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Abstract: Efficient mercury ion removal from water is a primary challenge for
ecosystem protection and public health. This study improves the effect of functional
groups on mercury removal by functionalizing and tuning the molecular structure of
poly(pyrrole ethene) (PPyE) with chloro, i.e. poly[pyrrole-2,5-bis(2-chloroethane)]
(PPyCE), and imino groups, i.e. poly[pyrrole-2,5-bis(2-ethylamino ethane)] (PPyEE).
The resultant functionalized poly(pyrrole methane)s can efficiently remove mercury
(Hg(Il)) from water with uptake capacities of 684.59 mg/g (chloro functionalized) and
389.57 mg/g (imino functionalized) at room temperature, which was much higher than
that of unfunctionalized poly(pyrrole ethane) (only 122.74 mg/g). The functionalized
poly(pyrrole methane)s had additional benefits of low usage, excellent selectivity for
mercury ions and anti-coexisting ion interference performance. Furthermore, the chloro
functionalized poly(pyrrole methane)s also exhibited exceptional recyclability for the
adsorption capacity remaining above 90% of the original after 5 regeneration cycles.
These results were largely attributed to the functional groups of chloro and imino in the
material backbone as chelating sites to bind with mercury, which was confirmed by
Fourier Transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy
(XPS) before and after mercury capture. This study provides a potential strategy for
designing and tuning the adsorbents to efficiently remove mercury and other heavy

metal ions from aqueous solutions for environmental remediation.

Key words: poly(pyrrole methane)s, adsorption, mercury, chloro-functinalization,

imino-functionalization
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1 Introduction

Mercury which exists in various chemical forms such as elemental mercury (Hg?),
methyl mercury (CH3Hg"), and inorganic mercury (Hg?") is a toxic heavy metal that
circulates in the atmosphere, water and soil around the world. [1-3], which are mainly
from coal combustion, papermaking, oil refining and electroplating, metallurgy, and
battery manufacturing [1, 4]. Mercury (Hg) pollution has a severe threat to the
ecosystem and further public health for invading the human body through the food
chain. The World Health Organization (WTO) sets the upper limit of mercury content
in drinking water and wastewater as 1 pg/L and 5 pg/L respectively to reduce the impact
of mercury on the environment and human health [5, 6]. With the continuous
development of global gold mining industry and fossil fuel burning, mercury pollution
has a gradually increasing trend. Therefore, monitoring and controlling mercury
pollution is imminent according to the Minamata Convention in 2017 [7]. In many
environments affected by mercury contamination, water is an environment that cannot
be ignored because it can act as a “storage closet” for mercury. It is imperative to
develop effective technologies for the mercury pollution remediation in water.

Various technologies, such as chemical precipitation [8, 9], coagulation [10, 11],
membrane separation [12], ion exchange [13, 14] and adsorption [15-18], have been
developed for mercury removal from water. Among these methods, adsorption has been
attractive for its advantages of high removal efficiency, environmental friendliness, and
excellent operability, especially suitable for the treatment of low concentration
pollution [19]. Various adsorbents have been used to remove mercury from water,
including carbon materials [20-23], zeolite [24], mesoporous silica [25, 26], chitosan
[27, 28], metal organic frameworks (MOFs) [29-33], MXenes [23, 34], other organic
polymers [1, 35], and covalent organic frameworks (COFs) [36-38].

In recent years, conductive polymers, including polyaniline (PANI), polypyrrole

(PPy), and polythiophene (PTh) have also been developed as a novel adsorbent that
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effectively removes heavy metal ions from water [39-42]. Poly(pyrrole methane)s as a
derivative of polypyrrole can be synthesized from pyrrole and aldehyde at acidic
conditions, making it easy to introduce various functional groups with promising uptake
capacities by changing the type of aldehyde. Functional groups (-COOH, -OH, -SH, -
NHa, etc.) exert a very important part in the adsorption of heavy metal ions in water
[43-46]. For example, sSPAN with sulfthydryl, carboxyl and amino groups experts a good
performance for mercury removal which equilibrium adsorption amount could be as
high as 459.3 (£16.0) mg/g[46]. Due to the special affinity between functional groups
and heavy metal ions, some functional groups can enhance the adsorption capacity of
the adsorbent and improve the adsorption selectivity at the same time. For instance,
poly(pyrrole methane)s with aromatic groups can form three steric hindrance structures
with distinct mercury-capture selectivity because of three different substitution sites on
the benzene ring [47]. However, the influence of the interaction between different
functional groups in poly(pyrrole methane)s and heavy metals on their adsorption
capacity and selectivity is still a considerable of challenge.

