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Abstract

Magnetite@poly-p-phenylenediamine (Fe;O4@PpPD) composite modified with salicylaldehyde
(SA) was fabricated as adsorbent to remove Mn (VII) from wastewater. The Fe3O4 microspheres
endow the adsorbent with the ability of rapid solid-liquid separation. The PpPD with acid and alkali
resistance can protect FesO4 from corrosion while introducing a large amount of N atoms to adsorb
Mn (VII). The introduction of SA increases the specific surface area and adsorption sites of the
adsorbent. The effects of pH, time and temperature on the adsorption process were studied. At pH=2,
the maximum adsorption capacity (Q) is as high as 148.34 mg g'!, which is attributed to the
complexation/chelation and electrostatic interaction between amino and hydroxyl groups and Mn
(VID). It is found that the adsorption process conforms to the pseudo-second order kinetic model and
Langmuir isotherm model. Thermodynamics researches demonstrate that the adsorption is a
spontaneous endothermic process. After four adsorption cycle tests, the adsorption capacity losses
only 1%. Moreover, high adsorption efficiency in river water and mixed metal ions solution proves
that the prepared Fe;O4@PpPD-SA composite possesses excellent Q in removing Mn (VII).

Keywords: Magnetic adsorbent; Fe3sO4 microspheres; Poly-p-phenylenediamine; Salicylaldehyde;

Mn (VII).



1. Introduction

In recent years, many industrial processes discharge a large amount of wastewater which
contains organic and inorganic pollutants, posing a serious health hazard to organisms [1]. Non-
biodegradable manganese ion pollutants mainly stem from the mining and smelting of manganese-
containing ore and the production process of manganese alloys[2]. As an essential trace element for
the human body, lack of manganese intake can cause manganese deficiency symptoms, for example
wounds difficult to heal. However, excessive intake of this element can also cause chronic poisoning
and severely damage the human nervous system. Therefore, how to remove manganese in
wastewater to meet the requirements of discharge (the content of manganese is not more than 2 mg
L) is an urgent problem to be solved[3-5].

So far, many technologies have been applied to remove and recover toxic metal ions in sewage,
for instance precipitation, electrolysis, reverse osmosis, membrane filtration and adsorption, etc[6-
9]. The adsorption technology is widely used because of its simple design, easy operation and wide
selection range[10-12]. In order to further reduce the cost and simplify the operation, the synthesis
and the modification of adsorbents are usually carried out by compounding organic substances on
magnetic inorganic bodies to realize the rapid separation of adsorbents. With the advance of
advanced materials and energy devices, conductive polymers are gradually coming into the public
eye[ 13-21]. Due to the ease of synthesis, controllable structure, good acid and alkali resistance, and
a large number of adsorbed functional groups, conductive polymers have gradually increased in the
trend of introducing polymers as adsorbents in water treatment[22-24]. Poly-p-phenylene diamine
(PpPD) is not only chemically stable and easy to prepare[25-29], but also has a large number of
nitrogen-containing groups, making it widely used to remove heavy metal ions in water[30-34]. For
instance, Munzhelele et al. synthesized iron-doped PpPD composite materials to remove toxic metal
ions As** in water[35]. Mdlalose et al. used synthetic PpPD to reduce Cr (VI) in solution to Cr

(IIN)[30]. Min et al. studied the influence of PpPD microstructure on the adsorption capacity of



removing lead ions[36].

Both the hydroxyl group and the aldehyde group in salicylaldehyde (SA) contain oxygen atoms
which can bind to the metal ions in the solution through coordination[37-42]. SA is usually used for
the modification of composite materials to improve the adsorbents performance. Zhang et al. used
double SA Schiff base (SBA-DSA) to modify SBA-15 mesoporous silica to adsorb and separate Cu
(IT) and Pb (II) ions from the aqueous solution[43]. Hussain et al. prepared SA-functionalized
chitosan nanoparticles as adsorbents for Cu (II), Cd (IT) and Pb (II) ions[37]. Therefore, it can be
assumed that the Fe;04@PpPD core-shell composite modified with SA can significantly enhance
the adsorption property and actualize the adsorption for Mn (VII).

