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Evaluation of the adsorption potential of Fe,O, immobilized waste rock wool
for the removal of Pb(Il) from the aquatic environment
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ABSTRACT

Rock wool (RW) is an inorganic fiber material with chemical stability and fire retardancy also
available in low cost. RW is widely used in building exterior wall insulation and interior sound
insulation and accounts for an increasing proportion of demolition waste from buildings. Iron oxide
can efficiently remove pollutants from aqueous solution. In our research, Fe,O, nanoparticles were
deposited on acid-modified waste rock wool (ARW) with the coprecipitation method, and a novel
adsorbent for lead was generated. Sorbent materials were characterized by scanning electron micros-
copy, energy dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy and X-ray dif-
fraction, and adsorption parameters under different reaction conditions (pH, concentration, contact
time, and sorbent dosage) were investigated. The results indicate that the new adsorbent adsorbs
lead more efficiently than Fe,O, alone, because the incorporation of rock wool reduces the agglom-
eration effect. The adsorption of lead into Fe,O, deposited acid-modified waste rock wool fiber
(ARWF) obeys pseudo-second-order kinetics and Langmuir models. Batch adsorption experiments
show that the ARWF can efficiently remove lead from water with a maximum adsorption capacity of
123.15 mg/g and can adsorb 99.45% of lead in 30 min when pH is 4-8. ARWF was also demonstrated
to have good potential for regeneration and reuse after four consecutive cycles. These results suggest
that waste rock wool loaded with Fe,O, nanoparticles is a promising material for water treatment.
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1. Introduction

Lead is a highly toxic metal that was frequently used
throughout history. In nature, lead is characterized by
wide distribution, ease of extraction, and ease of pro-
cessing. Lead ions in water pose a serious environmental
concern, which is mainly due to natural weathering and

* Corresponding author.

the discharge of lead-containing effluents such as mine
exploitation, petroleum refining, lead-acid battery produc-
tion, and chemical reagents [1,2]. Lead in water is not biode-
gradable and undergoes bioaccumulation, meaning that it
accumulates in the food cycle to have large potential nega-
tive impacts on humans [3]. Therefore, different authorities
have specified thresholds for Pb(II) concentration allowed
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in drinking water. Various technologies have been devel-
oped to remove lead ions from effluents, including ion
exchange technology [4], chemical precipitation method
[5], membrane separation technology [6], and adsorption
technology [7]. Of these, adsorption technology is beneficial
due to its low cost, simple operation, and high efficiency
as well as its lack of harm to organisms in the water envi-
ronment and the wide availability of adsorption materials
[8,9]. Conventional adsorbents, such as activated carbon,
alumina, quartz sand, and zeolite, have complex regen-
eration processes and are costly and difficult to separate
from water; thus, their widespread application is limited.
Therefore, demands for inexpensive sorbents with high
adsorption capacity are pressing [10-12]. With the develop-
ment of nanotechnology, various novel nanosorbents have
been created. Iron-based nanomaterials such as Fe,O, are
an area of great research interest due to their fast adsorp-
tion rate, high adsorption performance, easy separation and
regeneration, economy, and high efficiency [13]. However,
these tiny nanoparticles agglomerate easily and form large
particle precipitation, which reduces adsorption efficiency.
To solve these problems, there is a strong need for low-
cost carrier materials with simple fabrication processes.

Rock wool (RW) is an inorganic fiber widely used in
building exterior wall insulation, indoor sound insulation,
fire prevention, cement reinforcement, pipeline insula-
tion, and soilless culture. It is made of dolomite and basalt
and has outstanding buffering capacity, excellent chemi-
cal stability, flame retardance, and low cost [14-16]. Much
solid waste is generated each year due to building dem-
olitions in China, and this causes severe environmental
pollution and loss of resources. The world produces over
200 million tons of construction demolition waste each
year, compromising 30%-40% of total urban solid waste
[17]. Rock wool insulation materials are widely used in
construction and infrastructure projects, accounting for
a growing proportion of construction demolition waste.
The majority of waste rock wool is discarded or bur-
ied, which causes severe environmental pollution due to
lack of biodegradation. This is also a substantial waste of
material and human resources [18,19]. Therefore, there is
significant interest in recycling waste rock wool.

