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Abstract: In this study, polyethyleneimine-coated silica nanoparticles (PEI-SiNP) were used to prepare a
polymeric material that can effectively and selectively adsorb Au(III) from aqueous solutions. For this
purpose, silica nanoparticles were firstly reacted with (3-glycidyloxypropyl)trimethoxysilane (GPTMS) to
achieve epoxy functionality. The structures of the silica nanoparticles (SiNP), silica nanoparticles with
epoxy functionality  (E-SiNP) and polyethyleneimine-coated silica nanoparticles  were determined using
ATR-FTIR  (Attenuated  Total  Reflectance  Fourier  Transform  Infrared)  and  XPS  (X-Ray  Photoelectron
Spectroscopy), while their thermal properties were characterized using thermogravimetric analyses (TGA).
The Au(III) ion-binding capacity of the PEI-SiNP adsorbent nanocomposite that contain high levels of
imine was investigated. The effects of the interactions between pH, contact time, and foreign metal ions
on adsorption were tested to determine the optimum conditions. The optimum contact time was 3 hours
at pH 2. The adsorption capacity of the adsorbent nanocomposite prepared for Au(III) was found to be
116.27 mg/g. The Langmuir and Freundlich isotherms were used to determine the adsorption behaviors
and the Langmuir isotherm model was selected as the best fit model (R2: 0.997). The prepared PEI-SiNP
adsorbent nanocomposite showed a high selectivity for the Au(III) ion even when different metal cations
such as Cu(II), Cd(II), and Pb(II) were present. 

Keywords: Au(III), Epoxy Functionality, Polyethyleneimine, Silica Nanoparticles, Surface Modification 

Submitted: September 01, 2020. Accepted: October 20, 2020. 

Cite  this: Beyler-Çiğil  A.  Preparation,  Characterization  and  Adsorption  into  Aqueous  Solutions  of
Polyethyleneimine-Coated Silica Nanoparticles. JOTCSA. 2020;7(3):883–92. 

DOI: https://doi.org/  10.18596/jotcsa.  788852  . 

*Corresponding author. Asli.beyler@amasya.edu.tr Tel: 05542345428.

INTRODUCTION

Gold  is  a  valuable  metal  that  is  mostly  found
together with other metals such as silver, iron, and
copper in nature (1). In addition to its appeal and
shine,  gold  is  well-known  for  its  exceptional
conductivity,  ductility,  malleability,  and  chemical
stability  (2,3).  Thanks  to  its  special  physical  and
chemical  properties,  this  valuable  metal  is  widely
used in jewelry production, production of electrical
and  electronic  devices,  aviation,  and  medical
applications  (4).  Moreover,  it  exponentially  gains
value  in  human  life  due  to  the  countless
technological  achievements  and  developments.
Although gold is  demanded in industrial  activities,

its  amount  in  Earth’s  crust  is  limited  and  its
extraction  from  ore  has  various  environmental
impacts. Therefore, the investigation of cheap and
productive separation methods for the recovery of
gold is advantageous both in terms of environment
and  economy  (5).  Different  methods  including
liquid-liquid extraction (6), ion exchange (7), solid
phase  extraction  (8),  cloud  point  extraction  (9),
sedimentation  (10),  electrodeposition,  and
adsorption (11) were used both for determining its
amount in different environments and its recovery. 

Compared  with  other  separation  methods,
adsorption have attracted attention in recent years
because of the ease of use, high efficiency, and low
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cost of solid adsorbents and their suitability for use
in the adsorption of Au(III) ions (12,13). In addition
to  their  use  in the  recovery of  valuable  elements
from  aqueous  solutions,  adsorption  is  highly
effective in the removal of toxic metal ions (14-16). 

Various organic and inorganic adsorbents have been
produced  to  remove  Au(III)  ions  from  aqueous
solutions (17-19). In most studies, synthetic or bio-
based polymeric resins or inorganic particles (silica,
magnetite,  etc.)  were  functionalized  using  ligands
such as ethylenediamine, 2-mercaptobenzothiazole,
guanyl  thiourea,  dithiooxamide,  imidazole,  2-
(diethylamino) or typically using organic molecules
that have nitrogen and sulfur groups.