Herein, we design and synthesis poly(pyrrole ethene) (PPyE), poly[pyrrole-2,5-
bis(2-chloroethane)](PPyCE), poly[pyrrole-2,5-bis(2-ethylamino ethane)] (PPyEE) by
chemical polymerization approach, which potentially can address the challenge of
polymer adsorption capacity and selectivity on mercury removal. The as-prepared
poly(pyrrole methane)s with chloro and imino groups feature highly accessible Hg(II)
capture with a strong adsorption selectivity for mercury in the presence of other cations.
Furthermore, the poly(pyrrole methane)s with chloro and imino groups have a highest
saturation uptake capacity up to 836.47 mg/g for Hg(Il) at 318 K and can be easily
regenerated and recycled 5 cycles without significant loss of mercury uptake capacity.
Moreover, chloro and imino groups in the poly(pyrrole methane) backbone are found
to be the main binding sites to mercury ions, and chloro group display greater influence

on the Hg(II) capture than that of imino group.
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2 Materials and methods

2.1 Materials

Pyrrole (98%), acetaldehyde solution (40%), 2-chloroacetaldehyde solution (40%),
ethylamine solution (65%~70%), dichloromethane, hydrochloric acid (HCIl), sodium
hydroxide (NaOH), nitric acid (HNO3), thiourea, N,N-Dimethylformamide (DMF),
Hg(NOs3):'H20, Cd(NO3)2'H20, Cu(NOs)2-H20, Zn(NO3)2-H20, Pb(NO3)2-H20,
KNO3, Ca(NO3)2, Mg(NO3)2, NaCl, NaxSO4 were bought from Sinopharm Chemical
Reagent Co., Ltd. All reagents were of analytical grade and used as received. And we
used the EPED-40TF Superpure Water System (EPED, Nanjing, China) to produce the

deionized water used in this work.

2.2Preparation of the poly(pyrrole methane)s

(1) Preparation of PPyE

The poly(pyrrole ethane) (PPyE) was synthesized as follows: Firstly, 3.5 mL
(0.00035 mol) acetaldehyde solution was dissolved into 100 mL DMF and then 25 mL
HCI (12 mol/L) was added .Finally, 1.4 mL (0.00014 mol) pyrrole was dissolved into
75mL DMF and added into the above solution to catalyze the polymerization. The
mixture solution was stirred (300 rpm) at 333K for 24 h. After the reaction, the mixture
was poured into 800 mL of 2% ammonia aqueous solution and obtained brownish solid
precipitation. The solid was soaked in the ammonia solution for 2 h, then filtered and
washed with lots of water until the filtrate is neutral. Finally, the obtained solid was
Soxhlet extracted with ethanol for 24 hours, and then dried at 333K for 12 hours. The
black solid powder was obtained and named PPyE.

(2) Preparation of PPyCE

The synthesis method of poly[pyrrole-2,5-bis(2-chloroethane)] (PPyCE) was the
same as that of PPyE except for replacing 1.1 mL (0.02mol) acetaldehyde solution with

2-chloroacetaldehyde solution.



120
121
122
123
124
125
126

127
128

129

130
131
132
133
134
135
136
137
138
139
140
141
142
143

(3) Preparation of PPyEE

The poly[pyrrole-2,5-bis(2-ethylamino ethane)] (PPyEE) was synthesized as
follows: 1.0 g of PPyCE was swollen in 5 ml of dichloromethane at 298K for 12 hours,
Then the swollen PPyCE was transferred into 20 mL of ethylamine/ethanol (volume
ratio: 1:1) at 323K for 12 h. Then we used the deionized water to wash the solid until
the filtrate was neutral, after that, the solid was dried in an oven at 333K for 12 hours.

The obtained black solid was named PPyEE [48].

HCI, 300rpm
D 4 e
: 333K, 24h

S HCI, 300rpm .ethylamine/.et!aal.lo[ 7% \'M\ ‘
@ + . . ”(volume ratio: 1:1) " Tf& J \’\E\
' N 333K, 24h ¢«

323K, I2h
’ ()

Scheme 1. Molecular structures of PPyE(a), PPyCE(b) and PPyEE(c).

2.3 Characterizations

The following tests and equipments were applied to characterize and test the three
adsorbents, so as to clarify the structural properties and adsorption mechanism of the
adsorbent. We used a FT-IR spectrophotometer (Bruker TENSOR 37, Switzerland) to
scan the Fourier transform infrared (FT-IR) spectra in the region of 4000-400 cm™! by
the KBr pellet method. The morphology was examined by scanning electron
microscope (SEM) with the energy dispersive X-ray spectrometry (EDX, Gemini 500,
Zeiss, Germany) based on the secondary electron information generated under high
vacuum and 10 kV voltage. We use physical adsorption device (SSA-4200, Beijing
Builder Co. Ltd, China) to perform the Barrett-Emmett-Teller specific surface area
(SBer), average pore radius (R) and total pore volume (V) at 77 K. The Zeta potentials
of the samples were measured by zeta potential and particle size analyzer (Brookhaven
90plus Zeta, U.S.) by adding 1 mg sample in 10 mL NacCl solution (10~ mol-L™") with
different pH values (pH=1-12, adjusted by 1.0 mol-L"! HNO; or NaOH solution). X-

ray photoelectron spectroscopy (XPS) spectra were performed on a photoelectron
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spectrometer (Kratos Axis Ultra DLD, Shimadzu, Japan) with an Al monochromatic X-
ray source (1486.71 eV), and we used the C 1s hydrocarbon peak at 284.8 eV to revise
all the binding energies (BEs). The concentration of heavy metal ions (Pb*", Cd**, Cu**
and Zn*") was analyzed by the inductively coupled plasma optical emission
spectrometer (ICP-OES, ICPE-9000, Japan). pH values of the solution were detected

by a pH meter (FE28-Standard, Mettler Toledo)..

