
* Corresponding author.

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2023.29616

298 (2023) 61–74
June

Excellent adsorption ability of Hg(II) by poly(o-phenylenediamine) modified 
mesoporous materials

Xuyin Lina, Jinwen Jiangb, Jun Wanga, Jiaofen Lina, Aikebaier Rehemana,c,*
aXiamen Ocean Vocational College, Xiamen 361100, China, emails: akbarphd@126.com (A. Reheman), xmhy000@163.com (X. Lin), 
wangjun@xmoc.edu.cn (J. Wang), 183588136@qq.com (J. Lin) 
bCollege of Science, Northeastern University, Shenyang 110819, China, email: 1164513332@qq.com (J. Jiang) 
cFujian Key Laboratory of Toxicant and Drug Toxicology, Medical College, Ningde Normal University, Ningde, Fujian 352100, China

Received 5 February 2023; Accepted 26 May 2023

a b s t r a c t
In this study, we used mesoporous silica materials as inorganic carrier and poly(o-phenylene-
diamine) with more active amino and imino groups as organic ligand to obtain functionalized 
adsorbent. The composite adsorbent poly(o-phenylenediamine) modified mesoporous compos-
ites (MPP) were prepared by loading poly(o-phenylenediamine) onto the surface of the aminated 
mesoporous material through in-situ polymerization. It was found that the maximum saturation 
adsorption capacity of MPP reached 225  mg/g when the solution pH, temperature, initial Hg(II) 
concentration, and adsorption time were 4, 298.15  K, 100  mg/L, and 240  min, respectively. When 
common interfering ions Zn(II), Ni(II), Cu(II), Ca(II), Mg(II) and Al(III) were present, the adsorp-
tion of Hg(II) by MPP still showed good selectivity. The adsorption of Hg(II) by MPP followed 
quasi-secondary kinetics and the Langmuir adsorption isotherm model, indicating that the adsorp-
tion process was chemisorption. In addition, MPP removed up to 81.35% of Hg(II) from industrial 
wastewater. After five cycles for adsorbent regeneration experiments, the adsorption capacity of 
MPP could reach 191.67  mg/g, indicating that the adsorbent has good regeneration performance 
and potential application value for removal of Hg(II).
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1. Introduction

Water is the basic material of all life, the protection and 
management of water resources is the basic guarantee of 
people’s healthy life [1]. According to the different pollut-
ants, water pollution can be broadly divided into chemical 
pollution, physical pollution, biological pollution, of which 
the impact of chemical pollution has become more and 
more intense [2,3]. Due to the rapid development of modern 
industry, the pollution of heavy metals in water bodies has 
become increasingly serious, posing a serious threat to the 
living environment of human beings, especially mercury, a 
heavy metal with strong toxicity and difficult degradability 

[4–6]. With the Minamata Convention in full swing in 2017, 
mercury ion pollution in wastewater has become an import-
ant issue related to human life and health. Mercury ions in 
aqueous solutions can enter the food chain even at very low 
concentrations and accumulate in aquatic organisms and 
eventually in the human body through the consumption 
of fish and other marine substances [7–9]. Mercury poison-
ing can damage the liver, brain function, nervous system, 
and reproductive system and cause a variety of biological 
and genetic diseases [10–12]. However, most of the current 
mercury ion adsorbents have many disadvantages, such 
as low adsorption capacity, high cost and difficult regen-
eration [13–15]. How to treat and efficiently purify heavy 
metal mercury in water is still the focus of research.
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The U.S. Environmental Protection Agency (EPA) advises 
against consuming water with Hg(II) concentrations more 
than 0.002  mg/L (2  ppb) [16]. Therefore, for human safety, 
mercury contamination in water must be treated before 
releasing heavy metal ion effluent into the environment 
[17]. To address this problem, researchers have developed 
a variety of methods to combat mercury contamination: 
chemical precipitation, microbial methods, organic che-
lation, ion exchange, and membrane separation [18–22]. 
However, these technologies always have disadvantages 
such as poor removal capacity, low metal removal rate, 
secondary pollution, etc. [23]. Therefore, there is a need to 
explore a cost-effective technology to treat mercury con-
tamination. Adsorption is recognized as a cost-effective 
water treatment method because of its relatively simple 
operation, high removal capacity and low cost [24].

Mesoporous silica materials have high specific surface 
area, adjustable pore size and shape, and rich morpholog-
ical structure, so they can be used as excellent carriers. It 
is widely used in adsorption, catalysis, sensors and other 
directions due to its good functional properties and occu-
pies a very important position in many scientific and tech-
nological fields [25]. Bui et al. [26] successfully synthesized 
mesoporous molecular sieves using coal ash (CBA) as a 
substrate. To find the ideal conditions for silica extraction 
from CBA powder, several calcination temperatures and 
different sodium hydroxide and CBA ratios were examined 
in alkali synthesis [26]. The results showed that mesoporous 
silica materials (MCM-41) could be used as an effective 
and reasonably priced adsorbent for the removal of heavy 
metal ions from wastewater because it could be synthesized 
under ideal conditions and had a specific surface area of 
932  m2/g, a pore volume of 0.93  cm3/g, and a pore size of 
3.14  nm [26]. According to reported research [27], MCM-
41 with amino functionality was utilized as an adsorbent 
to remove the antibiotic ciprofloxacin, and MCM-41 with 
diamine functionality had a higher capacity for chemi-
cal monolayer adsorption because it contained more ami-
no-activated groups on its surface. This study shows that 
mesoporous silica materials have promising applications 
in the field of adsorption and reveals their adsorption and 
desorption behavior [27].

