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Abstract

Silver nanoparticles (AgNPs) have been used in a wide range of industrial products. The release of AgNPs as antimicrobial
agent into the river or lake can raise the ecological concern because they have been proven to be associated with toxicity
of the aquatic animals. An exclusive review of AgNPs adsorbed by the various synthetic and natural adsorbent materials is
important to understand the behaviour of AgNPs in the complex environmental conditions. The transformation of AgNPs
into various forms in an aquatic environment depends on the physical, chemical, and biological characteristics of water. Many
types of natural materials can be used to fabricate the adsorbents because pore structure, surface area, and active sites of
functional groups of the adsorbent can be developed during the carbonisation and activation stages. The mass transfer factor
and modified mass transfer factor models would be considered tools that can be used to describe the mechanism and kinetics
of AgNPs adsorption onto the natural adsorbents influenced by the electrostatic and van der Waals forces. This exclusive
review provides the valuable insights into future challenges of AgNPs adsorption to contribute to sustainable improvement
in the management of aquatic ecosystems.

Keywords Adsorption isotherm - Adsorption kinetic - Interaction mechanism - Natural adsorbent material - Silver
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Nanoscale materials have in the recent decades been widely
used to satisfy continual demand from a vast variety of the
industrial applications [7, 13, 44, 63]. It should be due to the
accelerated advancement in nanotechnology by synthesis and
manipulation of the particle structure being characterised
with a size range of 1-100 nm is the fundamental ways of
enhancing the interaction of atoms/molecules [2]. A beneficial
development of materials can promote the use of the nanopar-
ticles for many applications such as in biomedical, catalysis,
chemical industry, cosmetic, drug—gene delivery, electronic,
energy science, environment, food, health care, light emitter,
mechanic, nonlinear optical device, optic, photoelectrochemi-
cal, single-electron transistor, and space industry [2, 3, 65].
Application of silver nanoparticles (AgNPs) has currently been
an enormous attraction and intensively explored to be used for
the various industrial products because they have favourable
physical, chemical, and biological properties [33, 44, 46, 63,
88]. Some applications of AgNPs are: (1) in textiles such as
anti-stain, medical textiles, and UV blocking (2) in biomedical
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application such as antibacterial, antifungal, cancer therapy,
cell imaging, diagnosis, and drug delivery, (3) in health care
such as UV protection, topical ointments and cream, and
nutraceutical, (4) in agricultural food production such as food
packaging, food quality analysis sensors, and interactive food,
(5) in catalysis such as fuel additive, fuel cell, and hydrogen
production, and (6) in environment remediation such as water
disinfection and wastewater treatment [9, 38].

A huge amount of AgNPs discharged into the environment
could be due to the surge in usage of them [61, 80]. The pres-
ence of AgNPs has been found in the environment such as in
the river, wastewater, washing water, seawater, and reservoir
[5, 11, 80, 87]. A washing water contained AgNPs in wash-
ing machine released into the wastewater collecting system
can harm healthy beneficial bacteria involved in the treatment
process, endangered aquatic organisms in the lakes, streams,
and other freshwater ecosystems [81, 95]. Because the release
of AgNPs from washing entering the wastewater treatment
plants around the world has been predicted to be around 270
tonnes/year [5], the project sustainability of AgNPs removal
from waters would be the major challenge in many developed
and developing countries.