2.4 Batch adsorption experiments

In the adsorption experiment, all solutions containing cations are prepared from
corresponding nitrates, and the solutions containing anions are corresponding to sodium.
Prepare 1000 mg/L Hg(II) stock solution by dissolving analytical grade Hg(NO3)2-H,O
in 0.2 mol/L HNOjs solution. The simulated solution used in the subsequent experiments
was prepared with deionized water to dilute the stock solution, and the pH value was
adjusted with 0.1 mol/L HNOs3 or NaOH solution. Centrifuge tubes (50 mL) containing
4 mg adsorbent and 20 mL of 100 mg/L mercury ion solution was ultrasonically treated
for 2 minutes to achieve uniform dispersion of the adsorbent in the liquid, and then
transferred in a constant temperature shaker to adsorb at 200 rpm for 24 hours at 298
K. After the adsorption reaction, the solution was filtered by polyethersulfone
membrane with the pore size of 0.45 pm. We did three groups of parallel samples and
take the average value as the result. The concentration of mercury ion was tested by an
inductively coupled plasma optical emission spectrometer (ICP-OES, ICPE-9000,
Japan). The adsorption efficiency () and adsorption capacity at time ¢ (g:) were
calculated from the following equations (Egs. (1) and (2)).

y = S0 =Ce x100% 0

Co

= @

m

where ¢; (mg/g) is the adsorption capacity of the adsorbent at time ¢, it can be as g. if

C; is the adsorbate concentration at adsorption equilibrium. Cp and C; (mg/L) are
7
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concentrations of heavy metal ions in solution at the initial and time ¢, respectively, m
(g) is the adsorbent mass, and V' (L) is the volume of solution.

For the kinetics study, 80 mg of poly(pyrrole methane)s was added into 400 mL of
100 mg/L Hg(I) solution at pH 5. The reaction system was stirred with magnetic
stirring at a speed of 200 rpm and kept at 298 K with a water bath. At time zero and
preselected time intervals (0-420 min), 2 mL samples were removed and quickly
filtered through polyethersulfone membrane for Hg(II) concentration analysis.

To investigate the pH effect on Hg(Il) removal by the as-prepared poly(pyrrole
methane)s, the solution initial pH values were adjusted from 2 to 7 with 0.1 mol/L
HNO3 or NaOH solution. Different dosages are designed in the range of 0.1-0.5 g/L to
study the effect of adsorbent dosage. In addition, adsorption isotherm studies were
carried out by changing the initial concentration of Hg(II) from 10 to 200 mg/L at four
different temperatures (288 K, 298 K, 308 K, 318 K).

The effect of background ions (Ca**, Mg?", K*, SO4?, Cl') was investigated in a
binary adsorption mode, and the concentration of background ions was 10 mmol/L.
Furthermore, in order to study the selective adsorption performance of the adsorbent,
mixed solutions were explored. The competitive heavy metal ions included Pb (IT), Cd
(IT), Cu (I1) and Zn (II), with the same concentration of 100 mg/L of Hg (II).

The regeneration and reusability of poly(pyrrole methane)s were investigated by
batch-cycle adsorption-desorption experiments. Typically, 20 mg of poly(pyrrole
methane)s was added into 100 mL of Hg(Il) solution (100 mg/L, pH=5-6). The
exhausted poly(pyrrole methane)s were accomplished with 100 mL solution containing
0.1 mol/L HCI and 1 wt% thiourea and vibrating for 3 h at 298 K. The mixture was
filtered, and the Hg (II) concentrations were analyzed. Then the adsorbent was washed
with deionized water until the filtrate was neutral for the next adsorption-desorption

cycle.
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3 Results and Discussion

3.1 Characterization of the poly(pyrrole methane)s

Fig. 1 exhibits the FT-IR spectra of the as-prepared poly(pyrrole methane)s. The
main feature bands could be assigned as follows: the peak at around 3426 cm! is the
N-H stretch [47, 49], the weak characteristic peak at and 3000-2900 cm™! is related to
the C-H stretch of methyl, methylene and backbone of PPy [49], respectively. The peaks
at 1628 and 1407 cm™! were consistent with C=C stretching[50, 51] and C-N stretching
of the pyrrole ring, respectively [52]. The peak at 940 cm™ is ascribed to the stretching
of C-ClI bond [53]. The broad adsorption band at 2100 cm™'-2000 cm™ in PPyEE is
attributed to C-N stretching in ethylamine [54]. Compared with that of PPyCE, the peak
intensity at 940 cm™! of PPyEE is weaker, indicating the decline of the population of C-
CI bonds. But the peak at 940 cm™ still exists in FT-IR spectrum of PPyEE, which
illustrates that the C-Cl band has not completely replace by C-N in the structure of
PPyEE which may be conducive to the adsorption of mercury ions. These peaks in the

FT-IR spectra indicate that the PPyE, PPyCE and PPyEE are polymerized successfully.

