
Chemical Engineering Journal 423 (2021) 129745

Available online 5 May 2021
1385-8947/© 2021 Elsevier B.V. All rights reserved.

Functionalization of biosourced silica and surface reactions with mercury in 
aqueous solutions 

Vassilis J. Inglezakis a,*, Seitkhan Azat b,c, Zhandos Tauanov b,c, Sergey V. Mikhalovsky d,e 

a Department of Chemical & Process Engineering, University of Strathclyde, Glasgow, UK 
b Faculty of Chemistry and Chemical Technology, Al-Farabi Kazakh National University, Almaty, Kazakhstan 
c Environmental Science & Technology Group (ESTg), Chemical & Materials Engineering Department, School of Engineering & Digital Sciences, Nur-Sultan, Kazakhstan 
d ANAMAD Ltd, Sussex Innovation Centre Science Park Square, Falmer, Brighton, UK 
e Chuiko Institute of Surface Chemistry, National Academy of Sciences of Ukraine, Kyiv, Ukraine   

A R T I C L E  I N F O   

Keywords: 
Biosourced silica 
Nanocomposites 
Mercury 
Calomel 
Amalgamation 
Hyperstoichiometry 

A B S T R A C T   

This study presents the production of pure silica from rice husk and its stepwise functionalization with trie-
thoxysilane (TES) and silver nanoparticles. The derived TES-SiO2 (0.97 mmol TES per g of SiO2) and Ag0@SiO2 
(3.70–21.60 mg Ag per g of SiO2) materials were used for the removal of Hg2+ from aqueous solutions in the 
presence of chloride ions. The removal of Hg2+ was rapid and the equilibrium solid phase loading was between 
21 and 101 mg/g. TES-SiO2 was more effective than Ag0@SiO2 in removing mercury due to the highly reactive 
hydride groups. In the case of Ag0@SiO2 samples the removal of Hg2+ is proportional to the amount of Ag0. The 
materials were characterized before and after the removal of Hg2+ to allow insights into the interaction mech-
anism. The reaction products for TES-SiO2 sample were calomel (Hg2Cl2) and AgCl. On the surface of Ag0@SiO2 
samples besides these products the silver amalgams Ag1.1Hg0.9 and possibly Ag2Hg3 were identified. These results 
show that redox reactions between silicon-hydride group, Ag0 and Hg2+ take place on the surface of the ma-
terials. The coexistence of calomel and silver amalgams on amorphous silica is observed for the first time while 
the calomel formation in heterogeneous Hg2+ redox systems is a rare observation. Also, the samples showed 
extraordinary efficiency in terms of Hg:Ag molar ratio (2.28–3.02), considerably higher than those reported 
before. Besides the beneficial effect of the Cl- presence on the removal of Hg2+ from the solution there is evidence 
of a hyperstoichiometric interaction between Ag0 and Hg2+ at the nanoscale.   

1. Introduction 

Mercury is a major hazard to atmospheric, soil and water environ-
ment and can be found in elemental, inorganic and organic forms. Ac-
cording to UN Environment Programme 2018 assessment on global 
mercury in total 2,223 tons were discharged from anthropogenic ac-
tivities [1]. The stationary combustion of fossil fuels and biomass is 
responsible for approximately 24% of mercury emissions to the atmo-
sphere, primarily from coal burning (21%), with other major mercury 
emissions originating from non-ferrous metal (15%) and cement (11%) 
production [1,2]. Mercury may cause serious health issues even at 
relatively low concentrations and diseases may include damage of brain 
and kidneys, nervous and endocrine systems [3,4]. The famous "Mina-
mata disease" caused by mercury release into the water was widely 
spread in Japan in 1950s [5]. This alarming disaster triggered an urgent 

need for regulation and management of anthropogenic waste mercury. 
As a result, the Minamata Convention on Mercury in 2013 was signed 
and became effective in 2017 and to date 127 countries have entered the 
agreement [2,5]. 

The hazardous and acute toxic mercury species (both organic and 
inorganic) require cost-effective and efficient technologies that can be 
easily scaled-up. To reach this goal, a number of mercury removal 
methods from flue gases and wastewater have been investigated. The 
most common methods are adsorption [6-8], ion exchange [9,10] and 
membrane separation [11,12] with electrochemical methods recently 
attracting more attention [13]. Several adsorbents such as synthetic and 
natural zeolites [14-16], graphene and activated carbons [17,18], metal 
and covalent organic frameworks [19-21] and other functionalized 
polymers [22] have been extensively studied. An alternative option is 
silica, a robust material with high surface area, easily synthesized or 
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produced from natural sources such as rice husk. Rice husk (RH) is an 
agricultural by-product and an abundant source of both silica and acti-
vated carbon depending on processing conditions [23,24]. For example, 
silica derived from RH has been utilized in the catalytic degradation of 
dyes [25] and removal of Pb2+ [26] and drugs [27] from water, while 
RH-derived activated carbon has been employed for the removal of 
Cu2+, NO3

− [28,29] and of volatile organic compounds from water [30]. 
Surface functionalization of an adsorbent is often a necessary step for 
many applications[31]. In general, functionalization leads to incorpo-
ration of active groups on the surface of the adsorbent for enhancing its 
affinity toward certain molecules or ions. For the removal of metals from 
aqueous solutions, SiO2 can be functionalized with amine, thiol [32] and 
silicon-hydride groups [33]. Concerning the later, the chemicals most 
commonly used are (3-aminopropyl) triethoxysilane (APTES), (3-mer-
captopropyl) trimethoxysilane (MPTMS) and triethoxysilane (TES). An 
advantage of TES is that its redox active fragment offers a simpler 
chemistry without bridging –CH2– groups to the silicon atom. 