Many processes like adsorption, aeration, and coagulation
have been proposed for the removal of AgNPs from waters
[12, 50, 60, 62, 87]. However, the aeration process is more
complicated method when comparing with the process of both
coagulation and adsorption because the removal of AgNPs
processed in a sequencing batch reactor could be rather time-
consuming. The coagulation process of using coagulant such
as either aluminium sulphate, ferric chloride, polyaluminium
chloride, or polyferric sulphate can ally with a new source of
pollution in the environment. Therefore, the adsorption process
is the best candidate for safe removal of AgNPs from water and
uses the non-toxic materials to produce a nearly zero-waste.
The application of the various kinetic and isotherm models
has been reviewed for better understanding on the kinetics and
mechanism of AgNPs adsorption by the synthetic and natu-
ral materials from waters [89]. The objectives of this paper
are: (1) to conduct an exclusive review of AgNPs adsorption
regarding (i) the interaction of AgNPs with halides, oxygen,
and sulphide; (ii) the different types of adsorbents; (iii) the
validity of the kinetic and isotherm models; (iv) the distinct
mechanisms of the interactions; and (v) the factors affect-
ing the adsorption of AgNPs and (2) to provide the valuable
insights into the future challenges of AgNPs adsorption.

Interaction of AgNPs with halides, oxygen
and sulphide

AgNPs in water can transform in the form of either Ag* or Ag”

depending on the physical, chemical, and biological condi-
tions, as illustrated in Fig. 1 [37, 56]. This chapter reviews the
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interaction of AgNPs with halides, oxygen, and sulphide to get
better understanding of the effect of different water conditions
on the adsorption of AgNPs [10].

Interaction of AgNPs with halides

AgNPs can react with either C1™ or Br™ to form a stable com-
plex salt capable of precipitating as AgC1"NPs or AgBr NPs
[71]. The chemical reaction of Ag* with Cl1~ can transform
it into either AgCI*", AgCl32‘, AgCl,>~, or AgCl precipitate
depending on the amount of CI™ in water, whereas seawater
contains approximately 500 mM NaCl and surface water con-
tains in the range of 1-10 mM NaCl. The dissolution kinetics
of AgNPs decrease with decrease in C1~ concentration and
lead to scavenging of Ag* and the formation of an AgCl pas-
sivation layer. A high amount of Cl1™ in water can increase
the dissolution kinetics of AgNP to result stable complex salt
capable of capturing certain amount of CI”. AgNPs can react
with Br™ to form either AgBr NPs or AgBr depending on the
nature of water environment where the attractive force between
AgNPs and Br™ is controlled by the amount of AgBr precipi-
tate on the surface of AgNPs [71]. AgNPs are not chemically
stable in the water environment and react strongly with CI™ and
Br~ once the Ag* is oxidised [48]. The chemical reactions can
be described as:

AgNPs + H,0, + CI~ — AgCI"NPs + H,0 (1

AgNPs + H,0, + Br™ — AgBr"NPs + H,0 )

2 Ag+

Fig. 1 Schematic of AgNPs transformation in water
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Equations (1, 2) exhibit the potential application of
AgNPs to remove Br™ and Cl™ from waters. The perfor-
mance of Br~ removal higher than that of C1™ could be due
to the solubility of AgBr which is lower than that of AgCI.
It has been reported that the toxicity of AgNPs to E. coli
decreases with increase in C1™ ions in water due to the Cl/
Ag ratio that controls dissolution rate more than aggregation
state and can suggest an ion effect rather than a nanoparticle
effect on the toxicity of silver species, while Cl~ can react
with AgNPs to form a stable complex salt in the form of
AgCI™NPs [48, 71].

Interaction with oxygen

AgNPs can react with O, to form Ag,0O layer on the sur-
face of AgNPs because the oxidative dissolution of AgNPs
caused by the presence of O, in carbonated water under oxic
condition exists [35]. Ag,0 layer can dissolve in water when
Ag* concentration is low. The change in Gibbs free energy
of the Ag-contained solution during the transformation of
Ag’ to Ag,0 with AG)gg-x of — 11.25 kJ mol~" occurs with
the presence of O, and is thermodynamically unstable. Ag*
is stable in aqueous solution and solid state, while Ag>* is
less stable and can react with water to form Ag™. The oxi-
dative dissolution rate of AgNPs at low pH increases with
increase in dissolved O, in water due to that the rate of
AgNPs dissolution under oxic conditions can be stimulated
with the significant amounts of two chemical species H* and
O, involved in the reaction. The transformation of Ag* to
Ag,0 can be described [80] as:

2Ag* +20H™ - Ag,0 + H,0 3)

The kinetics of oxidative dissolution of AgNPs may be
controlled by the presence of chlorine, surfactant, natural
organics, hydrogen peroxide, and the size of AgNPs [26].
The decrease in AgNPs size can enhance the oxidative dis-
solution because the surface-to-volume ratio increases [15].
The presence of surfactant and natural organics may shield
the surface of AgNPs from O, and the dissolution of Ag,O
layer; hence, the oxidative dissolution of AgNPs decreases
[35].

Interaction with sulphide

AgNPs can react with sulphide through sulphidation to form
Ag,SNPs, while water can enhance the process of sulphi-
dation [47, 48]. A high solubility of H,S in the water can
increase the probability of Ag’~H,S contact due to that H,S
can easily diffuse through the surface of AgNPs. Kinetics
of sulphidation are affected by the surface orientation and
the steps of facilitating nucleation [47]. Despite it needs to
have a more fundamental understanding of the sulphidation

of AgNPs, the presence of sulphide can affect the properties
of AgNPs. In situ transmission electron microscopy obser-
vations of fracture in AgNPs shown that Ag,S forms the
nanobridges between AgNPs leading to chain-like fractal
structures of consecutively composing the AgNPs surfaces
oxidise, AgNPs dissolve partially and reprecipitate of Ag,S
nanobridge between AgNPs [49]. The sulphidation reaction
of AgNPs can be described [53] as follows:

2Ag + %oz +HS™ - Ag,S + OH™ @)

Types of adsorbents

In general, the adsorption of AgNPs from waters can be per-
formed using the methods of batch experiment and hydrody-
namic column. Both methods can be used to study the trans-
port behaviours of AgNPs during the adsorption process
[93]. Using the batch adsorption experiments permits us to
easily investigate the adsorption of AgNPs. Figure 2 shows
the schematic of AgNPs adsorption by batch experiment.
Various types of the adsorbents have been employed for the
adsorption of AgNPs. The adsorption of AgNPs by Norit-
CAl in a closed vial of 4 mL at 20 °C for 12 h can attain
100% efficiency because the presence of mesoporous struc-
ture in Norit-CA1 contributes to an effective surface area
[27]. The batch experiment of AgNPs adsorption by glass
beads of being characterised by the size range of 70-110 pm
for 6 h can reach 75% efficiency, and this may relate to the
presence of hydrogen bond between oxygen in the carbonyl
groups of polyvinylpyrrolidone and silanol groups of glass
beads [72]. The use of poly(vinyl alcohol)/gum karaya elec-
trospun plasma-treated membrane to remove AgNPs from

. Adsorbate
) (AgNPs)

Interaction between
adsorbate and
adsorbent

Adsorbent

Description:

1. Polluted water
2. Component for AgNPs adsorption / X
3. Adsorption process

4. Unpolluted water

Fig.2 Schematic of AgNPs adsorption by batch experiment
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water can reach 78.1% efficiency [68]. The batch experiment
of AgNPs adsorption by sodium montmorillonite nanoclay
in 25 mL water for 10 min can remove up to 71.4 mg g~! of
AgNPs as the maximum adsorption capacity at neutral pH
of 7 [97]. The adsorption of AgNPs by copper-based metal
organic frameworks in batch reactor with a pH range of 1-7
can attain the maximum capacity of 83 mg g~! [12]. The
removal of AgNPs from water by adsorbing onto the aged
magnetic Fe,O; particles can attain an adsorption capacity
in the range of 19.9-62.8 mg g~! after reaching 20 min of
equilibrium time and has a removal efficiency in the range of
63.3-99.9%, while the removal and recovery of AgNPs from
water are still consistent with four cycles of adsorption—des-
orption [100]. Table 1 summarises the different types of
adsorbent materials for the adsorption of AgNPs. Despite
that the use of the synthetic and natural materials could be
useful for the adsorption of AgNPs from water, it has been
shown that the synthetic materials are favoured due to their
structure and advanced properties can be fabricated during
the carbonisation and activation stages. It can be concluded
according to the experiments of using five natural materi-
als and seventeen synthetic materials (see Table 1) that the
adsorption efficiency of the synthetic materials to remove
the AgNPs species from water is generally better than that
of the natural materials. Therefore, efforts to increase the