The objective of this research was to fabricate a neotype
material on the basis of acid-modified waste rock wool fiber
(ARWF) with iron oxide nanoparticles, and to use this mate-
rial for the removal of Pb(II) from water. The morphological
and physicochemical properties of iron oxide/acid-modi-
fied rock wool fiber (ARWF) were determined by scanning
electron microscopy (SEM), energy dispersive X-ray spec-
troscopy (EDX), Fourier transforms infrared spectroscopy
(FTIR) and X-ray diffraction (XRD). The impacts of pH, con-
tact time, initial Pb(II) concentration, and adsorbent dosage
on the removal efficiency and capacity were also inves-
tigated. The adsorption kinetic experiments were fitted
with pseudo-first-order and pseudo-second-order models,
and Langmuir and Freundlich models were employed to
fit the adsorption equilibrium data. Under experimen-
tal conditions, the adsorption mechanism of ARWF on
Pb(Il) in aqueous solution was preliminarily determined.
We expect that this research will inspire advances in
wastewater purification and waste rock wool recycling.

2. Materials and methods
2.1. Materials

Waste rock wool (RW) was collected from abandoned
exterior insulation materials (Shenyang, China). Analytical
grade reagents, including Pb(NO,), FeSO,7H,O, HCI,
FeCl;6H,O, HNO, and NaOH, were purchased from
Sinopharm Chemical Reagent Shenyang Co. Ltd. Lead solu-
tion (2,000 mg L) was prepared by dissolving Pb(NO,),
in deionized water followed by serial dilution as required
during use. All chemical solutions used in experiments
were prepared in deionized water.

2.2. Sorbent preparation

The RW collected was washed repeatedly with deion-
ized water, then dipped into HCI solution (1.0 M) at room
temperature for 15 min, stirring continuously (120 rpm).
The precipitates were collected using a strainer and cleaned
with deionized water several times. The precipitates
were subsequently dried in an oven for 12 h at 333 K and
ground to obtain ARW.

The functional ARW was generated using the co-pre-
cipitation method [20]. First, FeCl,-6H,0O and FeSO,7H,0O
were immersed in deionized water (200 mL), keeping the
molar ratio of Fe* to Fe?" at 2:1. ARW (1 g) was then added
and mixed evenly at room temperature. NaOH (10 M) was
slowly added to the solution until the pH was 12. The solu-
tion was agitated vigorously for 2 h and then incubated
for 24 h at room temperature. The precipitates were then
collected by magnetic separation. After repeated cleaning,
the collected precipitates were dried in an oven at 333 K
for 12 h to obtain iron oxide supported ARWF. The mass
ratios of ARW and Fe in ARWF composites were established
on 4:1, 2:1, 1:1, and 0.5:1, respectively. The ARWF sample
prepared was ground and sealed for preservation.

2.3. Characterization of samples

The microstructure and morphology of the ARWF materi-
als were estimated on a scanning electron microscope (Hitachi
S-4800, Tokyo, Japan). The chemical elemental distribution of
the samples was characterized using EDX on SEM. The crys-
talline pattern of the materials was monitored using an X-ray
diffractometer (Bruker D8, Brerica, Massachusetts, USA). The
composition of the adsorbent was determined by compari-
son with the spectra in the JADE program. Active functional
groups on the adsorbent’s surface were also measured by FTIR
spectroscopy (Varian FTIR3000, Palo Alto, California, USA).

2.4. Adsorption experiments

In this research, Pb(NO,), was chosen as the target pol-
lutant. Pb(II) stock solutions were prepared by dissolv-
ing 3.197 g of Pb(NO,), in 1,000 mL of deionized water.
The stock solution was subsequently diluted as needed in
deionized water. Adsorption experiments were carried out
by mixing samples and 20 mL synthesized wastewater in a
50 mL conical for 120 min with stirring at 250 rpm (adsorp-
tion kinetics excluded). The solution pH was adjusted
as needed using 0.1 M HCI and 0.1 M NaOH solutions.
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The kinetic experiments were performed in the solution
with a Pb(II) concentration of 100 mg L™, a control adsorp-
tion time of 1,400 min, and a pH of 5. The adsorption iso-
therms were carried out in a series of solutions with dif-
ferent initial Pb(II) concentrations (100-700 mg L™). At the
end of every experiment, the collected sample was sepa-
rated from the solid adsorbent with 0.45 um disposable
microporous membrane filters. In order to evaluate the
regeneration potential and reusability of ARWEF, the per-
formance of ARWF was studied through four successive
experimental cycles. The spent adsorbent was collected
and then regenerated using HCl solution (0.1 mol L)
with stirring for 60 min. The regenerated adsorbent was
washed with deionized water until the pH was neutral-
ized and then dried for the next Pb(II) adsorption exper-
iment. The concentrations of Pb(Il) ions were measured
using an atomic absorption spectrometer (AAS, Varian
SpectrAA220). The adsorption volume and removal rates
were calculated according to the following formulas:

C, —-C )xV
qe:M 1)

m

R= (C"C;C) x100% @)

0

where C; (mg L") and C, (mg L) are the initial and
equilibrium concentrations of the Pb(Il) solution, respec-
tively; g, (mg g™) is the adsorption capacity of saturation;
V (L) and m (g) are the volumes of the solution and the
mass of the samples, respectively; R (%) is the removal
efficiency. Three samples were run in parallel for all
treatment conditions, and the mean values * standard
deviation values were calculated.

3. Results and discussion
3.1. Characterization of the adsorbent

The surface morphology and the chemical distribution
of ARWF (iron oxide supported acid-modified rock wool)
was determined via SEM-EDS. As seen in Figs. 1a, d and
g, the RW composed of large amounts of longitudinally
interlaced fibers with a clean surface and a diametric range
of about 5-10 um. The porosity of RW is 96.9%, and this
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Fig. 1. Scanning electron microscopy images of (a and d) waste rock wool (RW), (b and e) acid-modified waste rock wool (ARW),
and (c and f) acid-modified waste rock wool fiber (ARWF); (g—i) EDX spectra of waste RW (region I), ARW (region II), and ARWF

(region III), respectively.
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porous structure indicates potential as an adsorbent [21].
After pretreatment with 1.0 M HCl solution, a large number
of micro-nano-cracks appeared on the fiber surface of the
ARW, which provided the ARW with more active functional
groups and a larger specific surface area than RW (Figs. 1b
and e). More importantly, the rough surface of the fibers
provided greater space for loading iron oxide nanoparticles
and promoted dispersion of the nanoparticles via steric hin-
drance (Figs. 1c and f). As shown in Figs. 1f and i, a large
number of precipitated particles appeared in the cracks on
the surface of the ARW fibers, which were further confirmed
by EDS elemental mapping to contain a large amount of
iron; it can, therefore, be inferred that iron oxide nanopar-
ticles were loaded onto the ARW surface. Furthermore, the
addition of iron oxide particles improved the ARW’s ability
to adsorb Pb(II) and increased its specific surface area.

The crystallographic phases of the samples were inves-
tigated by XRD. As shown in Fig. 2a, the diffraction peak
(20 = 23.0°) in the XRD pattern of RW indicates that SiO,-
Al,0,-CaO-MgO is the main component; the XRD pattern
of ARW also carries a prominent peak at 20 = 21.0°, sug-
gesting the presence of amorphous silica [22]. Diffraction
peaks at 20 = 30.0°, 35.5°, 43.2°, 53.5°, 57.0°, 62.6° were also
observed in the XRD pattern of ARWEF, respectively, corre-
sponding to reflections of (220), (311), (400), (422), (511) and
(440) crystal planes of cubic phase of Fe,O, [23], indicating
the main component of the particles loaded onto the ARW
is Fe,O,. These findings were consistent with the analysis
of EDX (Fig. 1i).

Active groups and chemical interactions in the ARWF
system were evaluated by FTIR. As displayed in Fig. 2b,
the characteristic peaks of 3,413 and 1,019 cm™ in the RW
correspond to the tensile vibration of -OH and Si-O-Si,
respectively. Following treatment with HCI solution (1.0 M),
the absorption peak at 1,019 cm™ disappeared, indicating
that silicon oxide in ARW can be removed. Treatment with
HCI also remarkably enhanced peaks at 3,396; 1,643, and
1,149 cm™, indicating that HCI treatment can enrich -OH and
-COOH groups in RW [24]. A new peak corresponding to
Fe-O tensile vibration also emerged in the ARWF spectrum
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at 562 cm™, and this was similar to the infrared band values
of Fe,O, reported in the literature. This indicates that Fe,O,
was incorporated successfully on the ARW surface. The peak
located at 1,122 cm™ might be caused by weak stretching of
OH in goethite (a-FeOOH) and lepidocrocite (y-FeOOH) [25].