There have been extensive investigations for hybrid
and composite materials because of their different
properties  (20-22).  Their  properties  couple  the
advantages  of  inorganic  materials  (i.e.  rigidity,
thermal  stability)  with  those  of  organic  materials
(i.e.  flexibility,  ductility,  and  processability).
Therefore,  organically  modified silica  nanoparticles
are  typically  classified  as  hybrid  materials  (23).
Modified silica nanoparticles have been extensively
investigated in recent years because of their unique
properties (24). Silica molecules have high-density
hydroxyl groups and can be modified with specific
functional  groups  such  as  carboxyl,  amino,  and
chloro for various applications. Some studies have
investigated the use of organically modified silicas in
wastewater (25-27). 

The  study  aims  to  prepare  PEI-coated  silica
nanoparticles  that  can  selectively  and  effectively
adsorb Au(III) ions. For this purpose, the hard/soft
acid/base (HSAB) theory of Pearson, who asserted
that  soft  acids  such as  Au(III)  ions  had a strong
interaction  with  soft  bases  such  as  nitrogen  and
sulfur-containing  groups,  was  taken  into
consideration  and  polyethyleneimine  that  contains
high levels of imine was selected as the polymeric
surface. 

EXPERIMENTAL SECTION

Materials
(3-Glycidyloxypropyl)trimethoxysilane  (GPTMS),
polyethyleneimine (PEI) (Mw ~10000 g/mol) and all
solvents used were from Sigma Aldrich. Nanosilica
(12  nm,  AEROSIL®200,  200  m2/g  surface  area)
obtained from Evonik.

Preparation  of  the  silica  nanoparticles  with
epoxy end-groups (E-SiNP)
The procedure for the functionalization of the silicas
with epoxy groups was adapted in a similar fashion
to that of the procedures in the literature (28-30).
Prior to use, AEROSIL®200 nanoparticles were firstly
dried in  a  vacuum drying oven at  150 °C for  24
hours.  Five-grams  of  silica  nanoparticles  were
dispersed into 300 mL of toluene and 10-grams of

GPMTS  were  added.  The  mixture  was  kept  in  an
ultrasonic bath for 30 minutes and, then kept in a
condenser  for  24  hours.  Silica  nanoparticles  with
epoxy  end-groups  were  separated  using
centrifugation  and  purified  for  48  hours  using
Soxhlet extraction with toluene. The particles were
lastly dried in a vacuum drying oven at 100 °C.

Preparation  of  the  adsorbent  material  (PEI-
SiNP)
Five  grams  of  the  silica  nanoparticles  with  epoxy
end-groups were collected in a reaction flask and,
then 15 mL of water and 6 g of PEI were added to
the flask. The mixture was then kept in a shaking
water  bath  at  65  °C  for  24  hours.  The  prepared
adsorbents  were  then rinsed with  a  NaCl  solution
and phosphate buffer at pH 5 and kept in a vacuum
drying oven at 60 °C for 24 hours. Figure 1 shows
all modifications made to the silica nanoparticles to
obtain the adsorbent.

Characterization
The  structure  analyses  of  the  silica  nanoparticles
with  epoxy  end-groups  (E-SiNP)  and  PEI-coated
silica  nanoparticles  (PEI-SiNP,  adsorbent)  were
carried  out  using  ATR-FTIR  and  XPS.  The  XPS
analyses  were  performed  using  the  Thermo
Scientific  K-Alpha  X-ray  Photoelectron
Spectrophotometer  in  the  Boğaziçi  University
Advanced Technologies Research and Development
Center. The ATR-FTIR spectra were recorded using
the  Perkin  Elmer  Spectrum  100  ATR-FTIR
spectrometer.

The  thermogravimetric  analyses  of  the  silica
nanoparticles,  silica nanoparticles with epoxy end-
groups,  and  PEI-coated  silica  nanoparticles  were
carried out using a model Pyris 1 TGA Perkin-Elmer
Thermogravimetric  analyzer.  The  measurements
were  made  under  nitrogen  atmosphere  and  at
temperatures between 30 and 750  °C at a heating
rate of 20°C/minute.

An Analytic Jena Zeenit 700 flame atomic absorption
spectrophotometer equipped with a deuterium lamp
(Jena, Germany) was used to determine the amount
of Au(III) ions. 