In this study, Fe;O4@PpPD-SA composite was synthesized by hydrothermal method, chemical
oxidation polymerization method and chemical modification method in turn. The PpPD with the
acid and alkali resistance can protect Fe;O4 from corrosion, and introduces a large amount of N
atoms to adsorb Mn (VII) in the solution. Moreover, the introduction of SA increases the specific
surface area and adsorption sites of the adsorbent for Mn (VII). Fe;Os@PpPD-SA composite
combines the adsorption characteristics of PpPD and SA and plays the characteristics of double
adsorption, greatly improving the Mn (VII) adsorption efficiency. The influence of time, pH and
temperature on Mn (VII) adsorption efficiency were researched under different experimental
conditions. In addition, the adsorbent can be quickly separated from the solution with the help of an
external magnetic field, which has an excellent development prospect in removing heavy metal ions
in wastewater.

2 Experiment
2.1 Materials

Ferric chloride (FeCls-6H20, 99%), sodium citrate (Na3CsHsO7:2H20, 99%), urea (CH4N-O,

99%), sodium polyacrylate ((C3H3NaO>),), p-phenylenediamine (CsHsN2, 99%), ammonium

persulfate ((NH4)2S20s, APS, 98%), salicylaldehyde (C7;HsO2, SA, 99%), ethanol (CH3CH,OH),



ammonia (NH3-H2O, 25%-28%), silane coupling agent KH-550 (98%) and potassium permanganate
(KMnOy).
2.2 Fabrication of Fe;O4@PpPD-SA
2.2.1 Synthesis of Fe3O4 microspheres

0.7 g FeCl3-6H20, 1.5 g Na3Cs¢Hs07-2H>0 and 0.5 g CH4N>O were sequentially added to 20
mL deionized water, followed by fully stirring to obtain a homogeneous solution. Then add the
resulting solution dropwise to 20 mL (C3H3NaOz), solution. Finally, the mixed solution was
transferred to a 50 mL stainless steel reactor lined with polytetrafluoroethylene and reacted at 200 °C
for 20 h. Applying a magnet to magnetically separate the sediment, and wash completely. The
precipitate was dried in an oven at 60 °C for 12 h to obtain Fe3Os4.
2.2.2 Synthesis of Fe;O4@PpPD

0.5 g Fe;O4 was ultrasonically dispersed in 150 mL absolute ethanol and 50 mL deionized water
for 30 min and added to a round bottom flask, and then 5 mL NH3-H>O and 20 mL KH-550 were
also added. The reactor was placed in a 70 °C constant temperature water bath and stirred for 24 h.
Add 0.27 g of p-PD and 1.141 g of APS to 50 mL of distilled water, add them to the round bottom
flask and stir for 12 h. The sample was magnetically separated, washed with absolute ethanol and
deionized water, and placed in an oven at 60 °C for 12 h to obtain Fe3;O4@PpPD composite material.
2.2.3 Synthesis of Fe;O4@PpPD-SA

0.5 g Fe3s04@PpPD composite was totally dispersed in 180 mL absolute ethanol and added to
a round bottom flask, and then 25 mL SA was also added. Place the reactor in a 70 °C constant
temperature water bath and stir for 8 h. After the reaction, the sample was magnetically separated
and washed with absolute ethanol, and placed in an oven at 60 °C to dry for 12 h to obtain
Fe;04@PpPD-SA composite material.

2.3 Characterizations



Characterize the morphology of composite materials by scanning electron microscope (SEM,
Apreo S HiVac) and transmission electron microscope (TEM, JEOL JEM-3010). X-ray
diffractometer (XRD, Rigaku Utima V) was used for phase analysis of the test material. Fourier
transform infrared spectroscopy (FTIR, Nicolet iS50) detects the chemical groups of materials. X-
ray photoelectron energy spectrum analyzer was used to analyze the valence state of elements (XPS,
ESCALAB XI+). The hysteresis loops of the experimental samples were measured using a
Lakeshore-7307 vibrating sample magnetometer (VSM, LakeShore 7404). The specific surface area
of the experimental sample was determined by an automatic specific surface and porosity analyzer
(BET, Mack ASAP 2460). The concentration changes of Mn (VII) was detected with an ultraviolet-
visible spectrophotometer (UV-vis, 5200PC).