3.2. Remowval efficiency of Pb(Il) from water by different samples

In order to determine the optimal medium for lead
removal, the abilities of RW, ARW, and ARWF were quan-
tified to adsorb Pb(Il) from aqueous solution. As shown
in Fig. 3, the lead removal efficiency for all samples tested
increased with time. RW was not efficient for Pb(II) removal
(20%), whereas ARW performed slightly better than RW
(23%), demonstrating that HCl treatment had a positive
impact on RW’s lead removal efficiency. This increased effi-
ciency was mainly due to the improvements in porosity
and surface functional groups provided by HCI treatment
[24]. Furthermore, the ARWF displayed a better adsorp-
tion performance than ARW and Fe,O, mainly because
Fe,O, improved the adsorption capacity of ARW, and
ARW prevented aggregation of Fe,O, nanoparticles [26].
The adsorption of Pb(Il) by three different ratios of ARWF
was rapidly completed within 30 min. As the mass ratio of
Fe,O, increased, removal efficiency also increased notably.
ARWF in mass ratios of 1:1 and 1:2 resulted in maximum
removal efficiency (96.6% and 95.9%, respectively) within
30 min. Due to this optimal efficiency and economic con-
siderations, ARWF with a mass ratio of ARW:Fe = 1:1 was
chosen as the optimized sample for adsorption of Pb(II).

3.3. Effect of pH

It is well established that pH is the most critical factor
affecting adsorption processes [26]. The chemistry of the sur-
face functional groups of the adsorbed material can change
with the pH of the solution, thus affecting the adsorption
capacity of the material [39]. Hence, experiments were car-
ried out in the pH range of 1-8 in order to determine the
optimal pH for adsorption. As shown in Fig. 4, the initial
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Fig. 2. X-ray diffraction patterns and Fourier transforms infrared spectroscopy spectra of rock wool, acid-modified waste

rock wool, acid-modified waste rock wool fiber.
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Fig. 3. Removal efficiency of Pb(Il) from water by rock wool,
acid-modified waste rock wool, iron oxide, and acid-modified
waste rock wool fiber with different proportions.

pH value of the solution had a remarkable impact on the
adsorption efficiency of ARWF. The adsorption capacity
and removal efficiency of Pb(II) all increased markedly with
increasing pH from 1 to 4 but did not increase with further
increases in pH. At low pH, most of the adsorption sites
on the ARWF surface were occupied by protons, making it
difficult to adsorb Pb(II) ions from the solution because of
the electrostatic repulsion force [37]. A high pH was condu-
cive to the deprotonation of the sorbent surface, causing a
reduction in ARWF’s adsorption capacity [13]. Additionally,
lead hydroxide precipitated above pH 7, and this negatively
affected adsorption. Therefore, we chose to carry out sub-
sequent adsorption experiments at pH 5. Under these con-
ditions, the adsorption capacity and removal rate of ARWF
for Pb(II) reached 49.9 mg g™ and 99.45%, respectively.

3.4. Effect of adsorbent dosage

In order to determine the optimal dosage of ARWE, the
effect of different doses was investigated while keeping
other parameters constant. As demonstrated in Fig. 5, as the
dosage of adsorbent increased in the range of 0.5-8 g L,
the unit adsorption of ARWF gradually reduced from 100 to
12.5 mg g'. This occurred mainly because there were fewer
available adsorption sites at lower doses of ARWF and
Pb(II) ions were in excess, so there were Pb(Il) ions avail-
able for ARWF to adsorb, resulting in increased adsorp-
tion with increased ARWEF. On the other hand, as ARWF
dosage further increased, there were fewer Pb(II) ions
available to adsorb, causing a reduction in unit adsorption
capacity. As the dosage of ARWF increased, the removal
efficiency of ARWF to Pb(Il) gradually increased. When
the dosage was increased to 2 g L™, the removal rate of
Pb(II) increased faster because the active site of ARWF was
not yet saturated, allowing for easy adsorption of Pb(II).
This also weakened the competition between Pb(II) and H?,
thus enhancing the chance of collision between ARWF and
Pb(II) [27]. At a dosage of 2 g L™, we observed an adsorption
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Fig. 5. Effect of adsorbent dosage on Pb(Il) adsorption onto
acid-modified waste rock wool fiber.

rate of 98.3%. Based on these results, 2 g L was deter-
mined as the optimal dosage due to relatively high removal
efficiency and unit adsorption capacity of ARWF for Pb(II).