Mercury exhibits the unique ability of forming alloys called amal-
gams at ambient temperature with most metals, the most common being 
the Hg-Ag amalgams. Amalgams have several applications due to their 
chemical, electronic and optical properties [4]. Taking advantage of the 
amalgamation reaction, adsorbents can are impregnated with metallic 
silver for the selective removal of mercury from aqueous solutions 
[14,20]. Besides the synthesis of such smart mercury scavengers other 
applications include the development of optical probes for ultrasensitive 
Hg2+ detection [4]. Despite the strong interest in mercury removal from 
water, few studies have been published on the interaction of Hg2+ with 
TES- or Ag0-functionalized SiO2 and none on their comparison (Table 1). 
The removal of mercury from HgCl2 solutions by silica-based materials 
has not been studied in depth either. Katok et al. [34] used Hg(NO3)2 and 
Hg(OAc)2 solutions while Yordanova et al. [35] studied the influence of 

NO3
− and Cl- but the nanocomposite used besides Ag0 nanoparticles 

(NPs) was decorated with NH2 groups which contributed to the removal 
of Hg2+. Ganzagh et al. [36] used HgCl2 but did not provide any insights 
on the nature and composition of the compounds or the surface com-
plexes formed. Azat et al. [37] used a very similar SiO2 sample and HgCl2 
solutions but the limited removal experiments and inconclusive XRD 
data did not allow in-depth analysis of the surface reactions. The interest 
in HgCl2 solutions is related to the existence of different aqueous Hg2+- 
Cl- species and the potential formation of calomel (Hg2Cl2) which has 
both environmental and industrial significance [38]. 

Herein, we report the continuation of our previous work on RH- 
derived silica [37,39]. In this work, biosourced silica is produced from 
RH, functionalized with TES and Ag0 NPs and then used for the removal 
of Hg2+ from water. The removal of mercury from aqueous solutions 
containing Cl− ions by use of the RH-derived silica, TES-functionalized 
and Ag0-modified silica is presented and discussed. Advanced charac-
terization methods were used for the characterization of on the pre- and 
post-adsorption materials complemented with speciation studies of 
mercury species in water and a detailed plausible removal mechanism is 
presented. 

2. Materials and methods 

2.1. Materials and chemicals 

Triethoxysilane (TES, Sigma Aldrich, 390143, 95%), acetic acid 
(glacial), concentrated hydrochloric acid, silver nitrate and mercury (II) 
chloride were purchased from Sigma Aldrich and used without further 
purification. RH sourced from South Kazakhstan was used as the pre-
cursor material for the silica synthesis. Ultrapure water (UP) of 18.3 
MΩ⋅cm resistivity was used for preparing all solutions. 

2.2. Synthesis of nanocomposites 

2.2.1. Synthesis of silica 
Pure silica was produced following the method presented elsewhere 

[39]. In brief, following washing with water and drying of the raw 
material the samples were calcined and the resulting solids were treated 
with NaOH under stirring to extract the solid silica into water-soluble 
sodium silicate. After filtration, the sodium silicate solution was con-
verted into insoluble silicic acid via reaction with concentrated HCl 
under continuous stirring. Finally, the precipitated silica was washed 
and dried. The resulting material was named RH-SiO2. 

2.2.2. Silica modification by TES 
3 g of the RH-SiO2 sample was added into a round bottom flask 

equipped with a reflux condenser. The flask was placed in a water bath 
with constant temperature (90 ◦C) and a solution of 0.46 mL of trie-
thoxysilane (TES) in 60 mL of the glacial acetic acid was added under 
continuous stirring. After 2 h of reaction, the mixture was cooled to 
room temperature and filtered. The obtained material was dried at 
90 ◦C. The resulting modified silica samples were used for immobiliza-
tion of Ag0 NPs. The modified silica material was named TES-SiO2. The 
concentration of silicon-hydride (≡Si-H) groups was measured by 
iodometric titration [40]. The method is based on the redox reaction 
between I2 and ≡Si-H and subsequent titration of the non-reacted I2 with 
Na2S2O3. All measurements were done in triplicate and the average 
values are reported. 

2.2.3. Immobilization of silver nanoparticles 
1.1 g of TES-SiO2 sample was immersed in different volumes of 

15.46 mM aqueous silver nitrate solution at ambient temperature to 
synthesize three different SiO2 samples with immobilized silver NPs; 
sample A (66 mL), sample B (22 mL) and sample C (11 mL). The 
modification was carried out in dark to prevent oxidation of silver. Ag0 

NPs are formed on the surface of silica through chemical reduction of 

Table 1 
Literature review on aqueous phase Hg-Ag interaction on the surface of SiO2 
functionalized with TES and Ag0 NPs.  