2.4 Adsorption process
2.4.1 The effect of pH on adsorption capacity

A 500 mL volumetric flask was used to prepare 150 mg L' KMnOs solution. And 50 mL
KMnOy; solution and 50 mg adsorbent were placed in different colorless transparent plastic beakers,
and the pH was adjusted to 2-11 by using HCI and NaOH solution. After 6 h of adsorption at 20 °C,
3 mL of supernatant was taken for determination. The adsorption capacity of the adsorbent for Mn
(VID) is confirmed by change in the absorbance of the test solution at a wavelength of 525 nm. The

calculation formula[44] is as Eq. (1):

_ (Co-CYV

m

Q (1
In here, Q represents adsorption capacity (mg g'); Co represents the initial concentration of the
solution (mg L), and C represents the concentration of the solution at moment t; V represents the
volume of KMnOQjs solution (L); m represents the mass of FesO4@PpPD-SA composite (g).

2.4.2 Adsorption kinetics test

50 mL KMnOjs solution with a concentration of 150 mg L' and 50 mg adsorbent were put into

a beaker, and the solution was adjusted to pH=2 through using HCI solution. The adsorption lasted



6 h at 25 °C. Take out 3 mL supernatant every 30 min, and measure the adsorption efficiency of the

adsorbent for Mn (VII) at the wavelength of 525 nm. The calculation formula[45] is as Eq. (2):

q=5=x100 )
0

In here, q represents adsorption efficiency; Ce represents equilibrium concentration of Mn (VII) (mg
L.
2.4.3 Adsorption thermodynamic test

50 mL KMnO; solution with a concentration of 150 mg L' and 50 mg adsorbent were placed
in different colorless transparent plastic beakers, adjusted to pH=2, and then placed at 20, 30 and
40 °C water bath. After 5 h adsorption, 3 mL supernatant was applied to obtain the Q of Mn (VII)
by measuring the degree of change in the absorbance of the solution at a wavelength of 525 nm. The
calculation formula is as shown in formula (1).
2.4.4 Adsorption cycle test

The adsorbed FesOs@PpPD-SA was fully reacted in 0.1 M H2SO4 for 48 h. After the reaction,
a magnetic field was applied to magnetically separate the reacted mixed solution, and washed several
times with ethanol and deionized water until the upper layer was clear and transparent. The lower
precipitate was placed in a 60 °C oven for 24 h to obtain Fe3;O4@PpPD-SA to proceed to the next
adsorption-desorption cycle.
3.4.5 Selective adsorption test

Take a certain amount of river water and filter it sufficiently to obtain a clear liquid. 100 mg L
! KMnOs solutions were prepared with river water, tap water and distilled water as solvents,
respectively. The river water was taken from the man-made river named Moshui River in the
university. The tap water is taken from the tap. The monitoring of water quality demonstrated that
the ion concentration in both tap water and river water was much lower than the target ion
concentration. 50 mL KMnOs solution and 20 mg sorbent were placed in a 150 mL colorless

transparent plastic cup, and the pH was adjusted to 2 with HCI. The adsorption temperature was at



25 °C. After the adsorption, 3 mL magnetically separated supernatant was taken for testing. The
adsorption efficiency of Mn (VII) was determined by measuring the degree of change in the
absorbance of the solution (at a wavelength of 525 nm) with a UV-vis spectrophotometer.

50 mL, 100 mg L AICl3, NaCl and ZnCl, solutions were successively placed in a 150 mL
colorless transparent plastic cup, and then 0.29 g KMnO4 and 20 mg Fe3O4@PpPD-SA were added.
It was used with distilled water as solvent to prepare 100 mg L' KMnOj4 solution for adsorption in
the same environment. After the adsorption, 3 mL magnetically separated supernatant was taken for
testing. The adsorption efficiency of Mn (VII) was determined by measuring the degree of change
in the absorbance of the solution (at a wavelength of 525 nm) with a UV-vis spectrophotometer.

3. Results and discussion

3.1 Synthesis and characterization of Fe;O4@PpPD-SA composites
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Figure 1 The preparation process of Fe;Os@PpPD-SA composite.