3.5. Effect of initial Pb(II) concentration

As shown in Fig. 6, the adsorption effect of ARWF
changed remarkably with different initial lead concen-
trations. When the initial concentration was between 50
and 150 mg L7, the removal rate of lead (II) stayed con-
stant at around 99.9%. At initial concentrations above
150 mg L7, the removal rate gradually decreases with
increased starting concentration. At low initial Pb(II) con-
centrations, the number of Pb(Il) ions in solution was
insignificant compared with the number of adsorption
sites on the ARWF surface; therefore, the removal effi-
ciency under these conditions was not very dependent on



234

the initial Pb(II) concentration [28]. The adsorption capac-
ity of ARWF increased slowly with increased initial Pb(II)
concentration, and as the initial concentration of Pb(II)
increased to 600 mg L7, the removal capacity of ARWF
increased to 111.3 mg L. One possible explanation for
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Fig. 6. Effect of initial concentration on Pb(II) adsorption onto
acid-modified waste rock wool fiber.
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this is that the rate of Pb(II) ions passing from the solu-
tion to the adsorbent surface and the mass transfer driving
force of the solution increased with increased Pb(II) ions
concentration, thus increasing the probability of contact
between ARWF and Pb(Il) ions. As the initial concen-
tration was further increased, the surface-active sites of
ARWF were entirely occupied by Pb(Il), and the loading
capacity reached saturation [29].

3.6. Adsorption kinetics and isotherms of lead

Fig. 7a shows the kinetics curve for the adsorption of
ARWF to Pb(Il) ions with time. The adsorption of Pb(II)
by ARWF occurred quickly within the first 180 min, then
slowed down and finally reached equilibrium. This was
mainly due to the low relative concentration of Pb(II) ions
during the initial stage of adsorption, which allowed the
Pb(II) ions to bind rapidly to the surface active sites of the
ARWE. As the adsorption reaction progressed, more and
more Pb(Il) ions were adsorbed onto the ARWF surface,
resulting in occupation of the absorbent sites and an increase
in repulsion between Pb(Il) ions in solution and on the
adsorbent surface. The adsorption experiment results were
fitted using pseudo-first-order (3), pseudo-second-order (4),
and intra-particle diffusion models (5), respectively.
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Fig. 7. Kinetics of Pb(II) adsorption onto acid-modified waste rock wool fiber (a) and pseudo-first-order (b), pseudo-second-order

(c) and intra-particle diffusion (d) plot for adsorption.
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where g, (mg g™') and g, (mg g™), respectively, represent the
adsorption capacity at equilibrium time and ¢ time; k, (min™)
and k, (g mg™' min™) represent adsorption rate constants of
pseudo-first-order and pseudo-second-order, respectively;
k, was the rate constant of intra-particle diffusion.

Figs. 7b—d display adsorption kinetic curves fitted by
the three models. The model fitting parameters are shown
in Table 1. As shown in Table 1 and Fig. 7, the correlation
coefficient (R?) of the pseudo-second-order kinetics was
0.996, which was higher than the R? value (0.975) fitted by
the pseudo-first-order kinetics equation, although both
models could fit the sorption data well. The pseudo-second-
order kinetics model was more suitable for describing
the adsorption behavior of ARWF to Pb(Il). The adsorp-
tion process is based on chemical adsorption, and the
equilibrium adsorption capacity (g, calculated from the
fitted model was consistent with the actual results [30].

In order to further understand each stage of adsorption
process control, the adsorption data were fitted and ana-
lyzed using the intra-particle diffusion model (Fig. 7d).
As displayed in Fig. 7d, the adsorption process included
two stages. The first stage (0-240 min) was a surface reac-
tion process with a rapid increase in adsorption capacity,
which was more consistent with the intra-particle dif-
fusion model (R?= 0.983). In the initial phase of the reac-
tion, the surface of ARWF had plenty of adsorption sites
and could bind to sufficient Pb(II) ions. In the second stage
(240 min — adsorption balance), the reaction rate tended
to be slow, and adsorption gradually reached saturation
as Pb(Il) gradually diffused into the micropores of ARWEF.
Additionally, the fitted straight line of the two stages did
not go through the origin, indicating that the intra-parti-
cle diffusion was not the single rate control step in the
adsorption of Pb(II) by ARWEF, which also involved liquid
film diffusion and surface adsorption [31].