Solid phase and 
SiO2 type 

Liquid phase1 Formed compounds/ 
substances 

Reference 

TES-SiO2 Hg(NO3)2 Hg2
2+/Hg2+ surface 

complexes 
[33] 

Fumed silica (Cab-o- 
sil) 

Co = 1.4–8 ppm   

pHo = 2–11 
Ag0@SiO2 HgCl2 Ag2Hg3 [37] 
Amorphous Co = 100 ppm Ag3Hg 
(synthesized from 

rice husk) 
pHo = 4–5 Hg2Cl2   

HgO 
AgCl 
AgO 

Ag0 NPs@SiO2 Hg(NO3)2 Ag1.1Hg0.9 [34] 
Fumed silica (C-120) Hg(OAc)2   

Co = 0.15–312 
ppm 
pHo = 4–7 

Ag0@ SiO2 Hg2+ with 
HNO3/HCl 

Ag2Hg3 [35] 

Amorphous Co < 10 ppb Hg0 

pHo = 2–7 
Ag0@SiO2 HgCl2 Not specified [36] 
Amorphous Co = 50–200 

ppm  
(synthesized SBA-15) pHo = 3.5–7 
TES-SiO2 HgCl2 Ag2Hg3  

Ag0@SiO2 Co = 300 ppm Ag1.1Hg0.9 This work  
pHo = 5.5 Hg2Cl2  

Amorphous  AgCl 
(synthesized from 

rice husk)    

1 C0 – initial mercury concentration, pHo – initial pH 
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silver ions into zero-valence state as result of the reaction with silicon- 
hydride groups. The obtained samples were thoroughly washed, 
filtered and dried for 12 h at 105 ◦C in a bench oven. The resulting 
nanocomposites were named Ag0@SiO2. 

2.3. Mercury removal experiments 

The Ag0@SiO2 nanocomposites and the TES-SiO2 samples were 
tested for the removal of mercury from HgCl2 solution of 300 mg/L 
concentration without pH adjustment at ambient temperature. In all 
experiments 0.1 g of the adsorbent was added in a conical flask con-
taining 40 mL of HgCl2 solution. The mixture was left to react until 
equilibrium was reached (96 h). The samples were centrifuged and the 
solutions were analyzed for mercury. The kinetic experiments were 
repeated two to four times and the average standard deviation was 
5.9%. 

The amount of mercury adsorbed was calculated from the difference 
between its initial and final concentrations in the solution according to 
the equation (1): 

qeq =
co − cf

m
× V (1) 

where qeq is the mercury loading on the material (mg/g), Co and Cf 
are the initial and final mercury concentrations (mg/L) respectively, V 
the volume of the solution (L) and m is the initial weight of the solids (g). 
To avoid confusion, throughout the paper the term “loading” and sym-
bol q (mg/g) are used to describe the amount of species adsorbed per 
initial weight of the solid phase (before adsorption) and the term 
“content” and symbol ct (mg/g) to describe the amount of species 
adsorbed per total weight of the solid phase (initial weight plus the 
weight of the adsorbed species). The former is typically used for kinetic 
and equilibrium studies while the latter for XRF, EDX and other 
compositional analyses. Loading and content are related as follows: 

ct =
q

1 +
(

q
1000

) (2)  

2.4. Materials characterization and analytical methods 

The characterization of SiO2 and TES-SiO2 was reported elsewhere 
and only characterizations essential to this study are presented here 
[37]. Fourier Transform Infrared Spectra (FTIR) were recorded on Cary 
600 series FTIR spectrometer (Agilent Technologies), in transmission (T) 
mode at wavenumbers range 500–4000 cm− 1 with a resolution of 2 
cm− 1. The chemical composition of the samples was determined by 
X–ray fluorescence (XRF) on an Axios Max (XRF, PANalytical) operating 
with Rh X-ray tube and four analyzing crystals, namely LiF200, PE002, 
PX1 and LiF220. XRF characterization was done twice for each sample 
and the averages are reported. X-ray diffraction (XRD) patterns were 
recorded using a SmartLab® X-ray diffraction system (Rigaku) with Cu 
Kα radiation source (λ = 1.54 Å) at a scan rate of 0.02◦ θ∙s− 1. The 
morphological characteristics of samples were studied by scanning 
electron microscopy (SEM) using a JEOL 6380LV Scanning Electron 
Microscope, operating in LV mode, at 20 kV, equipped with a back-
scattered electron detector. Mapping analyses were carried out using a Si 
(Li) Energy-Dispersive X-ray spectrometer INCA X-sight (Oxford In-
struments) connected to SEM. Transmission Electron Microscope (JEOL 
JEM-2100 LaB6) was employed to investigate the morphology and size 
of the synthesized silver NPs. The mercury concentration in aqueous 
samples was analyzed by a RA-915 M Mercury Analyzer (Lumex-Ohio) 
with a pyrolysis attachment (PYRO-915+). After silica modification with 
silver the supernatant solutions were analyzed for silver by Atomic 
Absorption Spectrometer (AAnalyst 400, Perkin Elmer). 

3. Results and discussion 

3.1. Characterization of materials 

The hydride content measured by iodometric titration was 0.05 ±
0.02 mmol/g for SiO2 and 0.97 ± 0.19 mmol/g for TES-SiO2, which 
confirms successful modification of TES-SiO2 with ≡Si-H groups. The 
≡Si-H groups were detected in FTIR spectra at 2271 cm− 1 (Fig. 1). The 
number of silanol groups per unit of surface, when the surface is fully 
hydroxylated is considered to be a physicochemical constant. This 
constant, on average, has a numerical value of 4.6 OH-groups per nm2 

and is known in the literature as Kiselev–Zhuravlev constant [41]. The 
BET surface area of the SiO2 sample used is 980 m2/g [39] and thus the 
concentration of silanol groups is 7.03 mmol OH/g silica. Assuming that 
one TES molecule binds to the silica surface via three OH– groups, ca. 
41.40% conversion of OH– into ≡Si-H was achieved assuming that the 
silica used was fully hydroxylated. FTIR shows a reduction of the in-
tensity of the broad silanol OH band with the peak at around 3500 cm− 1 

but this method is only offers a semi-quantitative indication. 
The silver content measured by XRF was 2.16 ± 0.19% w/w in 

sample A, 0.98 ± 0.08% w/w in sample B and 0.37 ± 0.04% w/w in 
sample C. These values are considerably lower than those calculated by 
analyzing the solutions for silver after the modification of silica, namely 
7.97% w/w, 3.20% w/w and 1.64% w/w, respectively. This shows that a 
significant amount of Ag0 was not strongly attached to silica surface and 
was removed after washing the materials. Visual observation of samples 
showed that SiO2 and TES-SiO2 samples have white color while 
Ag0@SiO2 samples are dark brown and become lighter in color as the 
silver content is decreasing (Fig. 2). 