adsorption capacity of the natural adsorbent-based materials
by modifying the characteristics of heterogeneous surface
and structure of the porous materials are a challenge in the
future.

Validity of the adsorption kinetics
and isotherm models

Adsorption kinetics

This work reviewed the adsorption kinetics within the frame-
work of four adsorption kinetic equations, such that: (1)
pseudo-first-order model, (2) pseudo-second-order model,
(3) Elovich model, and (4) intraparticle diffusion model.

The expression of pseudo-first-order model can be writ-
ten [85] as:

a4, = q[1 — exp (—k,1)] ()

where ¢, is the adsorption capacity of the adsorbent (in
mg g~ ') at time 7 of running the experiment (in min), q. 18
the adsorption capacity of the adsorbent at equilibrium (in
mg g~ 1), and kyy is the rate constant of pseudo-first-order
model (in min™").

Table 1 Types of the adsorbents

. Adsorbent
for AgNPs adsorption

References

Natural material

Aeromonas punctata
Activated carbon (Norit-CAl)
Natural clinoptilolite
Aspergillus niger

Activated sludge

Synthetic material

Aged iron oxide magnetic particles

Glass beads
Plasma modified nanofibers

Sodium montmorillonite nanoclay

Nitrogen-rich core—shell magnetic mesoporous silica
Mussel-inspired Fe;O,—polydopamine core—shell microspheres
Metal organic framework (HKUST-1)

Poly(vinyl alcohol) membranes

Poly(vinyl alcohol)/gluten nanofibers

Biomimetic metal oxides

Amine-functionalized block copolymers

Multiwalled carbon nanotubes

Polycaprolactone electrospun fibre mats
Functionalized magnetite particles

Polyethyleneimine (PEI)-functionalized paper

Nanoporous silica

Bimodal nanoporous silica

Khan et al. [41]

Gicheva and Yordanov [27]
Ruiz-Baltazar et al. [77]
Gomaa [28]

Oh et al. [66]

Zhou et al. [100]

Polowczyk et al. [72]

Padil et al. [69]

Zarei and Barghak [97]

Zhang et al. [98]

Wu et al. [94]
Conde-Gonzalez et al. [12]
Mahanta and Valiyaveettil [57]
Dhandayuthapani et al. [14]
Mallampati and Valiyaveettil [58]
Qureshi et al. [73]

Hassan and Farghali [32]

Liu et al. [51]

Lopes et al. [55]

Setyono and Valiyaveettil [78]
Sim et al. [84]

Sim et al. [84]
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Modelling the adsorption kinetics of pseudo-second order
can be expressed [85] as:
kpzqzt

q, = Tpﬂel (6)

where k, is the rate constant of pseudo-second order (in
min~ ).
The Elovich equation can be written [96] as:

1 1
q, 5 In(ap) + ﬁln(t) (7)
where a is the initial adsorption rate of solute onto adsorbent
(in mg g~! min~!) and f is the desorption constant of the
Elovich equation (in g mg™").

The equation of intraparticle diffusion may take the for-
mula [96] of:

g, =k Vi + ¢ ®)

where k;, is the coefficient of measuring the intraparticle
diffusion (in mg g~ min~!) and ¢;p s the constant of intra-
particle diffusion (in mg g™!).