To evaluate the adsorption performance of ARWF on
Pb(Il), an adsorption isotherm experimental study was
performed. The Langmuir and Freundlich adsorption iso-
thermal models were the common mathematical models
used to describe the equilibrium relationship. Egs. (6) and
(7) indicate the Langmuir and the Freundlich isothermal
models, respectively.

Table 1

235
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In the formula, C, (mg L) is the concentration of Pb(II)
in solution at adsorption equilibrium; g, (mg g') and g,
(mg g™) are the adsorption capacity at adsorption equilib-
rium and the maximum adsorption capacity of the sorbent,
respectively; k, (L mg™) and k. (mg/g)-(1/mg)*" are con-
stants related to thermodynamics and adsorption strength,
respectively. The constant n correlates with the adsorption
ability. The parameter R, can be calculated by using the k,
value, which is used to determine the type of Langmuir
isotherm and defined by Eq. (8).

®)

where C, (mg L) is the metal ion concentration.

The adsorption isotherms were conducted at tempera-
tures of 278, 288, 298 K with initial concentrations of Pb(II)
ions of 50-800 mg L. The adsorption isotherm of ARWF on
Pb(I) and model fitting results under these conditions are
illustrated in Fig. 8 and Table 2, respectively. The adsorp-
tion capacity of Pb(Il) gradually increased with increasing
Pb(Il) equilibrium concentration in solution. The fitting
of the data to the Langmuir isotherm model (R*= 0.9689-
0.9792) was more accurate than the Freundlich isothermal
model (R*= 0.6567-0.7670) at different temperatures. The
Langmuir model was more able to describe the adsorption
process of ARWF on Pb(II). Notably, the Langmuir model
describes the equivalent adsorption and adsorbent surfaces
at all sites that were monolayer covered [32]. Specifically, R,
(Langmuir model) values obtained were between 0 and 1,
indicating that the adsorption of Pb(II) ions in solution by
ARWF was favorable [33]. The results indicate that ARWF
has excellent adsorption ability for lead in water. The max-
imum adsorption capacity of ARWF for Pb(II) at 298 K, cal-
culated by Langmuir’s equation was 123.15 mg g, which is
higher than previously reported in the literature (Table 3).
The results indicate that ARWF has high adsorption effi-
ciency and fast adsorption speed, making it a promising
adsorption material for lead removal from water.

3.7. Regeneration and reusability

When evaluating an adsorbent, it is important not to
examine only adsorption capacity but also potential for

Adsorption kinetic model and fitting parameters of ARWF for Pb(II)

Pseudo-first-order

Pseudo-second-order

Intra-particle diffusion

Initial stage Second stage

Q, (mgg) k, (min™) R? Q,(mgg™)

k,(g mg™? min™) R? k

R? k R?

d d

36.18 0.0050 0.975 49.31 0.0003

0.996 2.3514 0.983 0.2829 0.927
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Table 2
Fitting parameters of isotherm model for ARWF adsorption of Pb(II)
Langmuir Freundlich
T (K) k, (L mg™) q,(mg g™) R, R k: (mg/g)-(1/mg)"" n R
278 0.1329 94.79 0.009-0.131 0.9792 46.40 8.2379 0.6628
288 0.1546 82.44 0.008-0.115 0.9762 65.25 8.1340 0.7670
298 0.0750 123.15 0.016-0.211 0.9689 42.07 10.4102 0.6567
Table 3
Adsorption capacities of adsorbents reported in the literature for Pb(II)
Adsorbent T (°C) Maximum pH Reference
capacity (mg g™)
Modified cotton 20 69.5 - [40]
Biochar from maple wood 25 43.3 - [7]
Pigeon peas hulls 20 20.83 4.0 [41]
Bamboo charcoal modified with KMnO, 25 55.56 5.0 [42]
Pleurotus ostreatus immobilized iron oxide - 32.1 5.0 [43]
[-Cyclodextrin modified biochar 35 240.13 5.5 [44]
APTES functionalized magnetic biochar - 64.92 - [45]
ARWF 25 123.15 5.0 This study

regeneration and reusability. Accordingly, four successive
adsorption regeneration cycle experiments were performed
to examine the regeneration performance of ARWEF. As
shown in Fig. 9, the removal efficiency of ARWF on Pb(II)
was maintained at above 80% in four regeneration cycles.
Therefore, this sorbent has promising application for
Pb-wastewater treatment.