Figure 1 illustrates the preparation process of Fe;Os@PpPD-SA composite. Firstly, magnetic
Fe;04 microspheres are fabrication via a hydrothermal method. It can be seen from SEM image of
Figure 2 (a) that these Fe3O4 microspheres with an average diameter of about 258.75 nm have rough
and uneven surfaces, which greatly enhance the contact area with the solution. This case is beneficial
to the subsequent coating process. Then, utilizing the bridge function of silane coupling agent
between inorganic and organic parts, as well as APS serving as oxidant, the periphery of Fe;O4
microspheres are successfully coated with a layer of PpPD. From SEM image of Figure 2 (b), one
can clearly view that the PpPD completely coats on the surface of FesOs microspheres to form
core@shell structure. Meanwhile, their diameter increase to about 317.07 nm, also demonstrating
the successful preparation of the PpPD coating shell and its thickness estimated to be 29.16 nm.
Finally, SA is used to functionally modify Fe;O4@PpPD composite. The aldehyde group of SA is
connected to the amino group of the PpPD, and a large number of O atoms are successfully
introduced, thus improving the adsorption performance. In SEM image of Figure 2 (c), the
morphology of Fe;O4@PpPD-SA composite has almost no change compared with the former
composite except for the slightly increased diameter. This situation indicates that the modification
of SA has little effect on the morphology of the resulting composite. In addition, the TEM images
of Fe3Os microspheres, Fe;O4@PpPD composite and Fe;O4@PpPD-SA composite can also be

observed, as shown in Figure 2(d)(e)(f), in agreement with the outcomes of their SEM images.



v

Figure 2 SEM images of Fe3O4 microspheres (a), Fe;O4@PpPD composite (b), FesOs@PpPD-SA
composite (c¢), and their corresponding TEM images (d) (e) (f).

Figure 3 (a) (b) shows the XRD and FTIR spectra of Fe3;O4 (I), Fe;04@PpPD (II) and
Fe;04@PpPD-SA composite (III). With regard to XRD patterns, the first sample exhibits sharp
diffraction peaks at 26=30.07°, 35.44°,43.09°, 53.43°, 57.13°, 62.62° and 74.11°, which correspond
to (220), (311), (400), (422), (511), (440) and (533) (JCPDS Card No. 88-0315) structural phases[46],
indicating the synthesized Fe3;O4 microspheres having good crystallinity. The last two display a new
large and broad diffraction peak at 20=15-25°, manifesting that the prepared PpPD coating shell and
the modified SA possess an amorphous structure. In the meantime, it is noteworthy that the
characteristic peaks of Fe3Oj still exists, but they are significantly weakened. This case suggests the
blocking effect of the formed polymers, further demonstrating the successful preparation of

Fe304@PpPD and Fe;O4@PpPD-SA composite.
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Figure 3 XRD patterns (a) and FTIR spectra (b) of Fe3O4 microspheres (1), Fe304@PpPD
composite (II) and FesOs@PpPD-SA composite (I1I); XPS spectra of FesOs@PpPD-AP composite
(c), C 1s(d), N 1s (e) and O Is (f).

As for FTIR spectra, the strong peak at 564 cm™ of all samples corresponds to the Fe-O
vibration stemming from Fe3Os microspheres[47, 48]. The peak at 452 cm™ for the last two
composites is attributed to the Si-O vibration of silane coupling agent, which plays a role in linking
Fe;04 microspheres and PpPD coating shell. The typical C-H stretching vibration occurs at 912 cm’
! [49]. The signal at 1031 cm' is associated with the aromatic C-H in the plane bending mode. The
peak positions at 1407 cm™ and 1450 cm™ represent the benzene ring. The broad band near 2924
cm™! represents the N-H stretching vibration[50]. The above peaks powerfully prove the formation
of PpPD. For Fe;04@PpPD-SA, the new peak at 1499 cm! represents C=N stretching vibration[51],
which signifies the successful modification of SA on the surface of Fe;O4@PpPD composite.

From Figure 3 (c), it can be found that the XPS spectrum of Fe3O4@PpPD-SA composite has
four peaks at 531.57 eV, 401.06 eV, 283.48 eV and 100.65 eV, separately corresponding to O 1s, N
Is, C 1s and Si 2p [52]. The C 1s spectrum described in Figure 3 (d) has four peaks at 284.46 eV,

11



284.53 eV, 285.42 eV and 286.19 eV, successively ascribed to C-N, C-C, C-O and C=N [53]. The
three high-resolution peaks in the N 1s spectrum in Figure 3 (e) appear at 401.04 eV, 400.38 eV and
399.54 eV correspond to -NH- connected with p-PD, -NH; of p-PD and -N= connected with SA,
respectively. The O 1s spectrum displayed in Figure 3 (f) has only one Si-O peak at 532.14 eV, which

proves that the FesO4 microspheres are completely covered, in line with the result of TEM image.
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Figure 4 (a) Hysteresis loops of Fe3O4 microspheres, Fe3;O4@PpPD composite, Fe;Os@PpPD-SA
composite measured at room temperature; inset image of the solution comparison before and after
adsorption and the magnetic separation effect, (b) N2 adsorption-desorption isotherms of
Fe;04@PpPD composite and Fe;O4@PpPD-SA composite.

