization temperature, the particle shape changed from irregular (indicating iron
oxides and other iron compounds, possibly FeCl, or FeS) to spherical (indicating ZVI). The
SEM-EDX analysis of ZVI-L700 and ZVI-L1000 is displayed in Figure 3ef, respectively, and
the corresponding elemental percentages are shown in Figure S4. The mapping results
show that ZVI-L700 (Figure 3e) contained both iron oxides (e.g., Fe;O3) and ZVI, whereas
ZVI-L1000 (Figure 3f) barely contained Fe oxides. ZVI-L700 contained a higher atomic O
percentage than ZVI-L1000 (8.8% vs. 0.9%) and a lower Fe percentage (4.6% vs. 23.92%)
(Figure S4). Moreover, ZVI-L700 contained more Cl than ZVI-L1000, indicating the pres-
ence of FeCl, residues at 700 °C. These Fe oxides and FeCl, compounds may have been
amorphous or may have had weak crystallinity in comparison with ZVI, which made them
invisible by XRD. These observations indicate that a high temperature (i.e., 1000 °C) was
necessary to fully convert FeCl, to ZVI, which is essential for heavy metal removal, and
enabled a superior heavy metal uptake capacity of ZVI-L1000.

TEM analysis was conducted for ZVI-L1000 to examine the detailed morphology of
nZVI particles (Figure 3g—j). These nZVI particles had a spherical shape with a particle size
ranging from 20 nm to 190 nm (Figure 3g). The typical chain-like structure of nZVI [35]
was invisible due to the lignite supporter helping in reducing the chemical and magnetic
attraction between nZVIs providing a good dispersion. Furthermore, it showed dark
patches of mass concentrated areas of nZVI grains encapsulated with a graphitic phase
grown from lignite. Evidence for graphitic carbons in lignite is provided by both XRD and
d-spacing determination. At a higher resolution, the core-shell structures of nZVIs are
quite visible (Figure 3h), dispersed on graphene sheets which could enhance the stability
of nZVI preventing their aggregation. As in Figure 3i, the graphene shell is not perfect
and has some defects, and these defects slow down electron transfer, resulting in nZVIs’
long-term usage [36]. The dgg, spacing of ZVI-L1000, 0.34 nm, (Figure 3j) corresponds to
graphitic carbon’s 002 lattice space [37].

The PZC of ZVI-L1000 (6.9) was greater than that of the raw lignite (3.9) [17], indicating
that deposited ZVI affected the surface charge of the hybrid and enabled more positive
surface formation. When exposed to water, both iron oxides/hydroxides could be formed
on ZVI-L1000 because of the oxidation of Fe’. These oxides/hydroxides had local PZCs
ranging from 6 to 9.2 (i.e., a-FepO3 = 6.8-9.2, Fe304 ~ 7.8, a-FeOOH = 9, y-Fe,O3 = 6.3),
resulting in a higher PZC of ZVI-L1000 than lignite [38]. This high PZC could facilitate
stormwater treatment (pH 6.2-7.2) via electrostatic bonding and complexation.
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Figure 3. (a—d) SEM images of lignite and ZVI-LXs synthesized at 700, 800 and 1000 °C; (e,f) SEM
images and their corresponding EDX mapping spectra of ZVI-L700 (e) and ZVI-L1000 (f); (g—j) TEM
micrographs of ZVI-L1000 showing the distribution of nZVI (dark spheres) in lignite carbon (irregular
shaped light color matrix) (g), nZVI particle composed of a graphene encapsulation and a metallic
iron core (h), the imperfect graphene shell with some defects (i), the determination of d-spacing of
graphene layers (j).

It is worth noting that Fe(NO3)3 (with 28% Fe loading) and FeCl, (with 28% 15% Fe
loadings) have also been used to prepare three different ZVI-L1000s, and the metal binding
capacities of the products were evaluated (25 mL metal solution, 0.05 g dose, pH 5, 25 °C).
All three hybrids exhibited higher metal ion removals than lignite due to iron modification
(data are not presented). Interestingly, the greatest metal uptake capacity was achieved
by the FeCl,-derived ZVI-L1000 with 28% Fe loading, which indicates that the removal of
heavy metal ions is both iron salt (FeCl, outperformed FeNO3) and iron loading (28% Fe
outperformed 15% and 10% Fe) dependent. Despite the FeCl, with 28% Fe outperforming
10% Fe, too much iron was used in the former one, which may make the overall ZVI-L1000
production process cost-ineffective. Therefore, FeCl, with 10% Fe loading was selected for
nZVI-1000 production and was used for the following heavy metal removal experiments.