3.8. Adsorption mechanism analysis

Based on the impact factor analysis, SEM-EDS, XRD,
FTIR, adsorption kinetics, adsorption isotherm, and the
adsorption mechanism of aqueous Pb(II) by ARWF were

investigated. Fe, O, loaded onto ARW played a pivotal
role in removing Pb(Il) from water, and ARW fibers were
responsible for supporting and dispersing Fe,O, nanopar-
ticles. The solution pH impacted the removal efficiency of
Pb(Il), which demonstrates electrostatic attraction between
ARWF and Pb(Il) ions. The surface of ARWEF adsorbent
may undergo a protonation-deprotonation reaction [13].
The number of positively charged sites gradually increases
as the pH of the solution decreases. Positive charges on
the ARWF surface are not favorable for Pb(II) adsorption
due to electrostatic repulsion. Moreover, at lower pH con-
ditions, excess protons compete with Pb(II) ions for sorp-
tion position, resulting in reduced adsorption ability of



D. Zhao et al. / Desalination and Water Treatment 221 (2021) 229-238 237

100 4
.
T
+
~ 801 s
X
T
g
= 60
>
(=]
g
2
= 404
k=g
aw
20 1
0 T T T T
1 2 3 4

Number of cycles

Fig. 9. Regeneration study of the acid-modified waste rock
wool fiber. Experiment conditions: adsorbent dosage=2 g L;
pH=5.0; T=25°C = 1°C.

the ARWF [26]. Therefore, the electrostatic effect on the
ARWF surface may be an essential mechanism of adsorp-
tion. Additionally, changes in pH not only affect the surface
charge and ionization degree but also determine the form
of lead present in the solution. The presence of Pb(II) ions
in the forms of Pb(OH)*, Pb*, Pb(OH), and Pb(OH)?* at
different pH values led to differences in the performance
of adsorbents. When pH is greater than 6.5, Pb(OH), is the
primary form of lead in the solution, whereas when pH is
less than 6.5, the primary forms are Pb* and Pb(OH) [34].
The pseudo-first-order, pseudo-second-order kinetic
models and Langmuir isothermal adsorption models fit the
experimental results, indicating that ARWF adsorbed Pb(II)
effectively. The chemical adsorption mechanism was crucial,
and the adsorption process was similar to monolayer adsorp-
tion [35]. FTIR detection results showed that the surface of
ARWEF contained large amounts of -COOH and -OH func-
tional groups. Upon binding of Pb(Il), the characteristic peaks
associated with these groups mostly shifted; this probably
occurred due to ion exchange of Pb(II) with protons in -OH
and -COOH or direct complexation of oxygen-containing
groups with Pb(II) [36,38]. Hence, ion exchange and func-
tional group complexation may also be significant mecha-
nisms that affect adsorption. On all counts, the adsorption
of Pb(II) by ARWF is a complex process that occurs through
the joint action of various mechanisms involving a combina-
tion of physical and chemical interactions, including surface
complexation, ion exchange, and electrostatic attraction.

4. Conclusion

In this study, waste RW was examined as a solution
to the problems of agglomeration and separation of iron
oxide in the removal of Pb(Il) from water. The SEM results
show that the surface of RW fibers treated with HCl con-
tained large amounts of micro-nano-cracking and iron oxide
nanoparticles which were distributed uniformly on the
surface of ARW. The large specific surface area of the ARW
reinforced the dispersion of iron oxide, producing more
adsorption sites for the removal of Pb(II). Furthermore, XRD
analyses revealed that the major constituent of the generated

particles was Fe,O,. Due to the porous structure of ARWF,
99.45% Pb(Il) adsorption was achieved in only 30 min, and
adsorption capacity of 123.15 mg g™ could be reached at pH
4-8. Based on adsorption kinetics and isotherm studies, the
adsorption of Pb(II) on ARWF was consistent with pseu-
do-second-order and Langmuir models. ARWF was demon-
strated to have good potential for regeneration and reuse
after four consecutive cycles. The superior Pb(II) adsorption
capacity and excellent regeneration and reuse potential of
ARWEF indicate that this adsorbent has broad prospects for
practical application in Pb-contaminated water treatment.
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