3426 1628 940}

Transmittance (%)

i

' H 1 i il L 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

Fig.1. FT-IR spectra of the as-prepared poly(pyrrole methane)s.

The morphologies of the poly(pyrrole methane)s are characterized by SEM and
shown in Fig.2. All samples show irregular granules shapes and the particle size ranges
from 2 pm to 50 pm. Meanwhile, the particle size of PPyE and PPyEE is larger than

that of PPyCE. The results of EDS (Fig.S1) show that PPyEE contains more N (11.31%)
9
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but less CI (0.81%) than that of PPyCE with 7.49% of N and 3.58% of CI (Table 1),
meaning that the PPyCE and PPyEE are polymerized successfully, which is consistent

with the result of FT-IR.. The existence of oxygen may be due to the adsorbed water in

the samples.

ALY VS pY. ., A e
Fig.2. SEM images of PPyE(a), PPyCE (b) and PPyEE (c).

Table 1 Elements contents of the as-prepared poly(pyrrole methane)s from EDS test

Samples C/ wt% N/ wt% O/ wt% Cl/ wt%
PPyE 86.84 5.60 7.56 0
PPyCE 76.90 7.49 12.03 3.58
PPyEE 76.81 11.31 11.07 0.81

The nitrogen adsorption-desorption isotherm and pore size distribution of the three
samples are tested (Fig. S2 and S3) and the textural properties of the samples are shown
in Table 2. It can be seen that the Sger and V of PPyCE could attain 22.11 m?/g and 0.09
cm’/g, which are much bigger than that of PPyE and PPyEE. Larger specific surface
area may mean higher adsorption capacity. PPyCE with the largest specific surface area
may have the largest adsorption capacity for mercury ions in the three poly(pyrrole
methane)s.

Zeta potential can reflect the surface charge of adsorbent and influence the
interactions between adsorbates and adsorbents. When the solution pH is lower than
pHpzc, the materials will be positively charged and when the solution pH is higher than
the pHpzc, the materials will be negatively charged. Fig.3 shows the zeta potentials of
the three prepared poly(pyrrole methane)s at different pH. It can be seen that the pHpzc
values of PPyCE and PPyEE are both 4.81, and that of PPyE is 5.02 which is a little

higher than that of PPyCE and PPyEE.

Table 2 Textural properties of the as-prepared poly(pyrrole methane)s
Samples Sper (m?/g) V (em’/g) R (nm)

10
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PPYE 2.33 0.014 3.1

PPyCE 22.11 0.090 24
PPyEE 2.23 0.012 3.1
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Fig.3 Zeta potentials of the as-prepared poly(pyrrole methane)s at different pH.

3.2 Investigation of adsorption properties

3.2.1 Effect of initial pH

The adsorption of heavy metal ions onto organic materials is greatly affected by
the pH value of the solution. In this study, the adsorption capacity of Hg(Il) onto
poly(pyrrole methane)s at different pH (2-7) was studied ans shown in Fig. 4. It can be
seen that the adsorption capacity of Hg(II) onto the as-prepared poly(pyrrole methane)s
is highly pH-dependent, increasing with pH from 2 to 4, and then being a plateau at pH
from 4 to 7. For mercury ions in water, Hg(OH)" and Hg?" are the dominant species in
the solution at pH of 2-3. At this pH, both the samples are positively charged as their
pHpzc was near 5 (Fig. 3), higher than solution pH. Therefore, the low mercury
adsorption capacity at this pH may be attributed to electrostatic repulsion between the
positively charged mercury and the adsorbent. With pH increase, mercury ions
gradually convert to neutral Hg(OH)(aq) and the zeta potential of the samples decline,
which weakens the electrostatic repulsion. When pH is over 5, neutral Hg(OH)2(aq) is
the dominant species, the electrostatic repulsion with the adsorbent is negligible.
Hg(OH)2(aq) complexed with surface functional groups of the adsorbent may be

preferred, which is consistent with the higher adsorption capacity at this pH range.[4].