In recent years, researchers have proposed a variety of 
methods for the preparation of poly(o-phenylenediamine) 
micro- and nanomaterials [28]. The main synthetic methods 
include chemical oxidation, hydrothermal, electroforma-
tion, solid-phase synthesis and microwave-assisted methods 
[29]. Poly(o-phenylenediamine) micro and nanostructures in 
spherical, ribbon and other morphologies were synthesized 
by these methods [30]. Since poly(o-phenylenediamine) 
contains free amino groups and adjacent imine groups in 
its molecular chain, it can form a stable complex structure, 
which has a strong chelating effect on heavy metal ions in 
solution, and adsorbs these heavy metal ions in water to the 
polymer well [31]. Shi et al. [32] synthesized poly(o-phenyl-
enediamine) pellets by chemical oxidation method using 
ammonium persulfate as oxidant. It also showed good 
adsorption capacity for both Ag(I) and Pb(II), with a satura-
tion capacity of 195.5 mg/g for Pb(II) and 540 mg/g for Ag(I), 
and was able to reduce silver ions to monolithic nano-silver 

at the same time [28]. Aromatic diamine polymers show 
promising applications because of their simple synthesis 
process and their strong heavy metal ion binding ability.

In this study, the MPP composite adsorbent was firstly 
obtained by loading poly(o-phenylenediamine) onto the 
surface of the aminated mesoporous material by in-situ 
polymerization using MCM-41 as the inorganic carrier and 
poly(o-phenylenediamine) as the organic ligand. Since poly-
phenylenediamine contains a large amount of active amino 
and imino groups, it enhances the chelating effect of the 
adsorbent on heavy metal ions and the adsorption capacity 
and mechanical stability of the adsorbent. The morphology, 
structure and chemical properties of the adsorbent were 
characterized by Fourier-transform infrared spectroscopy 
(FTIR), X-ray powder diffraction (XRD), thermogravimet-
ric analysis (TGA), scanning electron microscopy (SEM) etc. 
On the adsorption of Hg(II) in water, the impacts of several 
variables including pH, adsorption time, starting Hg(II) 
concentration, adsorption temperature, and co-existing 
ions were examined, and the optimal adsorption conditions 
were explored. Secondly, the adsorbent was experimentally 
investigated for adsorption cycle regeneration. Finally, the 
experimental data were fitted kinetically and thermody-
namically to investigate the adsorption mechanism of the 
adsorbent. As a result, a new and effective adsorbent for 
the removal of Hg(II) ions was created. It has a large supply 
of raw materials, is inexpensive, and has a quick prepara-
tion process cycle, so it may be used to remove Hg(II) ions 
from actual industrial effluent.

2. Experimental set-up

2.1. Materials and instruments

Details on the instruments and materials are provided 
in the supporting documents (Text S1).

2.2. Preparation of MPP

2.2.1. Preparation of MCM-41

Firstly, 5  g of diatomaceous earth powder (200  mesh) 
was dispersed in 20  mL of a solution with a concentration 
of 40% H2SO4, sonicated, and mechanically stirred for 8  h. 
The mixed solution was filtered to obtain the solid. Then, 
the filtered solid was washed with water several times and 
dried in a vacuum oven at 100°C for 24  h. The dried solid 
was calcined in a muffle furnace at a temperature of 450°C 
for 4  h. Next, 2.7  g of pretreated diatomaceous earth with 
1.02 g NaOH and 25 mL of H2O was heated and refluxed in 
a 100 mL bottom flask for 4 h. After heating, the afore-men-
tioned combination was added to a cetyltrimethylammo-
nium bromide (CTAB) solution (3.06 g CTAB, 51 mL water), 
where it was agitated for 1 h. Then, the precursor was moved 
to a stainless-steel autoclave and heated to 100°C for 24  h 
after H2SO4 (2  mol/L) was used to bring the solution’s pH 
to 10. After the reaction, filtering, repeated washings with 
ethanol solution and deionized water, and 12  h of drying 
at 60°C were used to achieve the white precipitate. Finally, 
to remove the CTAB template from the pores, the white 
precipitate was calcined at 550°C for 6 h to obtain MCM-41.
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2.2.2. Preparation of MCM-41-NH2

Prior to adding 2.5  mL of ammonia dropwise, 1  g of 
MCM-41 was added to a flask holding 100 mL of pyridine. 
The mixture was then sonicated for 30 min. After sonication, 
1  mL of 3-aminopropyltriethoxysilane (KH550) was slowly 
added dropwise to the mixed solution under N2 protection. 
Then, the mixture was rapidly agitated for 24  h at room 
temperature in a nitrogen environment. After that, the sus-
pension was filtered. The resulting material was repeatedly 
cleaned with ethanol and deionized water before being dried 
for 12  h in a vacuum oven at 45°C. Finally, MCM-41-NH2 
was successfully obtained, as shown in Fig. 1.