3.2. pH Dependence and the Kinetics of Heavy Metal Removal

Considering that heavy metal ions precipitate from the solution at neutral and al-
kaline pH conditions, the pH studies were conducted between pH 2.2 and 6.4 to avoid
a decrease in soluble metal ion concentrations by precipitation. As in Figure 4a—c, the
pH-dependent metal removals were observed for ZVI-L1000 from pH 2.2 to 6.4 (initial
metal ion concentration, 100 ppm, solution volume, 25 mL, 15 min, 25 °C). ZVI-L1000
(PZC = 6.9) showed low Cd?*, Cu?* and Pb** adsorption capacities (0.5, 0.4, and 6.8 mg/g)
at acidic pH levels, i.e., pH 2.2. When increasing the initial solution pH to ~6, the uptake
capacities of all three cations were significantly enhanced by 20, 15 and 3 times for Cd?+,
Cu?* and Pb?*, respectively.
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Figure 4. (a—c) pH dependence on (a) Pb?*, (b) Cd?* and (c) Cu®* uptake by ZVI-L1000 (initial
concentration 100 ppm, solution volume 25 mL, 25 °C, 15 min); (d) Pseudo-second-order kinetic
fittings for Cu®*, Pb?* and Cd?* uptake by ZVI-L1000 (initial concentration 100 ppm, solution volume
25 mL, 25 °C, pH values 6.4 (Cd?*), 6.2 (Cu®*) and 5.4 (Pb>*)).

Pb?* uptake increases when the solution pH increases from pH 2.2 to 5.4 (Figure 4a),
and further increasing the solution pH does not improve the Pb?* removal capacity. Con-
sidering that ZVI particles (Fe’, —0.44 V) have a lower reduction potential than lead (Pb,
—0.13 eV), the Pb?* uptake by ZVI-L1000 is mainly caused by the single-displacement
reaction between ZVI and Pb?* (Fe’ + Pb?* — Fe?* + PbY). At low pH range, ZVI particles
in the ZVI-L1000 surface are consumed by H* through the following reaction: Fe? + 2H* —
FeZ* + H, [14, 39]. This is evidenced by the immediate formation of bubbles after adding
ZVI-L1000 into the Pb?* solution along with the increase in the solution pH after Pb%*
removal (Figure 4a). Therefore, the increase in solution pH results in higher Pb?* capacity.
Moreover, the formation of iron oxides/hydroxides [e.g., FeOOH, Fe(OH), and Fe(OH);3]
in aqueous solutions exhibits more negative sites (e.g., Fe-O~, pK, 5.6) at a higher pH, and
this also contributes to increased Pb?* capacity. Tang et al. (2020) observed a formation of
different Pb phases (i.e., Pb?, PbO, PbOy,) after Pb?* uptake, suggesting that Pb>* removal
via adsorption and precipitation is kinetically favored as well [36]. PbO and PbO, were de-
posited on the adsorbent surface via the oxidation of Fe3* phases (Fe>* oxides, hydroxides
and oxide-hydroxides.) on ZVI. Du et al. (2019) also reported the formation of Pb(OH),
and PbCOj; due to —OH abstraction from water and CO, dissolved in water [39]. As Fe3*
hydroxides are formed when ZVI-L1000 is added to the Pb?* solution, the above-mentioned
insoluble Pb precipitates could also be formed in this study.

Cadmium ions are unlikely to hydrolyze at an initial pH < 8 [40] and tend to exist
as divalent species during the studied pH levels. Therefore, ZVI-L1000 (PZC = 6.9) is
suitable for the Cd%*-contaminated stormwater (pH 7) treatment. Similar to Pb?* removal,
ZVI particles in the ZVI-L1000 can reduce Cd?* because of the higher reduction of Cd
(0.40 eV) [41]. Therefore, a higher solution pH avoids the leaching of nZVI by H* and
thereby increases the updated capacity of Cd?* through reduction. Moreover, the oxidation
products such as iron oxides/hydroxides can bind with Cd**/Cd(OH)* via electrostatic
bonding/complexation, improving cadmium ion removal (Figure 4b).

Similar to Pb?*, Cu?* can be reduced to Cu® and Cu* by ZVI particles in the ZVI-
L1000 [42,43]. Therefore, lower Cu?* uptake at a more acidic pH is also attributed to the
consumption of ZVI by H*. Moreover, the oxidation products of ZVI with basic Fe-O~
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surface sites are formed in the solution, favoring the adsorption of Cu?*/Cu(OH)* ata
higher pH (Figure 4c).