11
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Fig. 4. Effect of solution pH on the adsorption of Hg(II) onto the poly(pyrrole methane)s. (a
dosage of 0.4 g/L of PPyE, 0.2 g/L of PPyCE and 0.3 g/L PPyEE, C,=100mg/L, T=298K)

3.2.2 Effect of dosage

The adsorption dosage is one of the most fundamental parameters for adsorption.
Studying the suitable amount of adsorbent can provide economic reference for the
practical application of adsorbent. The removal rate of Hg(Il) by the as-prepared
poly(pyrrole methane)s with different dosages is shown in Fig.5. We can see that with
the increasing dosage, the removal rate increases rapidly which is attributed to the
growing available adsorption sites with the increase of adsorbent. The maximum
adsorption removal rate can be reached as the adsorbent dosage is at a low dosage of
0.2-0.4 g/L. At this time, the removal rate of mercury ions gradually reached 100% for
PPyCE and 90% for PPyEE. Therefore, the dosage of 0.2 g/L of PPyCE, 0.3 g/L of

PPyEE and 0.4 g/L PPyE were chosen in the following experiments.

=

(=3
(=]

o0
(=]
T

Removal rate (%)
2

&
(=1
T

—-— PPyE
—e—PPyCE
—A—PPYEE
20f

0.1 0.2 03 0.4 0.5
Dosage (g-L™)

Fig. 5. Effect of dosage on the removal of Hg(II) by the poly(pyrrole methane)s( Co=100mg/L,
12
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3.2.3 Adsorption kinetics

The change of adsorption process with time can reflect the speed of adsorption
process. The influence of the contact time for adsorption capacity of Hg(II) onto PPyE,
PPyCE and PPyEE is shown in Fig.6. The adsorption of Hg(II) onto the as-prepared
poly(pyrrole methane)s increased rapidly in the first 100 min and obviously slowed
down due to the decrease of the adsorbent active sites. The adsorption gradually reaches
equilibrium after about 200 min. PPyCE and PPyEE have lower dosage of 0.2g/L and
0.3g/L respectively, but as shown in Fig. 6 below, they have higher adsorption rate and
adsorption capacity than PPyE.

Pseudo-first-order (PFO), pseudo-second-order (PSO) models and Elovich model
were employed to fit the adsorption kinetic data of Hg(Il) onto the as-prepared

poly(pyrrole methane)s and their equations are given in Eqgs. (3) (4) and (5) [55-58],

respectively.
g =0, (1-e™) (3)
k,q.’t
= LE )
1+k,q,t
6 == In(L+ apt) (5)
B

where g; (mg/g) is the amount adsorbed at time ¢ (min), and g. (mg/g) is the equilibrium
adsorption capacity[59], k; (1/min) and 4> (g/(mg-min)) are the rate constants for the
pseudo-first-order and pseudo-second-order, respectively. a (mg/(g-min)) is the initial
rate constant and £ (mg/g) is the desorption constant.

Table 3 depicted the kinetic parameters for the three models. It can be seen that
the correlation coefficients of the Elovich model (R’ = 0.988 and 0.965) are more
suitable for describing the adsorption kinetics of the ae-prepared poly(pyrrole
methane)s for Hg(II) than PFO model (R’ = 0.969 and 0.847) and PSO model (R’ =

0.980 and 0.908), indicating the adsorption of Hg(II) onto poly(pyrrole methane)s

13
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involved a chemical adsorption process. Moreover, the relatively bigger rate constant a
(Elovich model) indicates that PPyEE has the higher initial adsorption rate than the

others [55].

o B "

B PPyE ® PPyCE
A PPyEE

= PF0 - = PSO
= = Elovich

0 100 200 300 400 500
t(min)

Fig. 6. Adsorption kinetics model of Hg(II) onto poly(pyrrole methane)s ( a dosage of 0.4 g/L of
PPyE, 0.2 g/L of PPyCE and 0.3 g/L PPyEE, Co=110mg/L, pH= 5-6, T=298K)

Table 3 Kinetic parameters for Hg(II) adsorption by poly(pyrrole methane)s

PFO PSO Elovich
Samples k> o
ki qe 2 ge 2 B 2
. R / : R / R
(1/min)  (mg/g) (elme o) (Eﬁﬂ()g (mg/g)

min))

PPyE 0.027 150.09 0.892 0.00022 166.74 0.937 18.01 0.035 0979

PPyCE 0.011 568.22 0.969 0.00016  699.93 0.980 11.78 0.006  0.988

PPyEE 0.020 278.54 0.847 0.00084 316.72 0.908 21.21 0.016 0.965

3.2.4 Adsorption isotherm

Adsorption isotherm exerts an important part to evaluate the adsorption capacities
of adsorbents and investigate interactions between adsorbates and adsorbents. In this
study, Langmuir and Freundlich isotherms were employed to analyze the adsorption

data. Their non-linear formulas are expressed by Eqs. (6) and (7) [60, 61].

_ qmaxKLCe
* 1+K.C, ©)
qe = KFCBUn (7)

where C, (mg/L) is the equilibrium concentration; g. (mg/g) is equilibrium adsorption

capacity and gmax (mg/g) is the maximum adsorption capacity of adsorbents; K; (L/mg)

14
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is the Langmuir constant which is related to the affinity of adsorbate and the binding
sites; Kr ((mg/g)/(mg/L)"™) is the Freundlich constant indicated the relative adsorption
capacity of the adsorbents and # is a dimensionless constant related to the intensity of
adsorption.