The XRD spectra are shown in Fig. 3. The peaks at 38.1◦, 44.3◦, and 
64.5◦ are characteristic of metallic Ag0 (PDF card 0–001-1164). Using 
the Scherrer equation and the peak at 38.1◦ the size of Ag0 NPs was 
estimated at 22–25 nm for all samples. 

The TEM images of Ag0@SiO2 samples clearly show spherical 
nanoparticles of variable sizes (Fig. 4), which is in a reasonable agree-
ment with XRD results. 

3.2. Adsorption kinetics and mechanism 

The removal kinetics are presented in Fig. 5. The major part of Hg2+

is removed after 8 h for all samples. The removal efficiency is decreasing 
in the following order (in parenthesis the equilibrium solid phase 
loading): TES-SiO2 (101 mg/g) > sample A (91 mg/g) > sample B (48 
mg/g) > sample C (21 mg/g) > SiO2 (6.9 mg/g). 

The results show that TES-SiO2 is an effective adsorbent owing to the 
≡Si-H groups. However, the ≡Si-H groups are not stable in alkaline and 
slightly acidic solutions and react with water [33,42]:  

≡SiH + H2O → ≡SiOH + H2                                                           (1) 

If some of ≡Si-H groups remain on the materials after the silver 
modification then they should be in higher concentrations in sample C, 
followed by sample B and sample A, contributing to the removal of 
mercury. Without excluding this possibility, the results show that the 
removal effectiveness of Ag0@SiO2 samples is proportional to Ag0 con-
tent and thus it is silver content that determines the removal of mercury. 

The XRD results are presented in Figs. 6 and 7. The SiO2 sample 
showed only the characteristic broad peak of amorphous silica at 22◦. 
The rest of samples showed peaks at 21.4◦, 28.2◦, 31.8◦, 32.9◦, 40.2◦, 
43.9◦, 46◦, 53◦ and 58.2◦, which are characteristic of Hg2Cl2 (PDF card 
00-001-0768). The Ag0@SiO2 samples showed additional peaks at 
32.3◦, 54.9◦ and 57.5◦ characteristic of AgCl (PDF card 00–001-1013). 
After mercury adsorption all samples were white except sample A, which 
showed two distinct phases, a white (sample A(W)) and a denser black 
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phase (sample A(B)) (Fig. 8). Calomel is white to grey while amalgams 
are dark grey to black. Sample A(B) shows additional peaks at 34.6◦, 
37.2◦ and 39.6◦, characteristic of schachnerite Ag1.1Hg0.9 (PDF card 00- 
027-0618), which has silver-grey color, and at 38.1◦, characteristic of 
metallic silver Ag0 and silver-white moschellandsbergite Ag2Hg3 (PDF 
card 00-011-0067). Thus, the color of the samples qualitatively cor-
roborates the XRD results. 

To the best of own knowledge, with the exception of the paper by 

Azat et al. [37], in which XRD results were inconclusive, this is the first 
time when coexistence of Hg2Cl2 and Hg-Ag amalgams is observed on 
silica materials and a proof of a simultaneous reduction of Hg2+ to Hg2

2+

and Hg0 in heterogeneous Hg2+ redox systems. Also, the formation of 
calomel is rarely reported in such systems, for instance see the work of 
Pasakarnis et al. on magnetite [43] and more recently of Tauanov et al. 
on synthetic zeolite Ag-nanocomposites [44]. 

The silver and mercury content of the samples before and after 

Fig. 1. FTIR spectra of silica and TEOS-modified silica.  

Fig. 2. Appearance of the materials, from left to right: SiO2, TES-SiO2, sample A, sample B and sample C.  

Fig. 3. XRD patterns of the Ag0@SiO2 samples.  
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Fig. 4. Representative TEM images of sample A (left) and sample B (right).  

Fig. 5. Kinetics of Hg2+ removal by silica-based materials (error bars represent standard deviation).  

Fig. 6. XRD analysis of SiO2 and TES-SiO2 samples after mercury adsorption.  
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adsorption measured by XRF are presented in Fig. 9. The Hg(mb) is the 
mercury content calculated by material balance as a difference in its 
concentration in solution before and after adsorption. The Hg(mb) in 
sample A refers to the mixed material (B and W) and thus represents an 
average value. It is evident that XRF analysis confirms the existence of 
mercury on all samples and provides the expected trend and content 
values close to those calculated by material balance. Also, taking into 
account the semi-quantitative nature of XRF measurements, the silver 
content before and after adsorption remains practically unchanged. The 
exception is the XRF analysis of sample A(B) after adsorption, which 
showed much less silver and mercury, which is an indication of amalgam 
formation. Amalgamation is expected to be slower process than 

precipitation of calomel leading to lower Hg content. Also, probably Hg 
and Ag are partially lost during XRF characterization. Calomel has a 
melting point of 525 ◦C while, based on Hg-Ag phase diagrams, liquid 
schachnerite and moschellandsbergite with mercury content of 
approximately 60% w/w and 73% w/w appears in considerably lower 
temperature at 276 ◦C [45]. 