The magnetic properties of the adsorbent were studied as shown in Figure 4 (a). The zero
coercivity and reversible hysteresis behavior indicate that the adsorbent has superparamagnetic
nature[54, 55]. The saturation magnetization values of Fe3Os nanoparticles, Fe;O4@PpPD and
Fe;04@PpPD-SA composites are 78.84, 48.58 and 28.32emu g, respectively. Although the
magnetic properties gradually decrease with the increase of the organic shell, the finally synthesized
adsorbent Fe3O4@PpPD-SA composite still has good magnetic properties and can achieve rapid
solid-liquid separation after the adsorption is completed, as shown in inset image. Figure 4 (b) shows
the BET surface area of Fe;04@PpPD and Fe;O4@PpPD-SA composite. Compared with the former

2.56 m? g, the latter value increases to 3.69 m? g'!, and the BJH desorption cumulative volume
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increases from 0.008 cm® g t0 0.013 cm?® g'!. In addition, the BJH desorption average pore diameter
of Fe3s04@PpPD-SA composite is 24.45 nm, which is significantly larger than that of Fe;O4s@PpPD
composite. The results show that the modification of FesO4@PpPD with SA not only introduces
more adsorption functional groups, but also increases the contact area between the adsorbent and
the adsorbate[56], which greatly improves the adsorption performance.

3.2 The adsorption performance of Fe3;OQs@PpPD-SA composite for Mn (VII)

3.2.1 Research on the influencing factors of adsorption
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Figure 5 The influences of pH (a), time (b), temperature (c) and adsorbent type (d) on the
adsorption.
The factors affecting the adsorption of Fe;O4@PpPD-SA composite material were investigated,

as shown in Figure 5. Figure 5(a) clearly shows that the adsorption performance is the best under
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acidic conditions, followed by alkaline conditions, and the worst under neutral conditions. Under
acidic conditions, the Q increases with the decrease of pH, and at pH=2 reaches the best value of
148.34 mg g'. Under alkaline conditions, the q increases with the increase of pH. The reason for
these phenomena is closely ascribed to the functional groups contained in composite.

Figure 6 displays that the adsorption mechanism of Fe3;O4@PpPD-SA composite to Mn (VII)
mainly depends on the functional groups containing N and O. When the pH is much lower than pHo
(the pH value of adsorbent surface with zero charge), N-containing group will be protonated (-NHx").
For the free MnO4” in the form of anions, NHx" will have electrostatic attraction with them to achieve
the adsorption. In the case of pH>pHo, N-containing group will form negative ions (-NHxOH"), and
the electrostatic effect inhibits their adsorption of MnO4[57]. Therefore, the q under alkaline
conditions 1is significantly lower than those under acidic conditions. In addition, the phenolic
hydroxyl group can easily react with MnO4™ under acidic conditions, and alkaline conditions can
inhibit this reaction to a certain extent[58]. In general, Fes04@PpPD-SA composite has the best

adsorption effect on Mn (VII) under acidic conditions.
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Figure 6 Adsorption mechanism of Fe;O4@PpPD-SA for Mn (VII).

With the increase of time, Figure 5 (b) presents the increased q, especially in the first 60 min
of adsorption, and the value can reach to 90.95%. This is mainly due to the high initial adsorption
concentration of Mn (VII) and abundant adsorption binding sites of the adsorbent. As time increases,
the solution concentration decreases and the binding sites become saturated, leading to the

adsorption rate gradually decreases. Finally, the adsorption equilibrium is reached at about 360 min,
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at which time the q is as high as 99.58%. Under the same conditions, the relationship between Q and
temperature is displayed in Figure 5 (c). The higher the temperature is, the greater the adsorbed
amount of Mn (VII) is. The Q is 148.65 mg g at 40 °C, far exceeding 20.70 mg g at 20 °C,
indicating that the high temperature favors the adsorption process. This case is a result of the
enhanced movement of Mn (VII) and the adsorbent under high temperature, increasing collision
probability with each other.