The adsorption isotherms of Hg(II) adsorbed onto poly(pyrrole methane)s at
different temperatures are shown in Fig. 7 and the relevant parameters are listed in Table
4. For the three poly(pyrrole methane)s, R’ values of the Langmuir model are a little
higher than that of the Freundlich model, indicating their adsorption process was a
monolayer adsorption. Moreover, as the temperature increased from 288 K to 318 K,
the maximum adsorption capacities (gmax) of Hg(II) onto PPyE, PPyCE and PPyEE,
calculated from Langmuir model increase from 95.02 to 239.55 mg/g, 636.73 to 836.47
mg/g and from 288.08 to 539.65 mg/g, respectively. The endothermic property of the
adsorption process may be due to the increase in the thermal energy of the adsorbing
species with increasing temperature [62, 63]. Meanwhile, the adsorption isotherm
results illustrate that the modification of poly(pyrrole methane)s by chloro and imino

groups can dramatically improve its adsorption capacity for Hg(II).
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Fig. 7. Adsorption isotherm for the adsorption of Hg(II) onto PPyE(a), PPyCE(b) and PPYEE(c)( a
dosage of 0.4 g/L of PPyE, 0.2 g/L of PPyCE and 0.3 g/L PPyEE, Co=100mg/L, pH= 5-6, T=
298K~318K)

Table 4 Langmuir and Freundlich isotherm parameters for Hg(I) adsorption by poly(pyrrole methane)s

Samples T Langmuir model Freundlich model
({max KL R’ n Kr R’
288 95.02 0.14 0.924 5.02 36.48 0.901
PPYE 298 122.74 0.23 0.935 4.68 48.01 0.945
308 229.16 0.26 0.965 4.23 78.55 0.861
318 239.55 0.50 0.986 4.50 97.45 0.917
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288 636.73 0.33 0.923 4.14 233.17 0.983

PPyCE 298 684.59 0.63 0.899 4.45 303.65 0.996
308 813.66 0.41 0.880 3.61 303.15 0.984

318 836.47 2.02 0.924 4.12 444.13 0.983

288 288.08 0.32 0.979 4.47 111.87 0.943

PPVEE 298 389.57 0.29 0.991 3.55 131.48 0.973
Y 308 396.29 0.37 0.992 3.66 141.16 0.931
318 539.65 0.38 0.971 3.15 179.21 0.966

335 3.2.5 Thermodynamic parameters
336 Thermodynamic parameters, such as enthalpy change (AH, kJ/mol), entropy
337  change (AS, kJ/(mol-K)) and the free energy change (AG, kJ/mol), can reflect the
338  spontaneous degree of adsorption process and can be derived based on Egs. (8-9) [64,
339  65].
340 AG =-RT InKq (8)
341 AG=AH-TAS 9)
342  where Kq=q./Cs(L/g) is the adsorption equilibrium constant; R (8.314 J/(mol-K)) is the
343  universal gas constant, and 7 (K) is the absolute temperature.
344 The changes of AG with temperature 7" are shown in Fig. S4, and the obtained
345  values of AG, AH and AS under different temperatures were listed in Table 5. The
346  negative values of AG and positive AH indicate that the Hg(II) adsorption process was
347  spontaneous and endothermic [63]. The positive values of AS reveals that the
348 randomness of the solid liquid interface may increase when Hg(Il) is adsorbed onto
349  poly(pyrrole methane)s [47]. Moreover, the AG values decreased with the increase in
350 temperature, which suggested that spontaneity increase with increasing temperature.
351 Table 5 Thermodynamic parameters for Hg(II) adsorption by poly(pyrrole methane)s.
AG(KJ/mol) AH(KJ/mol) AS (KJ/(mol-K))
Samples 288K 298K 308K 318K
PPyE -0.27 -0.94 -2.90 -3.85 41.58 0.14
PPyCE -4.85 -6.29 -7.55 -9.91 42.65 0.16
PPyEE -3.01 -4.85 -5.11 -7.38 35.45 0.13
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3.2.6 Effect of the co-existing ions on Hg(II) adsorption

In addition to heavy metal ions, K*, Ca?", Mg?*, CI', SO4>" as background ions
widely existed in various water bodies, which may have impact on the adsorption
process of heavy metals. Therefore, it is necessary to study the effect of background
ions on the adsorption process. The effect of background ions (including K*, Ca**, Mg*",
CI', SO4*) on the removal of Hg(II) byPPyE, PPyCE and PPyEE was studied and the
results are presented in Fig. 8a. As can be seen from Fig. 8a, the background ions such
as K*, Ca?*, Mg?*, and SO4* have no obvious impact on Hg(II) adsorption, but CI has
strong inhibitory effect. The existence of Cl" reduced the removal rates of mercury ions
by PPyE, PPyCE and PPyEE to 17.29%, 38.8% and 51.07%, respectively. This is
because the presence of 10 mmol/L NaCl complicates the formation of mercury species.
According to previous works, under the condition of pH = 5-6, Cl" and Hg(II) formed
multiple complexes, in which HgCl> was the dominant species, reaching around 90%,
HgCls accounted for nearly 10%, and a small amount of HgCIOH, which are not easy

to complex with adsorbents compared with Hg(OH),[66] .
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Fig. 8. Effect of background ions (a) and co-existing heavy metal ions (b) on the removal of
Hg(II) by poly(pyrrole methane)s. (a dosage of 0.4 g/L of PPyE, 0.2 g/L of PPyCE and 0.3 g/L
PPyEE, Co=100mg/L, pH= 5-6, T=298K)