The time required to reach equilibrium determined the practical value of the adsorbent.
The removal of heavy metals was rapid, with approximately 18% Cd?*, 50% Cu®* and
50% Pb2* of the ultimate uptake completed within 5 min (Figure 4). When the contact
time increased, the uptake of the three metal ions rose until 15 min. Therefore, 15 min was
selected as the equilibrium time for the isotherm experiments. Several factors affected the
rate of metal ion removal by ZVIs. The low Fe:lignite impregnation ratio (1:10) improved
both the access to metal ions and the removal rate, overcoming the steric hindrance caused
by nano Fe’. The removals decreased after 15 min, which could be due to a supersaturation
state. At this time, desorption predominated over adsorption [44]. The kinetic data
were fitted using pseudo-first and -second-order kinetic models. The pseudo-second-
order kinetic model (R? = 0.997-0.999) fits better than pseudo-first-order kinetic model
(R? = 0.997-0.999) (Table S1), suggesting that chemisorption could be the rate-limiting step.
The ge (calc.) values of Cd?* (10.4 mg/g), Cu®* (20.4 mg/g) and Pb** (21.5 mg/g) in
the pseudo-second-order kinetic model are close to their experimental values (10.2, 19.3,
and 22.5 mg/g, respectively). The K, value of Cd?* (0.16 min~!) is the greatest, whereas
0.07 min~! and 0.12 min~! were the values for Cu?* and Pb?* (Table S1).

3.3. Adsorption Isotherm

The adsorption isotherms of Cu?*, Pb?* and Cd?* adsorption by ZVI-L1000 and lignite
were performed at 25 °C (Figure 4d) using 25400 ppm metal ion solutions. Both Langmuir
(R? = 0.97-0.99) and Freundlich isotherm (R? = 0.92-0.99) models were consistent with
all adsorptions. Cu?*, Pb?* and Cd?* adsorption capacities of ZVI-L1000 (42.5, 55.2, and
38.3 mg/g) were greater than lignite (4.0, 12.2 and 4.9 mg/g) due to the existence of ZVI
(Table 2). The metal adsorption capacity of ZVI-L1000 decreased according to the order:
Pb?* > Cu?* > Cd?* at 25 °C. Differences in hydrated ionic radii, standard reduction poten-
tial, and the electronegativity of metal ions affected the cation removals. Standard reduction
potentials decreased according to this order: Cu®*/Cu(s) (0.34 V) > Pb>* /Pb(s) (—0.13 V) >
Cd?* /Cd(s) (—0.40 V) > Fe* /Fel(s) (—0.41 V). One reason for this could be that positive
and slightly positive ions such as Pb?>* and Cu?* have large reducing abilities compared
to the more negative Cd?* (—0.40 eV). Other reasons could be the differences in hydrated
ionic radii and the hydration energy of metal ions. During the adsorption, the hydrated
sphere surrounding the cation should be dissociated (spontaneous and entropy-driven),
and a cation with a lower hydration energy adsorbs easily via electrostatic interactions.
The hydration energy increased as follows: Pb?*(—1481 kJ/mol), Cd** (—1807 kJ/mol)
and Cu?* (—2100 kJ/mol), and the low-energy Pb?*" bound to Fe-O~ sites in ZVI-L1000
easily [45,46]. Nieva et el. (2017) reported a large Pb?* affinity towards ZVI due to the less
negative standard reduction potential of Pb?* /Pb(s) (—0.13 V), a high hydrated ionic radius
(0.26 nm), a paramagnetic and large atomic weight (207.2 g/mol) and a high electronega-
tivity (2.33) [42]. Moreover, ZVI-L1000 has a larger affinity towards more electronegative
Pb?* (2.33) and Cu?* (1.90) compared to more electropositive Cd** (1.69) demonstrating
that biochar surface area has a minimum effect on Cd?* sorption, but it can be critical in
the presence of functional groups.
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Table 2. Adsorption isotherm parameters for Cd%*, Pb?>* and Cu?* removal by lignite and ZVI-L.1000.

cax PbZ* Cu?
Isotherm Model Parameter . . .
Lignite ZVI-L1000 Lignite ZVI-L1000 Lignite ZVI-L1000
Langmuir 49 38.3 122 55.2 40 25
qe (mg/g)
K. (L/mg) 1.0 0.01 0.07 0.05 1.0 0.07
R? 0.99 0.99 0.95 0.99 0.99 0.97
Freundlich
Kr (L/mg) 33 33 40 10.1 19 11.0
n 14.5 0.01 49 0.3 14.5 3.8
R? 0.99 0.92 0.99 0.97 0.99 0.99
Note: The heavy metal removal was conducted in the following conditions: 0.05 g adsorbent dose, 25-400 mg/L
Cd?* /Cu?* /Pb?* solution, 25 mL solution volume, pH values 6.4 (Cd%"), 5.4 (Pb?%*) and 6.2 (Cu?*) at 25 °C,
15 min.