Adsorption of Au(III) ions
The adsorption trials were carried out using 0.005 g
PEI-coated silica nanoparticles and 50-mL glass jars
that contained 15 mL Au(III) solutions at different
concentrations.  The  jars  were  stirred  at  250  rpm
and  room  temperature.  The  effect  of  pH  on  the
adsorption  capacity  of  polymer-coated  silica
nanoparticles  was examined at  a  constant  Au(III)
concentration of 10 mg/L and in the range of pH 1-
5. The initial pH values were adjusted using HCl and
NaOH and no significant pH change was observed
throughout  the  contact  time.  To  determine  the
intensity of the contact time, the adsorbents were
immersed in a 50 mg/L Au(III) solution at pH 2 for
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an  interval  of  30-400  minutes.  The  adsorption
isotherms were obtained with a 3-hour contact time
at pH 2 using the initial Au(III) solutions at different
concentrations (5-500 mg/L). When the equilibrium
was  established,  the  aqueous  solutions  were
separated from the adsorbent and final Au(III) ion
concentrations  were  analyzed  using  flame  atomic
absorption spectrophotometry.  All  adsorption trials
were  repeated  in  triplicate  and  the  mean  values
were recorded. The Au(III) ion concentrations per a
unit  mass of  absorbent were  calculated using the
below equation: 

qe = (C0−Cem ) ×V  (1)

Here, C0 and Ce represent the concentrations (mg/L)
of  Au(III)  ions  in  the  aqueous  phase  before  and
after adsorption time, respectively; V represents the
volume of the aqueous phase (L); qe represents the
equilibrium  adsorption  capacity  (mg/g)  and  m
represents dry adsorbent amount (g) (31).

RESULTS AND DISCUSSION

XPS
XPS analysis  was  used  to  determine  the  element
compositions of the silica nanoparticles with epoxy
end-groups and PEI-coated silica nanoparticles. The
surface analysis was carried out by examining the
XPS spectra  to evaluate the modification of  imine
and epoxy groups to silica nanoparticles. Figure 2
shows  the  XPS  spectra  of  the  silica  nanoparticles

and  epoxy-  and  PEI-modified  silica  nanoparticles.
Strong O 1s (533.2 eV) and Si 2p (103.5 eV) peaks
are characteristic of silica nanoparticles. A Si and a
few O peaks between the 25 and 104 eV energy
interval are considered as the fingerprints of silica
nanoparticles (32). Moreover, C 1s (283.8 eV) was
observed  due  to  hydrocarbon  contamination
residues that interacted during sample preparation
for XPS. Carbon is found everywhere and, thus, it is
detected in all samples exposed to the atmosphere
(Figure 2a) (33-35). Table 1 shows the XPS element
compositions  of  the  non-modified  silica
nanoparticles  and  silica  nanoparticles  with  a
modified  surface.  Figure  2b  shows  the  sweeping
result  after  the reaction of  silica nanoparticle  and
GPTMS.  Here,  when  the  spectrum  of  the  non-
modified silica nanoparticles was compared (Figure
2a), the increases in C and O indicated the presence
of  glycidoxypropyl  and epoxy.  In  compliance  with
the  ATR-FTIR  spectrum  below,  it  shows  that  the
GPTMS  was  successfully  grafted  onto  the  silica
nanoparticle. The peaks and element compositions
found in the study agree with the literature (36). In
addition, the C 1s and O 1s peaks in the PEI-silica
nanoparticles  were  observed  at  near  284  eV  and
532  eV,  respectively.  The  C  1s  peak  at  285  eV
generally corresponds to C-C and C-N bonds and,
more importantly, as seen in Table 1, it contained
30.31%  nitrogen  after  treatment  with  PEI  in
addition to all observed elements (37). This proves
that there were nitrogen atoms on the surface that
originated from PEI.

Figure 1: Preparation of the PEI-SiNP adsorbent.
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Table 1: Elemental compositions of silica nanoparticles before and after surface modifications.
C O Si N

SiNP 8.06 55.41 36.53 -

E-SiNP 13.48 55.52 31.00 -

PEI-SiNP 24.15 36.56 28.99 30.31

Figure 2: XPS spectra of a) Silica nanoparticles, b) epoxy modified silica nanoparticles and c) PEI coated
silica nanoparticles.