Furthermore, several co-existing heavy metal ions may influence the adsorption
of Hg(II) from water. For the application of adsorbent, selective adsorption is one of

the most important aspects. It can be seen from Fig. 8b that the removal rates of mercury
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ions by PPyE, PPyCE and PPyEE were 65.65%, 97.28% and 83.01%, respectively,
while the removal rates of the co-existing heavy metal ions (such as Cd**, Cu?*’, Pb*"
and Zn*") are basically below 10%, which indicates the exceptional adsorption
selectivity of PPyCE and PPyEE for mercury ions and co-existing metal ions had no
significant influence on the adsorption. These results indicate that PPyCE and PPyEE
have much stronger affinity to Hg(II) than PPyE.

Distribution coefficients (Ky, L/g) and selectivity coefficient () were employed to
study the degree of affinity and selectivity of materials. The large values of K; indicate
the metal ions can be commendably removed by poly(pyrrole methane)s, while large
values of a indicate the better affinity and selectivity of poly(pyrrole methane)s for

Hg(II) than other heavy metal ions. Ky and a could be extracted from Egs. (10) and (11)

[67. 63].
Q
K, =<t

d C. (10)
Kq(Hg)

q=—2) 11

K, (M) (1)

where Ki(Hg) represented the distribution coefficients of Hg(Il) and K«(M;) was the
distribution coefficients of co-existing heavy metal ions.

As can be seen from Table 6, the Ky value of Hg(II) is greater than that of the co-
existing heavy metal ions, which indicates that the adsorption affinity between
poly(pyrrole methane)s and Hg(I) is the largest.

In addition, the values of a for Cd and Zn are much bigger than that of Cu and Pb,
indicates the poly(pyrrole methane)s have better selective adsorption performance in
solutions containing Cd(II) and Zn(II) than that in solutions containing Cu and Pb.
Meanwhile, PPyCE and PPyEE have bigger o values than that of PPyE, indicating the
functionalization by chloro and imino groups improves the selective adsorption
performance of poly(pyrrole methane)s for Hg(I). However, o values of PPyCE is

bigger than that of PPyEE, which indicates that the functionalization with chloro group

18



400
401

402

403

404
405
406
407
408
409
410
411
412
413
414
415
416
417

can improve the selective adsorption performance of poly(pyrrole methane)s for Hg(II)

more than that of functionalization with imino group.

Table 5 The K+ and a of heavy metal adsorption by the three poly(pyrrole methane)s

Metal PPyE PPyCE PPyEE
ions Ka (L/g) o Ka(L/g) o Ka(L/g) o
Hg 2.42 — 178.98 — 24.43 —
Cu 0.20 12.29 0.54 330.13 0.32 75.24
Pb 0.11 22.16 0.34 528.77 0.78 31.42
Cd 0.02 126.04 0.20 915.80 0.04 676.63
Zn 0.015 164.27 0.11 1691.40 0.03 762.13

3.2.7 Regeneration of PPyCE and PPyEE

The regeneration performance of an adsorbent is an important parameter to assess
its practical application. In many reports, mixed solutions of acid and thiourea have
been used to achieve effective desorption of mercury. On the one hand, thiourea, as a
small molecule substance rich in sulfur and nitrogen, has a very strong binding ability
with mercury[46, 69]. On the other hand, desorption is a reverse process of adsorption,
and conditions unfavorable to adsorption must be favorable conditions for desorption.
In our study, lower pH and CI effectively inhibit the adsorption of mercury, so batch
regeneration studies were carried out using the mixed solution of 0.1 mol/L HCI and
1.0 % thiourea as the desorption agent. Regeneration efficiency of the three as-prepared
poly(pyrrole methane)s was evaluated by 5 consecutive cycles of adsorption-desorption
experiments. (Fig. 9). The result shows that after five adsorption-desorption cycles, all
poly(pyrrole methane)s can maintain more than 80% of the original adsorption capacity,
indicating that the as-prepared poly(pyrrole methane)s have excellent adsorption

stability for mercury ions.
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Fig. 9. Adsorption-desorption consecutive cycles of Hg(Il) onto poly(pyrrole methane)s. (a dosage
of 0.4 g/L of PPyE, 0.2 g/L of PPyCE and 0.3 g/L PPyEE, Co=100mg/L, pH= 5-6, T=298K)

3.3 Adsorption Mechanism

To research the adsorption mechanism of the Hg(Il) onto the functionalized
poly(pyrrole methane)s, FT-IR and XPS test were applied to investigate the role of
chloro and imino groups in the adsorption process.