The results of SEM/EDX analyses are shown in Fig. 10. On TES-SiO2 
sample Hg coexists with Cl as expected due to the formation of Hg2Cl2. 
On silver samples, Ag, Hg and Cl are observed on the surface of the solids 
and Ag and Cl, and Hg and Cl coexist supporting the XRD observations 
on the formation of AgCl and Hg2Cl2. 

TEM images of Ag0@SiO2 samples after mercury adsorption showed 
spherical nanoparticles, most probably Ag0 and dark spots attributed to 
Hg2Cl2 and AgCl formation (Fig. 11). The size of Ag0 NPs is smaller than 
in the initial Ag0@SiO2 samples before mercury adsorption and can be a 
result of partial oxidation and dissolution of silver during mercury 
adsorption. Liu et al. studied the formation of Hg-Ag nanoalloys starting 
from Ag0 NPs of different shapes and liquid Hg0. Their data showed that 
the resulting spherical schachnerite nanoparticles were larger than the 
initial Ag0 NPs [46]. Katok et al. also found that schachnerite NPs formed 
on Ag0@SiO2 had larger size than initial Ag0 NPs however their shape 
was irregular. In the present work the hexagonal nanoparticles observed 
on sample A(B) (Fig. 12) can be attributed to the formation of schach-
nerite, zeta (ζ) phase [47]. This is a rare finding and in agreement with 
the XRD results, however in the absence of TEM/EDX analysis it is not 
conclusive. Finally, no Hg2Cl2 nanoparticles were observed on the sur-
face of TES-SiO2. The synthesis of free Hg2Cl2 nanoparticles was for the 
first time reported by Bartlett et al. [38]. 

The electrochemistry and chemical speciation of mercury in aqueous 
solutions are complex and although the reduction of Hg2+ has been the 
subject of a number of studies there is no general agreement as to 
whether the reduction occurs in one or two stages through the produc-
tion of Hg2

2+. Obviously, the reduction to Hg2
2+ is particularly important, 

especially in the presence of Cl- as it can result in the formation of 
calomel (Hg2Cl2) inhibiting further reduction to Hg0 and the formation 
of amalgams in the presence of Ag0. Katok et al. [33] used Hg(NO3)2 and 
TES-SiO2 and found that Hg2+ is reduced to Hg2

2+ and excluded the 
formation of Hg0. In another study Katok et al. [34] used Hg(NO3)2, Hg 
(OAc)2 and Ag0@SiO2 and no Hg2

2+ was detected. However, there is no 
fundamental reason for Ag0 to not reduce Hg2+ to Hg2

2+ as in the case of 
H- as this is possible according to the redox potentials shown below:  

Fig. 7. XRD analysis of Ag0@SiO2 samples after mercury adsorption.  

Fig. 8. Photo of sample A after mercury adsorption showing the two separate 
layers of solid at the bottom of the tube. 

Fig. 9. Silver and mercury content before and after adsorption (error bars 
represent standard deviation). 
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Fig. 10. SEM/EDX analysis of adsorbents after mercury adsorption: (A) - TES-SiO2, (B) - Sample A(B), (C) - Sample A(W) and (D) - Sample B (elemental analysis 
results are not normalized). For each sample SEM micrographs are followed by EDX spectra. 

V.J. Inglezakis et al.                                                                                                                                                                                                                            



Chemical Engineering Journal 423 (2021) 129745

8

Fig. 10. (continued). 
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H2 + 2e- ⇌ 2H− − 2.25 V                                                                       

Hg2Cl2 + 2e- ⇌ 2Hg0 + 2Cl- +0.27 V                                                      

Hg2
2+ + 2e- ⇌ 2Hg0 + 0.80 V                                                                  

Ag+ + e− ⇌ Ag0 + 0.80 V                                                                     

Hg2+ + 2e− ⇌ Hg0 + 0.85 V                                                                  

2Hg2+ + 2e− ⇌ Hg2
2+ +0.92 V                                                               

Although it is rarely discussed in the literature, Hg2+ in Hg(NO3)2 
and especially HgCl2 solutions is mainly found in the form of Cl- and 
OH− complexes (Fig. 13). Thus, it is assumed that either these complexes 
allow redox reactions to happen or are weak enough for free Hg2+ to be 
available [44]. 

The silicon-hydride group in TES-SiO2 sample is not as strong a 
reductant as in boron-hydride groups or metal hydrides for which the 
redox potential of − 2.25 V has been estimated [48], but it can reduce 
both Ag+ and Hg2+ to form Ag0@SiO2 and Hg2

2+ [33,34]. Previous 

studies have shown that the reduction of Hg2+ on the surface of TES- 
SiO2 does not proceed to Hg0 [33]. Thus the proposed reactions of TES- 
SiO2 with Ag+ and Hg2+ are:  

≡SiH + Ag+ + H2O → (≡SiOH)Ag0 + H+ + ½H2                             (2)  

2(≡SiH) + 2Hg2+ + 2H2O → 2[(≡SiOH)]Hg+] + 2H+ + H2                (3) 

On the surface of TES-SiO2 reactions (1), (2) and/or (3) take place in 
parallel [42]. The observed Hg:H molar ratio is 0.52, which is very close 
to the average value of 0.49 reported by Katok et al., who worked with 
amorphous silica and Hg(NO3)2 solutions [33]. This value is almost half 
of the theoretical Hg:H molar ratio of 1 dictated by the stoichiometry of 
the reaction (3). This can be explained by the hydrolysis of hydride 
according to reaction (1) resulting in less available hydride for 
reduction. 