The q comparison chart of Fe;O4 microspheres, Fe;O4@PpPD composite and FesOs@PpPD-
SA composite can be observed in Figure 5 (d). There is no doubt that the q of the first sample is very
poor, and its value is only 8.93%. The reason is that only physical adsorption occurs between Fe3O4
microspheres and Mn (VII) during the adsorption process. Coating PpPD on the surface of Fe3O4
microspheres greatly improves the q to 70.26%, which is attributed to the adsorption of PpPD
coating shell. For the last, the q is 98.99%, mainly owing to the double adsorption of PpPD and SA.
Hence, the elaborately prepared Fe;O4@PpPD-SA composite possesses extremely excellent
adsorption performance.

3.2.2 Adsorption kinetics
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Figure 7 Pseudo first-order model (a), pseudo second-order model (b) and intra-particle diffusion

model (c) of Fe3Os@PpPD-SA adsorption of Mn (VII).
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The rate equations expressed by pseudo first-order model (Eq. (3)) and pseudo second-order
model (Eq. (4))[59] proposed by Lagergren are used to analyze the rate kinetics of Mn (VII)

adsorption by Fe;O4@PpPD-SA composites:

kqt

log (Q,-Q)=1log Q, - 71 3)

t t 1

_—= 4
Q Q. ho @

In here, Qe and Q; are Mn (VII) adsorbed on Fe;O4@PpPD-SA composite at equilibrium and moment
t, respectively (mg g'); ki represents the rate constant of pseudo first-order adsorption (min™'); ho
represents the initial adsorption (min g mg™).

Figure 7 exhibits the fitting curves of pseudo first-order model (a) and pseudo second-order
model (b), respectively. It can be seen intuitively that the adsorption of Mn (VII) is more suitable to
be explained by pseudo second-order model. Moreover, the kinetic model is usually selected through
comparing the degree of approximation between R* and 1[60]. Table 1 shows all kinetic parameters
of these two models. Of particular importance is that R>=0.99 of pseudo second-order model is
prominently higher than R*=0.97 of pseudo first-order model. Therefore, pseudo second-order
model herein is chosen to explain adsorption kinetics.

Table 1 Kinetic parameters of FesO4@PpPD-SA composite for Mn (VII) adsorption under pH=2 at

25 °C.

Ky Qe K> ho R?
(min)  (mgg') (gmg'min') (mingmg')

Pseudo-first order model 0.02 28.76 - - 0.97

Pseudo-second order model - 151.98 1.31 25.99 0.99
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In addition, intra-particle diffusion model of Eq. (5)[61] is used to study whether the diffusion
process between particles or other diffusion processes controls the speed of the reaction during the

adsorption process:
Q=Kq.it1 +C; (5)
2

In here, Kq.i is the rate constant (min'); C; is the thickness of the boundary layer (mg g); i is the
number of diffusion stages.

It can be seen from Figure 7 (c) that the whole process of Mn (VII) adsorption by
Fe304@PpPD-SA can be divided into four stages: (1) Boundary layer diffusion. The concentration
difference of the ions drives the aggregation of dye ions from the solution phase to the adsorbent
surface (infinitely close to the surface); (2) Large pore diffusion. This stage has the fastest adsorption
speed, with the largest rate constant Kq.1 and the smallest boundary layer thickness Ci; (3)
Microporous diffusion. This stage corresponds to the medium adsorption rate constant Kq.» and
boundary layer thickness Cs; (4) Equilibrium stage. This stage corresponds to the minimum rate
constant Kq4.3 and the maximum boundary layer thickness Cs.

By comparing the rate constants Kq.i and the boundary layer thickness C; at each stage, it can
be found that the intraparticle diffusion rate gradually decreases as the reaction proceeds. It shows
that the third stage (micropore diffusion) and the fourth stage (equilibrium stage) are the main steps
for controlling the adsorption[53].