Cd?*, Pb?* and Cu?* adsorption capacities of ZVI-L1000 are comparable with previ-
ously developed adsorbents (Table 3). Furthermore, as lignite is an affordable and readily
available source material, it offers a greater potential for its commercialization in the future.
3.4. Simultaneous Cu®*, Pb?* and Cd** Removal by Lignite vs. ZVI-L1000

As shown in Figure S5, both lignite and ZVI-L1000 were used to test the simultaneous
removal of Cu?*, Pb%* and Cd?* from aqueous solutions. The ZVI-L1000 showed adsorp-
tion selectivity in the following order: Pb** > Cd?* > Cu?* at pH 5 (400 ppm metal ion
concentration, 0.5 g adsorbent dose, 25 °C, 15 min). A similar result has been observed in
previous studies as well. Greater adsorption capacities were observed for Pb%*, Cd?* and
Cu?* from mono-metal systems (42.5, 55.2, and 38.3 mg/g, respectively) (Figure S5). Com-
paratively, in multi-metal systems, the adsorption of each metal was greatly suppressed,
with Pb?* = 5.5 mg/g, Cd** = 2.4 mg/g and Cu?" = 0.9 mg/g at pH 5 (400 ppm metal ion,
0.5 g adsorbent dose, 25 °C, 15 min) (Figure S4). This indicates that antagonism is the major
competitive effect mechanism here [47]. In this case, all three metal ions compete for a
limited number of active sites, decreasing the adsorption. ZVI-L1000 shows a higher Pb?*
selectivity due to its lower hydration energy.

The heavy metal removal capacities of ZVI-L1000 are comparable with previously
produced adsorbents. Moreover, the carbothermic reduction conducted here is a reduced-
cost and eco-friendly method with the use of affordable lignite. This research can be further
expanded by using non-biowaste to manufacture ZVI in the future, which would be a
significant achievement.

Table 3. Comparison of Cd?*, Pb?>* and Cu?* adsorption performance of ZVI-L1000 and lignite with

previously developed ZVI adsorbents.
Metal Material Fe wt% Surface Area (m?/g) Removal Conditions Capacity (mg/g) Ref.
Pb** Ostric Bone Ash (OBA) 1.45 67 88

Pb?* 5-1000 mg/L, 25 °C [13]
Pb% OBA-ZVI 189 109 160
Pb2* Oﬁféfzi‘;gcr’;‘i;ﬁlfgrcs‘zg;tg) N/A N/A Pb?* 50 mg/L, pH 6, 25 °C 135.4 -
Pb> ZVI-HPB N/A N/A Pb>* 200 mg/L, pH 6,25 °C 480.9
Pb* Red-mud-supported ZVI N/A 44.6 Pb** 100-400 mg/L, pH=6 149.4 [39]
Cu?* %ﬁ%‘g;‘;g{;’gggﬂg N/A N/A Cu?* 25-200 mg/L 107.8 [48]
Pb>* 55.2
25-400 mg/L, pH 6.4 (Cd?"),

Cd? ZVI-L1000 N/A N/A 6.2 (Cu2*), and 5.4 (Pb?*) 38.3 This study

Cu2+

25°C, 15 min, 25 °C 05
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4. Conclusions

The present study reports the novel synthesis of ZVI-decorated lignite carbon through
carbothermal reduction to remove Cu?*, Pb2* and Cd?* from aqueous solutions. At 1000 °C,
the synthesized ZVI-L1000 showed the highest removal capacities for Cd?* (38.3 mg/g),
Pb?* (55.2 mg/g), and Cu?* (42.5 mg/g) at 25 °C. Highly dispersed ZVI particles were
responsible for the greater removal performance of ZVI-LXs towards Cu?*, Pb?* and Cd?*
uptake compared to lignite. Abundant Fe’ active centers on the ZVI-L1000 were highly
available for metal ion reduction and offered fast removal (~15 min) of all three metal
cations compared to recently reported ZVI adsorbents. ZVI-L1000 showed a higher Pb?*
selectivity in the presence of Cu?*, Pb?* and Cd?*. Lignite was selected as the carrier
here to prepare stabilized ZVI for wastewater treatment. Abundant and low-cost lignite is
suitable for the industrial production of value-added products. However, more research
is required to identify effective conjugation methods, check the potential applicability of
alternative substrates and design better composite platforms aiming to well-disperse the
particles and promote their removal performance further. This research can be expanded
to evaluate ZVI-L1000’s ability to remove organic pollutants, such as pharmaceuticals,
pesticides and antibiotics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr10081659/s1 [49-52].
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