On the surface of Ag0@SiO2 and in the presence of Hg2+ amalgam-
ation reactions take place, typically forming schachnerite and 
moschellandsbergite [34,35,37]: 

Fig. 11. TEM images of sample A(W) (left) and sample B after mercury adsorption.  

Fig. 12. TEM images of sample A(B) after mercury adsorption.  
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Hg2+ + 2Ag0 → Hg0 + 2Ag+ (4)  

0.9Hg0 + 1.1Ag0 → Ag1.1Hg0.9                                                         (5)  

3Hg0 + 2Ag0 → Ag2Hg3                                                                  (6) 

As mentioned above, the Hg2
2+ has been detected on TES-SiO2 sam-

ples in other studies but not on Ag0@SiO2, a behavior which has not 
been explained so far [33,34]. The results show that Hg2

2+ is formed on 
the surface due to reduction of Hg2+ followed by the formation of 
calomel in the presence of Cl-:  

2Hg2+ + 2Ag0 → Hg2
2+ + 2Ag+ (7)  

Hg2
2+ + 2Cl- → Hg2Cl2                                                                    (8) 

The higher Hg:Ag molar ratio for the Hg2
2+ reduction in comparison 

to the Hg0 reduction results in higher removal efficiency. Finally, on the 
surface of Ag0@SiO2, following the oxidation and dissolution of Ag0, a 
reaction between Ag+ and Cl- takes place [44]:  

2Ag0 + ½O2 → Ag2O                                                                      (9)  

Ag2O + 2H+ → 2Ag+ + H2O                                                         (10)  

Ag+ + Cl- → AgCl                                                                        (11) 

The Ag@SiO2 samples showed extraordinary efficiency in terms of 
Hg:Ag molar ratio, which was between 2.28 and 3.02, considerably 
higher than the stoichiometric ratio of 1 (reaction 7) and the values 
reported by Katok et al., between 0.29 and 1.70, for a amorphous silica 
in Hg(NO3)2 and Hg(OAc)2 solutions [33]. A conservative explanation of 
this phenomenon is the adsorption of Hg2+ on the surface precipitates 
and possibly the existence of some residual H- on the surface facilitating 
the Hg2+ removal. A more interesting scenario is the production of 
excess Hg2

2+ beyond the conventional stoichiometry, followed by 
adsorption on the surface precipitates. Such a hyperstoichiometric effect 
was observed for fumed silica decorated with Ag0 NPs with size below 
31 nm in Hg(NO3)2 solutions [34]. This is in good correlation with the 
average Ag0 NPs size observed in the current study, between 22 and 25 
nm. Clearly, such a hypothesis requires additional experiments and 
surface characterizations, including XPS. Regardless the exact mecha-
nism, it is clear that the presence of Cl- is beneficial in terms of Hg2+

removal, an important observation when it comes to practical 
applications. 

The solution pH plays an important role in the mercury removal 
efficiency as it can influence both the aqueous mercury speciation and 
the stability of the silicon-hydride groups according to reaction (1) [33]. 
The solutions were slightly acidic in all experiments, with a final pH of 

3.4 for TES-SiO2, 4.5–5.5 for Ag@SiO2 and 6.8 for SiO2. The Pourbaix 
diagram of HgCl2 at 300 ppm is presented in Fig. 13. Based on the redox 
conditions, unless the solution is basic, the reduction of Hg2

2+ to Hg0 is 
hindered by the presence of Cl- and the formation of Hg2Cl2. The later 
cannot be reduced to Hg0 as its redox potential is lower than that of Ag+

reduction. The formation of Hg2Cl2 in the presence of Cl- was observed 
by Pasakarnis et al. [43] who studied the reduction of Hg2+ on magne-
tite. The authors argue that slower reduction is observed in the presence 
of chloride, which suppressed the disproportionation of Hg2

2+, while in 
the absence of chloride the reduction of Hg2+ to Hg0 proceeds through 
the disproportionation of Hg2

2+. The predominance of Hg2
2+ does not 

mean absence of Hg0 otherwise the amalgamation reaction would not 
happen. Although the ≡Si-H group can reduce Hg2Cl2 to Hg0 the latter 
was not detected on the surface of the TES-SiO2 sample. This observation 
is in agreement with previous studies but there is no obvious explana-
tion. Nevertheless, the speciation of mercury in water in combination 
with surface redox reactions can provide a plausible explanation of the 
absence of calomel formation in other studies. 

It is important to discuss the stability of the products of the surface 
reactions in the environment. In general, the solubility of precipitates 
increases with temperature, however temperature variations in the 
environment is not expected to have much effect on the solubility of 
AgCl and Hg2Cl2. Also, solubility depends on the nature and concen-
tration of ions in the solution; solubility decreases if common ions pre-
sent in excess and the effect is the opposite in the case of foreign ions 
[49]. This might be important in the case for instance of seawater, in 
which case the solubility of both precipitates decreases. Amalgams are 
not expected to be affected by conditions typically existing in the 
environment. 