2.2.3. Preparation of MPP

90 mL of distilled water was mixed with 0.5 g of MCM-
41-NH2, and the mixture was then sonicated for 30  min. 
When the system was dispersed more uniformly, a certain 
amount of o-phenylenediamine solid was added to it and 
stirred for 30  min until all the o-phenylenediamine solid 
was dissolved in the system. 10 mL of distilled water were 
used to dissolve a certain amount of sodium persulfate to 
create a solution that would serve as the reaction’s catalyst. 
Ammonium persulfate solution was slowly dropped into the 
above solution under argon gas as a protective gas, and the 
whole system was placed in an ice bath for 8 h. Following 
the reaction, the solution was filtered, the solid that was 
produced was repeatedly washed with deionized water 
and ethanol, and the solid was then freeze-dried for 12  h 
in a vacuum freezer. Finally, the poly(o-phenylenediamine) 
modified mesoporous composites (MPP) were obtained. 
The preparation process is shown in Fig. 1.

2.3. Adsorption experiment

MPP adsorbent was used to perform the adsorption 
studies of Hg(II) ions, including some adsorption param-
eters such as pH, adsorption time, initial Hg(II) ion con-
centration, adsorption temperature and the effect of inter-
fering ions. Firstly, Different quantities of Hg(II) solutions 
(100–500  mg/L) were created by dilution from a Hg(II) ion 
stock solution with a standard concentration of 1,000 mg/L. 
The initial solution pH was adjusted to 1~7 with 0.8 mol/L 
of HNO3 and NaOH, and Hg(II) ion solutions of differ-
ent pH (100 mg/L, 50 mL) were mixed with 0.02 g of MPP 

adsorbent at 298 K. The effect on the adsorption was inves-
tigated by controlling different pH, adsorption time, tem-
perature, and interfering ions. 5  mL of Hg(II) ion solution 
was taken and 0.02  g of adsorbent was added to it after a 
certain time of adsorption. 4 mL of the adsorbed solution was 
taken in a centrifuge tube and separated by centrifugation. 
1 mL of the supernatant after centrifugation was taken in a 
25  mL volumetric flask. Using dithizone spectrophotome-
try, the amount of Hg(II) ions in the supernatant was mea-
sured. The adsorption amount and removal rate of Hg(II) 
ions by the adsorbent were calculated according to Eqs. (1)  
and (2) [33].
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where Qt (mg/L) is the adsorption amount at equilibrium, 
m is the mass of the adsorbent (g), V is the volume of the 
solution (L), and R is the removal rate of Hg(II) ions from 
the solution (%). C0 and Ct are the concentration of Hg(II) 
ions in the solution (mg/L) before and after adsorption, 
respectively.

3. Results and discussion

3.1. Characterization

3.1.1. FTIR analysis

Fig. 2A shows the FTIR spectra of MCM-41, MCM-
41-NH2 and MPP, respectively. From the FTIR spectrum of 
MCM-41, it can be seen that the peak at 3,659  cm–1 char-
acteristic peak is attributed to the stretching vibration of 
surface silanol (Si–OH), while the stretching vibrations at 
1,080 and 800  cm–1 are caused by the asymmetric stretch-
ing of Si–O–Si and symmetric stretching [34]. From the 
FTIR spectrum of MCM-41-NH2, it can be concluded that 
the stretching vibration peak of Si–OH disappears after 
the mesoporous MCM-41 is modified with amino groups. 
The asymmetric and symmetric stretching vibration absorp-
tion peaks of –CH2– are represented by the absorption 
peaks at 2,920 and 2,860  cm–1, respectively. The peaks at 

Fig. 1. Preparation depiction of MPP.
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1,568 and 1,465 cm–1 are attributed to the stretching vibra-
tion of the –NH2 group. These observations confirm that the 
organic part of KH550 has been successfully transposed to 
MCM-41 [35,36]. The peaks at 3,420 and 3,195  cm–1 in the 
FTIR spectrum of MPP correspond to the N–H stretching 
vibrations of the –NH– and –NH2 groups, and the peak 
at 1,620 cm–1 is a bending stretching vibration peak in the 
N–H plane. The absorption peak at 1,305 cm–1, on the other 
hand, is a stretching vibration absorption peak of benzene 
ring –C–N [37], indicating that poly(o-phenylenediamine) 
has been successfully loaded onto the MCM-41-NH2 struc-
ture. Besides, the results of FTIR characterization of the 
adsorbed materials before and after adsorption are shown 
in Fig. 2C. The comparison shows that there is a more obvi-
ous –NH– stretching vibration peak at 3,420  cm–1 before 
adsorption, but the –NH– characteristic peak is signifi-
cantly weakened after adsorption. It indicates that the –
NH-functional group in MPP binds to Hg(II) ions during  
the adsorption process.

3.1.2. XRD analysis

The XRD patterns of MCM-41, MCM-41-NH2, and MPP 
are depicted in Fig. 2B. Among them, MCM-41 showed 
diffraction peaks at 2.47°, 4.32° and 5.13°, respectively, and 
corresponded to the (100), (110) and (200) crystallographic 
planes of the cubic structure of MCM-41, which is consistent 

with the characteristic diffraction peak of MCM-41 reported 
in the literature [38,39]. Moreover, although the intensity of 
the peaks of MCM-41-NH2 and MPP gradually decreased 
due to the amination of MCM-41 and the grafting of the 
polymer, the main characteristic peaks were still present, 
which indicated that the final synthesized MPP still had a 
well-ordered structure.