3.2.3 Isotherm models

Langmuir and Freundlich isotherm models are applied to analyze isotherm data. The former
characterizing the monolayer adsorption process[62] is represented by Eq. (6). Rather than being
limited to single-layer adsorption, the latter that can be used to express heterogeneous chemical
adsorption and reversible adsorption [63]is represented by Eq. (7).
Ce 1

—+
Qll'l KL Qll'l

(6)

L0



logQ = ﬁ log C.+log Kg (7)
Among them, C. and Q. separately denote to the Mn (VII) concentration (mg L") and the adsorption
capacity (mg g!) as adsorption equilibrium is reached; Qm (mg g!) is the maximum amount of Mn
(VII) per unit mass of the adsorbent surface; Ki and Kr stand for binding energy constants, reflecting

the affinity of the adsorbent to Mn (VII); n is the Freundlich constant.

(a) (b) (c)
012} 218} 35f m
® 31315K
ok @ 30815k
A 29315K .16 3.0
0.08 ©
2,14
o ] M’—l 2.5
2 006f &0 =
Q S 2 -
20} '
004
2.10
n.0zf L5F
2,08 L ]
000 e e . . . . . 1o L— . . , .
0 2 4 6 8 1MW 12 14 16 0.4 0.0 0.4 0.8 1.2 L6 0.00320 0.00325 0.00330 0.00335 0.00340 0.00345
C, (mgLY) log C, uT

Figure 8 Langmuir isotherm model (a), Freundlich isotherm model (b) and adsorption
thermodynamics (c) of Fe;O4@PpPD-SA adsorption of Mn (VII).

Table 2 Isotherm parameters of Fe;O4@PpPD-SA composite for Mn (VII) adsorption under pH=2.

T KL KF Qm

K) (Lmg) (mgeh)(mgl-)'™ (mggh K R

293.15 3.46 -- 133.69 -- 0.99 1.93x107
Langmuir 303.15 7.82 -- 139.66 -- 0.99  8.53x10*

313.15  33.83 -- 145.35 -- 0.99 1.97x10
Freundlich -- -- 149.83 -- 23.08 0.76 --

Two models and the corresponding parameters of Mn (VII) adsorption by Fe;Os@PpPD-SA

composite are shown in Figure 8 (a) (b) and Table 2. It can be easily found that Langmuir isotherm
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model obtain an excellent linear fitting curve at different temperatures, while Freundlich isotherm
model is not linear, which indicates that the adsorption process follows Langmuir adsorption model.
Besides, from the parameters of the two models, it can be concluded that all R? values at various
temperatures of the first model is greater than 0.99, and even at 313.15 K, the value is 0.99999. The
R? of the second model is only 0.76271. Accordingly, Langmuir adsorption model is more aligned

with the adsorption process of Mn (VII).

1
L KiCo

(8)

Usually Eq. (8) [64]is used to calculate Ry, which is used to define the pros and cons of the
adsorption process. If Ri>1, adsorption will be hindered; if Ri=1, it is linear adsorption; if 0<Rr<I,
it is beneficial to the adsorption. In here, all Ry values of 1.93x107, 8.53x10™* and 1.97x10* at
different temperatures are less than 1. Hence, Fe;O4@PpPD-SA composite favors to adsorb Mn
(VID).

On the basis of the above analyses, pseudo second-order model displays that the adsorption
process is linear with the concentrations of adsorbent and adsorbed ion concurrently. Intra-particle
diffusion model demonstrates that the third stage (micropore diffusion) and the fourth stage
(equilibrium stage) are the main steps for controlling the adsorption process. Langmuir adsorption
model indicates that the adsorption process is monolayer adsorption. The combination of these
model results fully describe the adsorption process of Fe;O4@PpPD-SA adsorption for Mn (VII).
3.2.4 Adsorption thermodynamics

Eq. (9) and Eq. (10) are used to research the thermodynamic parameter of Fe;O4@PpPD-SA

composite for Mn (VII) adsorption.

AG=RTInK; (9)
_as i
InK; =222 (10)

In which R is the universal gas constant (J mol™! K!); AS is the entropy change (J mol! K).
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Table 3 Adsorption thermodynamic parameters of FesO4@PpPD-SA composite for Mn (VII)

adsorption under pH=2.