Concerning toxicity, the most toxic forms of mercury are its organic 
compounds, particularly methylmercury and dimethylmercury. These 
compounds are produced by the reaction of Hg2+ with organic sub-
stances in the presence of anaerobic bacteria [50–52]. The Hg2+ has 
been proven to be a predominant toxic agent because of its trans-
formation to organic mercury and one of the methods used to inhibit this 
process is the reduction to Hg0 [53]. However, Hg0 and Hg2+ (including 
its methylated forms) are mobile in the environment and toxic to 
humans. These forms are predominant in the mercury cycle in the 
environment [54]. Mercury salts, tend to be insoluble, relatively stable 
and poorly absorbed [55]. Also, they are relatively harmless to humans 
because membranes act as barriers to ionic species [50]. Mercurous ion 
(Hg2

2+) salt in the form of calomel (Hg2Cl2) is poorly soluble in water and 
poorly absorbed by the intestinal, although some portion is oxidized to 
more mobile forms. On the other hand, mercuric ion (Hg2+) chloride 
(HgCl2) is very soluble in water and if ingested induces toxicity although 
only 2% is absorbed initially [55]. Metallic Hg is not absorbed through 
the gut, so it is not toxic when swallowed. However, metallic mercury 
has high vapor pressure and upon inhalation it is highly toxic because it 
passes through the human bodies’ membranes [50,55]. On the other 
hand, the vapor pressure of mercury in amalgams is drastically reduced 
by more than a million times compared to its metallic form [56]. In 
overall, it can be stated that from human toxicity point of view metallic 
mercury and dimethylmercury exhibit high toxicity, mercuric chloride 
and methylmercury high to moderate and mercurous chloride moderate 
to low [57]. Taking into account that calomel and amalgams are prac-
tically insoluble in water and thus stable in the environment it can be 
concluded that the immobilization of Hg2+ by utilizing reduction and 
precipitation reactions is an attractive method. 

3.3. Thermodynamic calculations 

Further insights into the possible reactions and mechanism of pro-
cesses taking place in the systems studied can be provided by thermo-
dynamic calculations. The thermodynamic data available for 
organosilanes are sparse mainly due to the experimental difficulties of 
obtaining them. In the paper of Ho and Melius et al [58] although the 

Fig. 13. Pourbaix diagram of mercury in water (Medusa software).  
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thermodynamic parameters reported were calculated rather than ob-
tained experimentally, they were compared with the experimental data 
available for some organosilanes and proved to be in a good agreement. 
In our calculations presented in Table 2 we used the following data from 
this paper for Gibbs free energy of formation, (ΔG0

f); ΔG0
f = -724 

kJ∙mol− 1 for TES and ΔG0
f = -1060 kJ∙mol− 1 for its oxidized deriva-

tive, triethoxysilanol (OC2H5)3Si-OH. The authors could not compare 
their calculations of ΔG0

f with the experimental data due to the absence 
of the latter, but their calculations of ΔH0

f for these substances were in a 
good agreement with the published experimental values. The calcula-
tions of standard Gibbs free energy ΔG0

r for several reactions relevant to 
the systems studied are summarized in Table 2. 

The reactions (12) – (18) adequately describe the surface reactions of 
the TES-SiO2 sample. It becomes evident considering, for example, the 
following set of reactions:  

3(≡Si-OH) + HSi(OC2H5)3 → [3(≡Si-O-)]Si-H + 3C2H5OH               (24)  

3(≡Si-OH) + HO-Si(OC2H5)3 → [3(≡Si-O-)]Si-OH + 3C2H5OH         (25)  

[3(≡Si-O-)]Si-H + H2O → [3(≡Si-O-)]Si-OH + H2                           (26) 

Here ≡Si-OH represents the hydroxylated silica surface and ≡Si-O- 
represents the silica surface modified with TES or triethoxysilanol. 
Combining ΔG0

r for the reactions (24), (25) and (26) as follows:  

ΔG0
r = ΔG0

24 - ΔG0
25 + ΔG0

26                                                      (27) 

gives ΔG0
13 for the reaction (13) in Table 2. Thus, the silica surface 

reactions for which the thermodynamic parameters are unknown can be 
substituted by the reactions (12) – (18). Several important observations 
can be made from the analysis of the data in Table 2. The silicon-hydride 
group is thermodynamically unstable in the presence of water or oxygen 
and hydrolyzed or oxidized according to reactions (12) and (18), 
respectively. Although we have not studied the kinetics of these re-
actions, from the experimental data these reactions seem sufficiently 
slow to allow the reduction of silver ions rather than conversion to the 
silanol groups of freshly prepared TES-SiO2 sample. The silicon-hydride 
group is capable of spontaneously reducing Ag+ and Hg2+ and Hg2

2+

species to the metallic state and/or lower oxidation state in the case of 
mercury. The redox reactions (19), (20) and (23) between metallic silver 
and mercury species have low ΔG0

r and the direction of the process is 

significantly influenced by the ratio of their activities according to the 
equation  