3.1.3. TGA analysis

Fig. 2D shows the TGA curves of MCM-41, MCM-41-NH2 
and MPP. As can be seen that the mass loss of the three TGA 
profiles at the first stage (below 150°C) could be correlated 
with the weight loss of the bound water on the material sur-
face. Additionally, each sample’s mass loss from 150°C to 
600°C may be ascribed to the mass loss of its organic func-
tional groups. The TGA curve of MCM-41 showed that the 
weight loss of the material was 3.78% between 40°C and 
150°C and virtually stayed constant between 150°C and 
600°C, demonstrating that the material had high thermal 
stability. The TGA curve of MCM-41-NH2 showed a weight 
loss of 9.21% in the temperature range of 150°C–600°C, 
which can be attributed to the thermogravimetric loss of 
organic matter loaded on the surface of MCM-41, indicat-
ing that KH550 has successfully functionalized MCM-41. 
By comparing TGA curves of MCM-41-NH2 and MPP, it 
was found that there was a 14.73% weight loss difference 

Fig. 2. (A) FTIR spectra of MCM-41, MCM-41-NH2 and MPP, (B) X-ray powder diffraction patterns of MCM-41 (a), MCM-
41-NH2 (b) and MPP (c), (C) FTIR spectra of MPP and MPP/Hg(II), and (D) thermogravimetric analysis curves of MCM-41 (a), 
MCM-41-NH2 (b) and MPP (c).
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between the two compounds, indicating that poly(o-phenyl-
enediamine) had been immobilized on the mesoporous sil-
ica surface by an in-situ polymerization process, and the 
MPP composite adsorbent had been successfully prepared.

3.1.4. SEM and transmission electron microscopy analysis

Fig. 3 shows SEM and transmission electron microscopy 
images of MCM-41, MCM-41-NH2 and MPP, respectively. 
The clearer morphology of silica particles in MCM-41 can be 
seen in Fig. 3a, and MCM-41-NH2 in Fig. 3b exhibits inter-
connected nanoparticle surfaces due to silylation. Compared 
with MCM-41 in Fig. 3a and MCM-41-NH2 in Fig. 3b, the 
surface of MPP in Fig. 3c became rougher and more dense, 
indicating that the poly(o-phenylenediamine) polymer 
had been loaded onto the surface of MCM-41-NH2. Fig. 3d 

shows that the mesoporous pore channels of MCM-41 were 
more clearly distributed. It can be illustrated in Fig. 3e that 
the amination of MCM-41 did not affect the pore structure 
of the mesopores. Fig. 3f shows clearly that the mesoporous 
surface was loaded with a layer of polymer, demonstrating 
that a large amount of poly(o-phenylenediamine) particles 
were loaded onto the surface of MCM-41-NH2.

3.1.5. Brunauer–Emmett–Teller analysis

To determine the specific surface area, pore volume, 
and pore size distribution of the adsorbents, N2 desorption 
studies were carried out on the MCM-41, MCM-41-NH2, and 
MPP adsorbents, respectively. The results are displayed in 
Fig. 4, and Table S1 lists the related physical property data. 
As can be obtained in Fig. 4, the adsorption isotherms of all 

Fig. 3. Scanning electron microscopy images of MCM-41 (a), MCM-41-NH2 (b) and MPP (c), transmission electron microscopy images 
of MCM-41 (d), MCM-41-NH2 (e) and MPP (f).
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samples conform to the type IV curve, which is consistent 
with literature reports [40,41] and is typical of the MCM-41 
nitrogen desorption isotherm. It can be seen that with the 
increase of relative pressure, comparing MCM-41, MCM-
41-NH2, MPP does not undergo a sharp jump, mainly due 
to the modification of poly(o-phenylenediamine) which 
reduces the orderliness of the mesoporous structure. By 
comparison to MCM-41 (793.51  m2/g), the surface areas 
of MCM-41-NH2 and MPP were decreased to 257.12 and 
77.27 m2/g, respectively. In contrast to MCM-41 (0.59 cm3/g), 

the pore volumes of MCM-41-NH2 and MPP were 0.59 
and 0.123  cm3/g, respectively. Contrarily, compared to the 
MCM-41 (3.26 nm), the pore size of MCM-41-NH2 increased 
to 4.59  nm due to particle interconnections and the cre-
ation of new macropores, while that of MPP decreased 
to 1.93  nm, indicating the successful polymerization of 
poly(o-phenylenediamine) on MCM-41-NH2.