ATR-FTIR
ATR-FTIR  analysis  was  used  to  determine  the
functional  groups of  the silica nanoparticles,  silica
nanoparticles  with  epoxy  end-groups,  and  PEI-
coated silica nanoparticles. As seen in Figure 3, the
peaks at  1087 cm-1,  806 cm-1,  and 472 cm-1 are
characteristic of SiO2 (38). The weak peak at 1261
cm-1 is attributed to the stretching vibration of the
epoxy group, indicating that the epoxy groups were
successfully  modified  on  the  surface  of  the  SiO2

nanoparticle  (Figure 3b) (39,40).  Figure 3c shows

the  polyethyleneimine-treated  silica  nanoparticles.
Here,  an  epoxide  ring-opening  occurs  between
polyethyleneimine and epoxy ring. This is confirmed
by the decreased density of the characteristic bands
of epoxide ring (i.e. 915 cm-1 and 831 cm-1) and
primary  amine  (i.e.  3206/3316  cm-1)  and  the
increased density of the -OH band (i.e. 3380 cm-1)
and  secondary  amine  groups  (i.e.  1573  cm-1)
(41,42).  In  the  literature,  similar  peaks  were
observed  in  the  triethylenetetramine  treatment  of
epoxy-modified silica nanoparticles.
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Figure 3: FTIR spectra of a) silica nanoparticles, b) epoxy modified silica nanoparticles, and c) PEI-coated
silica nanoparticles.

TGA
Thermogravimetric  analysis  (TGA) was carried out
to  examine the thermal  stability  of  the  adsorbent
and  approximately  determine  the  amount  of
modification  occurring  on  the  surface.  Figure  4
shows  the  thermal  degradation  behaviors  of  the
silica  nanoparticle,  epoxy-modified  silica
nanoparticle  and  adsorbent  nanocomposite  under
nitrogen atmosphere. As seen in the figure, sample
weight  decreased  by  about  1%  as  temperature
increased  from 0  to  120 °C for  the  non-modified
silica nanoparticles. Weight decreased from 99% to
about 90% when temperature increased from 120
°C to 750 °C. The weight loss is associated with the
loss of the condensation water that formed by the
polycondensation  of  surface  hydroxyl  groups.
Considering  the  SiO2 nanoparticles  that  were
functionalized with epoxy groups, a weight loss of
about 27% occurs at temperatures between 300 °C
and 750 °C in response to the thermal degradation
of the functional groups on the surface (43). This
can be explained by the loss of the epoxy group that
was grafted onto the silica nanoparticle. In the case
of  the  prepared  adsorbent  nanocomposite,  actual
degradation began at temperatures between 200 °C
and 500 °C and weight loss reached around 40%. In
conclusion,  we are  of  the  opinion that  the  epoxy
groups and polyethyleneimine attached to the silica
nanoparticle  surface  at  a  ratio  of  17% and 30%,
respectively.

Effect of pH on metal adsorption
The changes in the pH value of solutions affect the
surface load of the adsorbent materials and, thus,
the pH value of an aqueous solution is an important
factor  (44).  The  -NH2 in  the  structure  of  the
polymer-coated  nanoparticle  adsorbent  is
protonated  to  the  NH3

+ structure  in  an  acidic
environment. Adsorption considerably increases due
to the electrostatic attraction between Au(III) ions,
which  are  in  the  form  of  AuCl4- in  an  acidic
environment, and –NH3

+ (45,46). The activity of the
adsorbent at a pH range of 1-5 was investigated to
find the  most  suitable pH value  for  the  pH study
carried  out  in  an  acidic  environment.  As  seen  in
Figure  5,  the  most  suitable  pH  for  the  polymer-
coated nanoparticle adsorbent was determined to be
pH 2.

Effect of contact time
Metal removal from wastewater sources is a time-
consuming  process.  The  amount  of  metal  ions
removed from aqueous solution gradually increases
until saturation. Thus, contact time is an important
parameter  for  applicable  methods.  The  adsorbent
was  examined  in  the  30-400-minute  interval  to
obtain  maximum  Au(III)  ion  adsorption  with  the
prepared  adsorbent.  The  maximum  extraction
performance  for  the  adsorbent  was  obtained with
180 minutes (3 hours) (Figure 6). Insufficient space
is  left  for  adsorption  after  adsorbent  reaches
saturation.  Hence,  no  increase  in  adsorption  was
observed after three hours.
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Figure 4: TGA thermograms.