TK) AG (i mol™) AS (J mol” K°) AH (kJ mol”)
293.15 23.03

303.15 -5.18 305.13 86.71
313.15 917

Adsorption thermodynamics diagram of InKt. vs. 1/T is shown in Figure 8 (¢). On the basis of
Eq. (9), Eq. (10) and Table 2, the calculated thermodynamic data are presented in Table 3. As the
adsorption temperature increases from 293.15K to 313.15K, the maximum Q values are 133.69 mg
g 139.66 mg g, and 145.35 mg g’!, respectively. And the AG values are -3.03 kJ mol ™!, -5.18 kJ
mol! and -9.17 kJ mol’!, respectively. With the increase of temperature, the increased Q proves that
the temperature rise is favorable for the adsorption process. The simultaneously decreased AG
demonstrates the spontaneous adsorption process. In the light of the fitted InKy vs. 1/T diagram, the
intercept and the slope of the line are successively used to estimate AH and AS, and their value are
separately 86.71 kJ mol ! and 305.13 J mol™! K'!. In brief, AG is negative, and AH and AS are positive,
meaning that the adsorption process is a spontaneous endothermic reaction, as well as the
randomness of the solid-liquid interface increases.
3.2.5 Adsorption cycle and selective adsorption

0.1 M H2SOy4 is used to soak the adsorbed Fe;O4@PpPD-SA to remove MnO: from the
reaction[65]. Each adsorption-desorption cycle is as a cycle, and the data obtained is shown in Figure
9 (a). Although the adsorption time increases with increasing the cycle numbers, the final adsorption

of Mn (VII) by Fe;04@PpPD-SA composite still maintains a high q, and only loses less than 1%
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after four cycles. In the fifth cycle, the q drops by nearly 10%. This is because too many adsorption
times causes insufficient binding sites on the surface of the adsorbent, making it impossible to bind
Mn (VII)[66]. But in general, Fe;O4@PpPD-SA composite can be recycled as a heavy metal ion

adsorbent and has a good development prospect.

—o— River water
—a— Distilled water
—=— Tap water

50 100 150 200 Al Na In Mn All

t (min)

Figure 9 Cyclic adsorption of Fe3O4@PpPD-SA composite for Mn (VII) (a), the q in different
water samples (b) and the effect of different metal ions on the q (c).

Figure 9 (b) describes the adsorption effect of FesOs@PpPD-SA composite on Mn (VII) in
three different kinds of water samples including river water, tap water and distilled water. It can be
clearly seen that the adsorption is most effective in river water. This may be attributed to the presence
of microorganisms in the river water playing a certain role, and it also shows that Fe;O4@PpPD-SA
composite can be well used in the purification of actual sewage. The adsorption effect of tap water
is worse than that of distilled water, which may be ascribed to the fact that the tap water itself
contains many ions. These ions are competitive in the process of Fe;Os4@PpPD-SA composite
adsorbing Mn (VII). Hence, the inferior adsorption performance is presented for tap water.

Figure 9 (c) depicts the impact of other ions on the adsorption of Mn (VII) by Fe;O4@PpPD-
SA composite. Adding equal proportions of AI**, Na" and Zn?" ions into the Mn (VII) solution, the
q of FesO4@PpPD-SA composite on Mn (VII) is slightly reduced, with a loss of less than 0.5%. In
the adsorption experiment of a solution with all the above ions, the loss of q is nearly 1%. Although
the introduced ions will compete with Mn (VII) for the adsorption sites on Fe3;Os@PpPD-SA

composite, leading to the reduction of the q, the prepared composite still shows very strong q to Mn
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(VII).
4 Conclusion

In here, a high-efficiency adsorbent of Fe3;Os@PpPD-SA composite was designed and
fabricated for removing Mn (VII). The influences of adsorption time, temperature and pH are
researched elaborately. The results show that the q increases with the increase of temperature. In the
case of pH=2, the Q can reach up to 148.34 mg g'. The adsorption mechanism of Fe;O4@PpPD-SA
composite is ascribed to the synergy effect of coordination complex and electrostatic adsorption.
Furthermore, the investigation of the adsorption kinetics and thermodynamics show that the
adsorption conforms to pseudo-second order adsorption kinetics model and Langmuir adsorption
isotherm model. The rate-controlling steps of the reaction are mainly determined by the third stage
(Micropore diffusion) and the fourth stage (Equilibrium stage) of intraparticle diffusion. The
negative AG, the positive AH and AS indicate that the adsorption process is a spontaneous
endothermic process. In addition, after four adsorption cycle tests, the adsorption capacity losses
only 1%, exhibiting a good cycle utilization rate. Fe;04@PpPD-SA composite for Mn (VII) has high
q in river water and mixed metal ions solution and exhibits practical application value.
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