3.2. Effect of pH on adsorption behavior

One of the crucial variables in the process of adsorp-
tion is the pH variation since it has an important impact on 
the level of metal ionization and the metal binding sites on 
the adsorbent surface [42]. According to Fig. 5, the adsorp-
tion capacity of the adsorbent greatly increased as the pH 
of the solution grew from 1 to 4, but it gradually declined 
as the pH of the solution increased from 4 to 7. The reason 
for this was mainly due to the larger H+ concentration in 
the more acidic solution, while the zeta potential value on 
the MPP surface decreased continuously with increasing 
pH during the whole process. The above phenomenon can 
be explained as follows: The primary cause is the system’s 
low pH and high concentration of H+ in the solution, which 
causes the amino and hydroxyl functional groups on the 
adsorbent’s surface to get protonate. Due to protonation, the 
surface of MPP carries a high positive zeta potential, result-
ing in a relatively strong electrostatic repulsion between it 
and Hg(II) ions, making it difficult for Hg(II) to bind to the 
adsorption site on the surface of the adsorbent and greatly 
reducing the ability to bind to Hg(II). The amount of H+ in 

Fig. 4. N2 adsorption–desorption curves for MCM-41, MCM-
41-NH2 and MPP.

Fig. 5. (a) Effect of pH on Hg(II) adsorption and zeta potential of MPP, (b) effect of contact time on the adsorption of Hg(II) ions, (c) 
quasi-first-order kinetic curve and (d) quasi-second-order kinetic curve.
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the solution steadily reduced as pH rose, and a large number 
of amino functional groups were exposed, making the adsor-
bent surface stronger in binding to Hg(II). The decrease in 
the protonation of the functional groups of MPP is consistent 
with the sharp decrease in the zeta potential. On the other 
hand, when the pH was greater than 4, the OH– concentra-
tion of the solution increased, causing the gradual conversion 
of Hg(II) in solution to the forms of Hg(OH)+ and Hg(OH)2 
[43,44]. The Hg(OH)+ and Hg(OH)2 produced on the adsor-
bent surface block the mesopores and binding sites because 
they typically have a lower positive charge and a lower 
affinity for functional groups, which causes the adsorption 
capacity to progressively decline. In summary, the optimal 
pH for Hg(II) adsorption by MPP adsorbent is 4. And for 
the study of Hg(II) ion adsorption, 100  mg/L of Hg(II) ion 
solution, adsorption time of 240 min, pH of 4 and room tem-
perature were used as the optimal adsorption conditions.

3.3. Effect of contact time on adsorption behavior and adsorption 
kinetics

3.3.1. Effect of contact time on adsorption behavior

Fig. 5b shows that the adsorption quantity rose quickly 
over time in the early stage from 0 to 60 min, but that from 
60 to 240 min, the adsorption rate steadily declined until the 
adsorption saturation condition was attained. The reason 
for this phenomenon was the presence of a large number 
of amino and imino active functional groups on the surface 
of the adsorbent at the beginning of the adsorption phase, 
which could rapidly bind to Hg(II) and therefore the adsorp-
tion amount increased rapidly. However, a large amount 
of Hg(II) was combined with the functional group, and the 
surface of the functional group would have a large amount 
of positive charge, which made the Hg(II) adsorbed on the 
surface of the adsorbent and the free Hg(II) in the solution 
appear to repel each other with the same charge, so the 
adsorption rate decreased slowly and reaches the saturation 
adsorption amount of 225 mg/g (RSD = 0.791) at 240 min.

Additionally, 90  mL of distilled water was mixed with 
0.5  g of MCM-41-NH2 before being sonicated for 30  min. 
After the system was more evenly distributed, o-phenyl-
enediamine solids were added at concentrations of 1.2, 2.4, 
3.6, and 4.8  mmol, and the MPP composite adsorbent was 
synthesized under the condition of ammonium persulfate 
as initiator. The prepared adsorbent was added to 100  mL 
of Hg(II) standard solution at a concentration of 50  mg/L, 
respectively, and adsorbed for 240  min with magnetic stir-
ring on a magnetic stirring rotary table. Dithizone spectro-
photometry was used to measure the concentration of Hg(II) 
in the adsorbed solution after the adsorption was complete. 
The results are displayed in Fig. S1. It can be seen that the 
best adsorption effect of MPP adsorbent was achieved 
when the o-phenylenediamine was fed at 2.4 mmol.

3.3.2. Adsorption kinetics

A quasi-first-order kinetic model and a quasi-second- 
order kinetic model are required to investigate the adsorp-
tion mechanism and fit the maximum adsorption capacity 
of the adsorbent to research the adsorption process and 

mechanism of this adsorbent. Eqs. (3) and (4) describe 
the pseudo-first-order and pseudo-second-order models, 
respectively.

ln lnQ Q Q k te t e�� � � � 1 	 (3)

t
Q k Q Qt e e

� �
1 1

2
2 	 (4)

where the Hg(II) adsorption capacity at time t and equi-
librium time are indicated by the units Qt and Qe (mg/g), 
respectively. The rate constants k1 for pseudo-first-order 
models and k2 for pseudo-second-order models are both 
used in mathematical models.

The kinetic data for the adsorption of Hg(II) by the 
adsorbent were fitted with a quasi-primary kinetic model 
and a quasi-secondary kinetic model, and the results of 
the fitted data are shown in Fig. 5c and d. As can be seen 
from Table S2, the fitted correlation coefficient of the quasi 
primary kinetic model is low, and the deviation of the fitted 
maximum adsorption amount from the actual adsorption 
amount is large, indicating that the adsorption of Hg(II) on 
the adsorbent does not conform to the quasi primary kinet-
ics. According to the quasi-secondary kinetic model, the 
fitted correlation coefficient was high (R2 = 0.9997) and the 
fitted maximum adsorption amount of 233.64 mg/g was in 
general agreement with the actual adsorption amount of 
225.33 mg/g. This suggests that the adsorption of Hg(II) by 
MPP composite adsorbent may be well described by the 
quasi-secondary kinetic equation.