FT-IR spectra of the functionalized poly(pyrrole methane)s before and after
adsorption is shown in Fig. 10. It can be seen that the intensity of N-H stretching at
around 3400 cm™ after Hg(II) adsorption declines significantly compared with the
peaks 1628 cm™' which is ascribed to C=C stretching, indicating that the interaction
between Hg(Il) and imino group in PPyE, PpyCE and PpyEE. Meanwhile, the peak
intensity of C-Cl stretching at 940 cm™ is significantly weakened in the spectra of
PPyCE after adsorption, which means the Cl active sites in PPyCE also play an
important role in Hg(II) adsorption process. While in the spectra of PPyE and PPyEE,
the intensity of the peak at around 1385 cm!, which is attributed to N-O stretching of
NOs3™ [70, 71], are also sharply appeared after Hg(II) adsorption. This is mainly because
of the proton acid doping process and NOs3™ for the adsorption solution is make up with
Hg(NO:s)2 as an electrically neutralizing ion binding to the molecular backbones of

PPyEE [72]. FT-IR results indicate that the adsorption sites for Hg(II) removal occurred
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Fig.10. FT-IR spectra comparation of PPyE(a), PPyCE(b), PPyEE(c) before and after Hg(II)

adsorption.

In order to further explore the role of chloro and imino groups in Hg(II) adsorption,
XPS test was applied to give insight into the change of binding energy of the N1s, Cl
2p and Hg4f from the functional poly(pyrrole methane)s before and after Hg(Il)
adsorption. The intensity and position of C 1s have no obvious change before and after
adsorption (Fig. S5 a-c), indicating that Hg(II) adsorption has not occurred in the groups
associated with carbon. In the full-scan spectrum (Fig. 11a-c), the new binding energy
peaks (Hg 4f) are observed after Hg(II) absorption. The binding energy of Hg 4f could
be split two different peaks at 104.9-105.5 eV and 100.9-101.5 eV, which illustrates that
Hg(II) have been successfully adsorbed by the as-prepared poly(pyrrole methane)s (Fig.
S5 d-f). EDS results after Hg(II) adsorption are consistent with XPS results (Fig S6).

The binding energy peak of N 1s can be divided into three peaks from Fig. 11 d-f.
The three fitting peaks, centered at about 397.3 eV, 399.7-399.8 eV, and 402.2-402.7
eV respectively, are ascribed to pyridinic N, pyrrolic N, and oxidized N, respectively
[73-75]. After Hg(Il) adsorption, the ratio of the three types of nitrogen changes, which
indicates that the electron transfer occurs during the adsorption, indicating that the
forms of nitrogen converted to each other in Hg(II) adsorption process [76]. These
results indicate that nitrogen atoms involved in the adsorption process of Hg(II) onto
PPyE, PPyCE and PPyEE. Meanwhile, the position change of binding energy for the
three types of nitrogen also proves the positive role of imino group in Hg(II) adsorption.
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Fig. 11g-h is the high resolution of Cl 2p peak of PPyCE and PPyEE before and

after Hg(II) adsorption. The peak at 196.4-198.4 eV is attributed to ionic chlorine (CI°),

and the peak at 199.8-200.1 eV correspond to Cl in C-Cl groups [77, 78]. Additionally,

the relative intensity of C-Cl declined significantly, while the position of ionic chlorine

peak has shifted evidently after Hg(II) adsorption, which illustrates C-Cl group can be

consider as one of the important active chemisorbed sites (forming HgCl> )to remove

Hg(II) from water [47, 79].
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Fig.11. Full scan survey XPS spectra of PPyE(a), PPyCE(b), PPYEE(c) and high resolution

spectra of (d-f) N 1 s, (g-h) Cl 2p of PPyE, PPyCE, PPyEE before and after Hg(II) adsorption.

4 Conclusion

In this research, the effect of cholro or imino groups on the adsorption of mercury

ions onto poly(pyrromethene)s was explored. Cholro and imino functionalized

poly(pyrromethene)s possessed high Hg(IT) uptake capacities of 684.59 mg/g (PPyCE)

and 389.57 mg/g (PPyEE) at room temperature and have additional benefits of low
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dosage of 0.2 g/L forvPPyCE and 0.3 g/L for PPyEE, respectively. The cholro and imino
functionalized poly(pyrromethene)s were also good recyclable with maintaining more
than 80% of the original adsorption capacity after 5 cycles, and highly selective for
Hg(1II) in the presence of other cations. Efficient mercury removal was rapid due to the
strong interaction between chlorine and imino groups and mercury ions. These results
not only explore the effect of chlorine and imino groups on the adsorption of mercury
ions, but also demonstrate the feasibility of poly(pyrromethene)s as adsorbent materials

for heavy metal capture in wastewater remediation application.
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