Figure 5: Effect of pH on the adsorption of Au(III) ions.

Figure 6: Effect of contact time on Au(III) ion adsorption. 
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Adsorption isotherms
Au(III) solutions of different concentrations ranging
from 5 mg/L to 300 mg/L were used to investigate
the  affinity  of  the  polymer-coated  nanoparticle

adsorbent to Au(III) ions. Adsorption capacity curve
became relatively flattered at a higher concentration
than the initial concentration of 200 mg/L, indicating
that the adsorbent reached saturation (Figure 7).

Figure 7: Effect of initial metal concentration on adsorption.

The  adsorption  performance  of  the  PEI-SiNP
prepared  in  this  study  was  compared  with  the
adsorbents used to some of the related studies in

literature. As seen in Table 2, Au(III) was adsorbed
in a  very high amount compared to other  similar
work during the 3 hour adsorption period.

Table 2. Comparison of the adsorption performance of the PEI-SiNP with some recent adsorbent for uptake
of Au(III) ions reported in literature

Adsorbent pH Contact time Qmax(mg/g) Reference

OSTE-IM 1.5 5 h 48.8 (46)
Amberlite XAD 7 < 4 1 h 1 (47)

Amberlite XAD 7-L-glutamic acid < 4 1 h 14.2 (47)

Poly(acrylamide-1-allyl-2-thiourea) hydrogels 0.5 90 h 940 (48)
PEI-SiNP 2 3 h 116.27 This study

Equilibrium  studies  are  required  obtain  the
adsorption  isotherms  that  are  important  in  the
determination  of  the  capacity  and  especially  the
surface  properties  of  the  adsorbent.  Information
about the interaction between the polymer-coated
nanoparticle  absorbent  and  Au(III)  ions  are
provided  by  isotherm  studies.  The  Langmuir  and
Freundlich  isotherms  that  are  given  below  in
respective order are used for this purpose (46,49).

C e
qe

= 1
qmax

C e+
1

K Lqmax
(2)

 qmax: Maximum adsorption capacity of the 
adsorbent KL: Langmuir absorption constant

ln qe=ln K f+
1
n
lnC e  (3)

n: Constant, Kf = Freundlich constant
Table 3 shows a summary of the constants of the
adsorption isotherms. The experimental data on the
adsorption  of  Au(III)  ions  on  the  polymer-coated
nanoparticle  adsorbent  had  a  high  correlation
coefficient of  𝑅2: 0.9952 and was a good fit to the
Langmuir model.  The Langmuir  isotherm indicates
that  a  homogenous  and  single-layer  surface
adsorption occurred on the adsorbent surface.

Table 3. Isotherm parameters
Qmax (mg/g) KL (L/mg) R2

Langmuir 116.27 0.052 0.9952
n Kf R2

Freundlich 2.36 11.56 0.6591
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Effect of foreign ions
The  absorbing  capacity  of  the  adsorbent  in  the
presence of different ions was measured using 15
mL  of  synthetic  wastewater  containing  different
heavy  metals  and  with  a  pH  value  of  2.
Approximately  0.05  g  of  adsorbent  material  was
immersed into 15 mL of synthetic wastewater for 3
hours. The initial concentration of all metal cations
was 50 mg/L. The Au(III), Cu(II), Pb(II) and Cd(II)
amounts absorbed by the material  were 65, 1, 5,
and  3  mg/g,  respectively.  Therefore,  the  Au(III)
ions had a much higher binding capacity than that
of the other ions. Higher affinity of Au(III) ions is
attributable to the high amount of NH2 groups in the
structure. 

CONCLUSIONS

The  most  appropriate  pH  value  was  2  and
adsorption time for Au(III) adsorption was 3 hours.
The best  fit  for  the  adsorption  was the  Langmuir
adsorption  and  thus,  the  adsorption  in  the  study
was  determined  to  be  a  single-layer  adsorption.
Adsorption capacity  was 116.27 mg/g,  which is  a
considerably high value. The study showed that the
polyethyleneimine-coated  silica  nanoparticles  (PEI-
SiNP) were effective adsorbents for the separation
of Au(III) ions from aqueous solutions.
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