3.4. Effect of Hg(II) concentration and adsorption isotherm

3.4.1. Effect of Hg(II) concentration

If the initial Hg(II) concentration was increased from 
100 to 200  mg/L, it is evident from Fig. 6a that the quan-
tity of Hg(II) that the adsorbent could bind to rise as well. 
The saturation adsorption capacity did not change sig-
nificantly with the continued increase of the initial Hg(II) 
concentration. The primary cause of this occurrence was 
the presence of more active functional groups on the sur-
face of the adsorbent in low Hg(II) concentrations, which 
allowed for the efficient chelation of significant amounts of 
Hg(II). Although there was a strong driving force between 
Hg(II) in solution and the adsorbent when the Hg(II) con-
centration was 200 mg/L, the quantity of active sites on the 
adsorbent’s surface were restricted, and the amount of Hg(II) 
ions adsorbed finally stabilized. Therefore, the adsorption 
capacity did not increase greatly when the Hg(II) concen-
tration was larger, and the adsorbent had reached the satu-
ration adsorption state at this time, and the corresponding 
saturation adsorption capacity is 331.64 mg/g. Table S3 com-
pares the maximum adsorption capacity of several types 
of adsorbents for Hg(II) and shows that MPP has superior  
adsorption quality.

3.4.2. Adsorption isotherm

To further investigate the relationship between the 
adsorbent and the adsorbent mass during adsorption, the 
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adsorption behavior of the adsorbent was explored by means 
of the Hg(II) adsorption isotherm, and the Langmuir and 
Freundlich adsorption isotherm equations were commonly 
used to describe the adsorption process [45,46]. Among 
them, the Langmuir adsorption isotherm is used to describe 
the homogeneous adsorption of single molecular layers; 
the Freundlich adsorption isotherm assumes non-homoge-
neous surface adsorption with uneven heat distribution of 
surface adsorption. The Langmuir and Freundlich model 
are expressed as Eqs. (5) and (6).
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Q Q K
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where Ce (mg/L) is the equilibrium adsorption concen-
tration; Qe (mg/g) is the equilibrium adsorption volume; 
Qm (mg/g) is the adsorption capacity of the saturated mono-
molecular layer, the larger this parameter predicts the larger 
adsorption capacity of the adsorbent. KF and KL are the 
Freundlich and Langmuir adsorption constants, respectively; 
n is a constant indicating the adsorption index.

From the data in Fig. 6b & c and Table S4, it can be seen 
that the determined coefficient R2 of the Langmuir model 
for Hg(II) adsorption of this adsorbent was higher than 
that of the Freundlich model, and the theoretical maxi-
mum adsorption amount fitted by the Langmuir model 
was basically consistent with the actual measured values, 
indicating that the adsorption isotherm for Hg(II) of this 
adsorbent was more consistent with the Langmuir adsorp-
tion isotherm model. The Langmuir model assumes that the 

Fig. 6. (a) Effect of initial Hg(II) ion concentration on the sorption, (b) effect of temperature on Hg(II) adsorption, (c) Langmuir iso-
therm plots for the adsorption of Hg(II) ion onto MPP, (d) Freundlich isotherm plots for the adsorption of Hg(II) ion onto MPP and 
(e) relationship between ln(Qe/Ce) and 1/T.
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adsorbent relies on the active sites on its surface for mono-
layer adsorption. Therefore, the monolayer adsorption of 
Hg(II) by MPP was dependent on active centers on the 
adsorbent surface, such as hydroxyl and amino groups.

3.5. Effect of temperature and thermodynamic study

To investigate the effect of temperature on the adsorp-
tion effect of MPP composite adsorbent, and its adsorp-
tion effect at different temperatures, the experimental 
data were linearly fitted using the Van’t Hoff equation, 
the expression of which is as follows.
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where ΔG° is the Gibb’s free energy, ΔH° is the enthalpy 
change and ΔS° entropy change. The value of ΔG° is cal-
culated by using the data to determine whether the reac-
tion is spontaneous or not, and the value of ΔH° enthalpy 
change is calculated to determine the heat change of the 
adsorption process.

The enthalpy change ΔH°  =  12.45  kJ/mol and entropy 
change ΔS°  =  70.77  J/mol·K, and the corresponding Gibb’s 
free energy ΔG° at different temperatures can be calcu-
lated from the results of the data fitted to Fig. 6b and e, as 
shown in Table S5. From the data in the above table, it can be 
seen that the Gibb’s free energy ΔG° is negative at different 
temperatures, and the enthalpy change ΔH°  >  0 is derived 
from the thermodynamically fitted data, indicating that 
the adsorption of Hg(II) by the MPP composite adsorbent 
is a spontaneous heat absorption process.