ΔG0
r = ΔG0

r + RTlnQ                                                                  (28) 

where ΔG0
r is the Gibbs free energy of reaction, R is the universal gas 

constant, T is the absolute temperature, Kelvin and Q is the reaction 
quotient [59]. Since the activity of metallic silver, metallic mercury and 
their solid chlorides AgCl and Hg2Cl2 is unity, the direction of the pro-
cess depends on the activities of the dissolved silver and mercury ions, 
ionic strength and the temperature of the solutions. The ionic strength of 
the solution is known to affect the adsorption of metal cations by inor-
ganic adsorbents such as oxides. Its effect is complex, and increasing 
ionic strength may enhance their adsorption by decreasing the zeta- 
potential at the surface [60] or reduce it due to the competition for 
the adsorption sites especially if the ion binding occurs via the ion ex-
change mechanism [61]. In the system described in this paper, the main 
mechanism of mercury removal is a redox reaction between the immo-
bilised silver nanoparticles and dissolved mercury species followed by 
calomel formation and mercury-silver amalgamation, on which the ef-
fect of other ions usually present in fresh or sea water is minor. The 
reaction quotient for the reactions (19) and (20) is less than unity 
because [Hg2+] > [Ag+] and Q = 1 for the reaction (23) meaning that 
lnQ ≤ 0 for these reactions. Thus, increasing the temperature of the 
medium will make the mercury reduction according to the equations 
(19) and (20) more thermodynamically favorable and will have little or 
no effect on the reaction (23). The positive effect of increasing tem-
perature on Hg2+ adsorption by silver/quartz nanocomposites has been 
reported in the literature [62]. 

However, the presence of chloride ions has a significant effect on 
these systems making formation of calomel thermodynamically 
favourable in reactions (21) and (22). It should be noted that the value of 
ΔG0

r as a thermodynamic parameter can only be used to estimate the 
direction of the reaction rather than its kinetics. The proposed mecha-
nism of Hg-Ag interaction in the systems studied is in agreement with 
the thermodynamic calculations discussed here. 

4. Conclusions 

High purity synthetic silica from rice husk was produced and effi-
ciently modified with silicon-hydride functional groups followed by 
direct reduction of Ag+ and formation of Ag0 NPs on the surface of the 
solid. The silicon-hydride modification was confirmed and quantified by 
iodometric titration, while the Ag0 NPs formation on the silica surface 
was validated using XRD and TEM characterizations. The Ag0 NPs on the 
surface of silica were spherical with an average size of 22–25 nm. The 
adsorption studies revealed that the TES-SiO2 sample efficiently 
removes Hg2+ by precipitation of calomel on its surface, whereas the 
efficiency of Ag0@SiO2 samples is proportional to the silver content. 
Calomel forms on the surface of Ag0@SiO2 samples along with schach-
nerite (Ag1.1Hg0.9) and probably moschellandsbergite (Ag2Hg3). TEM 
showed the formation of hexagonal nanoparticles of schachnerite sup-
porting the XRD results. SEM/EDX mapping confirmed the co-existence 
of Ag, Cl and Hg on the surface of the materials. A set of surface reactions 
were proposed based on the removal experimental data, surface char-
acterizations, literature analysis, aqueous phase speciation studies, 
redox potentials and thermodynamic analysis. The recycling of a com-
mon agricultural waste produced in large amounts around the world and 
its convertion into high purity amorphous silica and efficient mercury 
adsorbents, create an added value. The combination of commercial 
adsorbents such as activated carbon with the high reactivity of TES and/ 
or the exceptional selectivity of Ag0 NPs towards mercury can lead to the 
design of highly efficient methods for the treatment of wastewater and 
the remediation of water bodies. 

Table 2 
Standard Gibbs free energy for the reactions that could take place in the systems 
studied [59].  

# Reaction ΔG0
r 

kJ∙mol¡1 

12 HSi(OC2H5)3 (l) + ½O2 (g) → Si(OC2H5)3OH (l)* − 337 
13 HSi(OC2H5)3 + H2O (l) → Si(OC2H5)3OH + H2 (g) − 100 
14 HSi(OC2H5)3 + Ag+ (aq) + H2O (l) → Si(OC2H5)3OH + Ag (s) 

+ H+ (aq) + ½ H2(g) 
− 117 

15 HSi(OC2H5)3 + ½Hg2+ (aq) + H2O (l) → Si(OC2H5)3OH +
½Hg (l) + H+ (aq) + ½ H2(g) 

− 182 

16 HSi(OC2H5)3 + ½Hg2
2+ (aq) + H2O (l) → Si(OC2H5)3OH + Hg 

(l) + H+ (aq) + ½ H2(g) 
− 117 

17 HSi(OC2H5)3 + Hg2+ (aq) + H2O (l) → Si(OC2H5)3OH +
½Hg2

2+ (aq) + H+ (aq) + ½H2 (g) 
− 187 

18 HSi(OC2H5)3 + 2Hg2+ (aq) + 2Cl- (aq) + H2O (l) → Si 
(OC2H5)3OH + Hg2Cl2 (s) + H+ (aq) + ½H2 (g) 

− 377 

19 2Ag (s) + Hg2+ (aq) → 2Ag+ (aq) + Hg (l) − 10 
20 2Ag (s) + 2Hg2+ (aq) → 2Ag+ (aq) + Hg2

2+ (aq) − 21 
21 2Ag (s) + 2Hg2+ (aq) + 2Cl- (aq) → 2Ag+ (aq) + Hg2Cl2 (s) − 123 
22 2Ag (s) + 2Hg2+ (aq) + 4Cl- (aq) → 2AgCl(s) + Hg2Cl2 (s) − 234 
23 2Ag (s) + Hg2Cl2 (s) → 2AgCl(s) + Hg (l) − 8.9  

* In the paper of Ho and Melius et al. [58] the authors did not clearly explain 
the physical state of the two siloxanes, however at 298 K TES is a liquid and 
although triethoxysilanol is an unstable substance, the presence of the hydroxyl 
group in its structure suggests that it should also be a liquid at 298 K. 
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