3.6. Effect of co-existed ions and application in industrial 
wastewater

In the process of adsorbing Hg(II) from wastewater, 
it is necessary to explore whether the adsorbent is selec-
tive for the adsorption of Hg(II) when other metal ions are 

present in the system due to the presence of a large num-
ber of other impurity metal ions in the wastewater. In the 
presence of various cations, such as Zn(II), Ni(II), Cu(II), 
Ca(II), Mg(II), and Al(III), weighed MPP (0.02 g) was added 
to 50 mL of 100 mg/L Hg(II) solution at an initial concentra-
tion of 0.01 M. The adsorption of MPP on Hg(II) was mea-
sured, and the corresponding results are shown in Fig. 7a. 
The interfering ions in the solution had no effect on MPP’s 
ability to adsorb Hg(II) ions, demonstrating high selectivity 
of MPP. To investigate the removal ability of MPP adsorbent 
on Hg(II) ions in industrial wastewater, a high concentration 
of industrial wastewater with a concentration of 480 mg/L 
was taken and diluted to 100 mg/L, 50 mL of it was taken 
and the pH was adjusted to 4. Then 0.02  g of MPP adsor-
bent was added and adsorbed under magnetic stirring 
for 240  min, and finally the removal rate of MPP adsor-
bent on mercury ions in industrial wastewater was mea-
sured to be 81.35%. It shows that MPP adsorbent has good 
adsorption potential for industrial wastewater.

3.7. Regeneration study

As a functional adsorbent, in addition to its efficient 
adsorption performance, its reusability is also an important 
indicator to assess the performance of the adsorbent. A mix-
ture of nitric acid (0.2 mol/L) and thiourea (0.1 mol/L) was 
used as the eluent of the adsorbent, and the eluted adsor-
bent was freeze-dried, after which the results of repeated 
multiple adsorption tests were performed as shown in 
Fig. 7b. The results showed that the adsorption capac-
ity of the recovered MPP composite adsorbent for Hg(II) 
reached 191.39 mg/g after five cycles. The loss of adsorbent 
material during the adsorbent recovery process through-
out the repeated studies may be the cause of the decline in 
adsorption capacity, however the adsorption capacity fun-
damentally remained stable. Therefore, the MPP compos-
ite adsorbent exhibited good regeneration performance as 
well as potential applications in the adsorption process.

3.8. Possible adsorption mechanism of Hg(II) ions

To further investigate the adsorption mechanism 
of Hg(II) ions by MPP, the changes in the chemical 

Fig. 7. (a) Effect of co-existing ions in solution on Hg(II) adsorption and (b) regeneration behavior of absorbent.
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environment of the relevant elements before and after 
the adsorption of Hg(II) in water by MPP adsorbent were 
analyzed by X-ray photoelectron spectroscopy (XPS), and 
the test results are shown in Fig. 8a. By comparing the 
full-spectrum scanned spectra of MPP adsorbent before 
and after adsorption, new characteristic peaks of Hg4f, 
Hg4d5, and Hg4d3 could be observed in the XPS spectra of 
MPP/Hg(II) after adsorption, and these characteristic peaks 
indicated that MPP adsorbent had successfully adsorbed 
Hg(II). Further high-resolution XPS scans were performed 
for elemental mercury and the results are shown in Fig. 8b, 
with the presence of characteristic peaks at 100.93 and 
104.67 eV in the high-resolution spectrum of Hg4f, corre-
sponding to the Hg4f7/2 and Hg4f5/2 characteristic peaks, 
respectively [47]. In addition, the MPP adsorbent contains 
a large number of organic functional groups including –
NH–, –NH2. The high-resolution XPS spectra of C1s and 
N1 were further examined to investigate the impact of 
the included C and N elemental functional groups on the 
adsorption of Hg(II). The results are displayed in Fig. 8c 
and d. Fig. 8c(i) shows three characteristic peaks for C–N, 
C–C and C=C with corresponding binding energies of 
286.08, 285.03 and 284.28  eV, respectively. Comparison 
with Fig. 8c(ii) revealed a smaller change in the character-
istic peak displacement and intensity of the corresponding 
C1s of MPP/Hg(II) after the adsorption of Hg(II), indicat-
ing that C–N, C–C and C=C functional groups play a role 
in the adsorption of Hg(II) ions. The characteristic peaks 

of –NH– and –NH2 appear in the high-resolution spectra 
of N1s in Fig. 8d(i) with binding energies of 401.63 and 
399.23  eV, respectively. However, after the adsorption of 
Hg(II), the binding energies of the corresponding peaks 
of –NH– and –NH2 in the high-resolution spectra of N1s 
change to 401.53 and 399.03 eV. The intensity of the peaks 
after the adsorption of Hg(II) and the position of the 
peaks changed, indicating a strong interaction between 
N in the –NH– or –NH2 functional groups and Hg(II).

Based on the kinetic model and isothermal adsorption 
model, the adsorption of mercury ions by MPP may involve 
ligand chelation of functional groups, complexation reaction, 
ion exchange and other adsorption effects, and its adsorp-
tion mechanism is shown in Fig. 9. First, MPP can rapidly 
remove Hg(II) ions from solution through the metal che-
lation reaction of amino (–NH2) and imino (–NH–) in the 

Fig. 8. (a) Full survey XPS spectra, high-resolution Hg 4f (b), C1s (c), N1s (d) of MPP before (i) and after Hg(II) adsorption (ii).
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Fig. 9. Adsorption mechanism of Hg(II) ions removed by MPP.
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molecular backbone of poly(o-phenylenediamine). Secondly, 
MPP can also play an important role in the adsorption of 
Hg(II) through complexation reaction of NH2 and –NH– 
with Hg(II) also, while NH2 can also undergo ion exchange 
reaction with Hg(II) ions to achieve the purpose of adsorp-
tion of Hg(II). Finally, Hg(II) ions may also move from the 
MPP surface to the pores through intracrystalline diffusion 
when the active site is saturated, and they may then be 
electrostatically attracted to the silica hydroxyl groups on 
the mesoporous surface and trapped there.

4. Conclusions

In this study, MCM-41 was used as an inorganic carrier, 
and the MCM-41-NH2 inorganic carrier was obtained by ami-
nation modification. Subsequently, the poly(o-phenylenedi-
amine)-modified mesoporous composite was obtained by 
in-situ polymerization using o-phenylenediamine as mono-
mer and ammonium persulfate as initiator. It was found 
that the adsorbent not only had a high specific surface area, 
but also contained a large number of reactive groups on its 
surface, which can quickly and highly selectively remove 
mercury ions from the solution. The best adsorption effect 
of MPP was achieved at pH  =  4, adsorption temperature 
of 298.15  K, initial Hg(II) concentration of 100  mg/g, and 
adsorption time of 240  min with a saturation adsorption 
capacity of 225  mg/g and a corresponding removal rate of 
90%. Interference ion experiment shows that the adsorbent 
has good selective adsorption of Hg(II), and MPP still has 
high removal rate for Hg(II) adsorption in industrial waste-
water. The adsorption capacity of MPP could still reach 
191.39 mg/g after 5 cycles of regeneration experiments, and 
the adsorbent showed good regeneration performance. The 
thermodynamic study found that ΔG was negative and ΔH 
was positive at each temperature, indicating that the adsorp-
tion of Hg(II) by the MPP composite adsorbent was a spon-
taneous heat absorption process. In summary, the adsorbent 
has a simple preparation process, high adsorption capacity, 
and good selectivity and reusability, which can be used to 
effectively remove mercury ions from wastewater.
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Supporting information

S1. Details of materials and instruments

Diatomaceous earth, hydrochloric acid, cetyltrimeth-
ylammonium bromide, pyridine 3-aminopropyltriethox-
ysilane (KH550), o-phenylenediamine, sodium hydroxide, 
dithizone, mercury nitrate, nitric acid, anhydrous ethanol 
Tralatone was purchased from Tianjin Damao Chemical 
Reagent Factory (Tianjin, China). Ammonium persulfate pur-
chased from Aladdin Industries (Shanghai, China) Fourier-
transform infrared spectroscopy spectra were recorded on a 

PerkinElmer spectrometer (Waltham, Massachusetts, USA) 
using KBr particles in the range of 4,000–500  cm–1. X-ray 
powder diffraction spectra of the samples were obtained 
with Cu-Kα radiation (λ  =  1.54  Å) in the range of 1°–10° 
(2θ) at 40  kV and 40  mA. The morphology of the samples 
was observed by scanning electron microscopy (JEOL 6500F, 
Tokyo, Japan) and transmission electron microscopy (JEM-
2000EX). X-ray photoelectron spectroscopy and Brunauer–
Emmett–Teller was used to analyze the surface compo-
sition of the samples using ESCALAB 250.

Table S1
Surface area, pore diameter and pore volume of MCM-41, MCM-41-NH2 and MPP

Sample Surface area (m2/g) Pore size (nm) Pore volume 
(cm3/g)

MCM-41 793.51 3.26 0.59
MCM-41-NH2 257.12 4.59 0.30
MPP 77.27 1.93 0.12

Table S2
Parameters of adsorption kinetic and intraparticle diffusion model

Models Parameters Value

Quasi-first-order equation
Qe,(cal) (mg/g) 93.64
k1 (min–1) –0.0148
R2 0.9744

Quasi-second-order equation
Qe,(cal) (mg/g) 233.64
k2 (g/mg·min) 0.000343
R2 0.9997

Table S3
Comparison of the maximum adsorption capacities of different kinds of adsorbents on Hg(II) removal

Adsorbents Qm (mg/g) Adsorbent dosage (g/L) Initial concentration of Hg2+ (mg/L) References

TC-CS 164.80 0.50 5–150 [S1]
MMSP 243.83 0.40 50–300 [S2]
CNTs-SH@Fe3O4 172.40 0.50 10–470 [S3]
MPP 331.64 0.40 100–350 This work

Table S4
Langmuir and Freundlich isotherm parameters

Models Parameters Value

Langmuir
Qm,cal (mg/g) 341.29
KL (L/mg) 0.1256
R2 0.9995

Freundlich
KF 162.0816
n 7.23
R2 0.8915
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Table S5
Thermodynamic parameters at different temperatures

T (K) 298 308 318 328

ΔG° (kJ/mol) –8.65 –9.36 –10.07 –10.77

Notes: ΔH° = 12.45 kJ/mol; ΔS° = 70.77 J/(mol·K).

Fig. S1. Effect of the o-phenylenediamine dosage in MPP on the 
adsorption.
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