The batch experiments of AgNPs adsorbed on the natu-
ral clinoptilolite with different initial AgNPs concentrations
of 1,2, 3,4 mg L~! were conducted to validate the four
adsorption kinetic models. The accuracy of each model can
be verified with the R? value ranged from 0.76 to 0.90 for
the pseudo-first-order model, ranged from 0.97 to 0.99 for
the pseudo-second-order model, ranged from 0.88 to 0.94
for the Elovich model, and ranged from 0.91 to 0.95 for
the intraparticle diffusion model. The experimental data fit-
ted better with the pseudo-second-order model to get veri-
fied from its R? value ranged from 0.97 to 0.99 could this
model be a better kinetic expression when compared to other
kinetic expressions and may suggest the formation of chemi-
cal bonds between adsorbent and adsorbate to form a mon-
olayer on the natural clinoptilolite surface [77].

The AgNPs adsorption onto the commercial glass beads
in batch experiment using the initial concentrations of 500
and 1000 mg L~! has been predicted by using two models
of pseudo-first-order and pseudo-second-order. The adsorp-
tion kinetic data fitted well with pseudo-second-order model
due to its R? value of around 0.99 were verified, while the
experimental data can fit with pseudo-first-order model with
R? value in the range of 0.77-0.87 [72]. The adsorption
kinetics of AgNPs in batch experiments by the core—shell
microspheres of mussel-inspired Fe;O,—polydopamine
have been also described using two models of pseudo-first-
order and pseudo-second-order. The adsorption capacity of
112.95 mg g~! predicted using the pseudo-first-order model
is higher than that of 96.15 mg g~' predicted using the
pseudo-second-order model, while the regression analysis

using the pseudo-second-order model with R? value of 0.99
provides the best fit to experimental data when compared
to that using the pseudo-first-order model with R? value of
0.66 [94]. The capacity of AgNPs adsorption by the silica
of nitrogen-rich core—shell magnetic mesoporous in batch
reactor predicted using the pseudo-first-order model of hav-
ing g, value of 317.3 mg g~! with R? value of 0.99 confirms
a better fit to the experimental data comparing with that
using the pseudo-second-order model of having g, value of
371.7 mg g~! with R? value of 0.84 [98].

The kinetics of AgNPs adsorbed on the nanofibre mem-
branes composing polyvinyl alcohol (PVA) and natural gum
karaya were described using both the models of pseudo-first-
order and pseudo-second-order to show that the adsorption
capacity of 39.84 mg g~ predicted using the pseudo-second-
order model is very close to the experimental data verifi-
cation of 38.62 mg g~! and the pseudo-first-order model
does not allow to predict the capacity of AgNPs adsorption
because the R? value does not quantify goodness of fit [68].
Using the pseudo-second-order model permits us to predict
the maximum capacity of nanofiber membranes compos-
ing both PVA and natural gum karaya to adsorb AgNPs to
increase from 143.4 mg g~! before to 168.5 mg g~! after
treatment using the methane plasma. The best fit of experi-
mental data to the pseudo-second-order model as verified
with R? value of 0.99 could be the best kinetic expression
because the pseudo-first-order model does not quantify a
goodness of fit to the experimental data [69].

The kinetic adsorption behaviour of AgNPs deposited on
amine-functionalized block copolymers was investigated
to show that the capacity of AgNPs adsorption predicted
using the pseudo-second-order equation is in the range of
99-117 mg g~' and that predicted using the pseudo-first-
order equation is the range of 44-56 mg g~!. Using the
pseudo-second-order equation can quantify a best fit to the
data characterised with R? value of 0.99 [73]. The adsorption
capacity of AgNPs onto poly(vinyl alcohol)—gluten hybrid
nanofibers investigated using the pseudo-second-order equa-
tion ranges from 9 to 40 mg g~!, depending on the amount
of gluten in nanofibers. In this case, the process of estab-
lishing a curve by the pseudo-second-order equation has a
best fit to a series of data points as shown in the R? value
ranged from 0.97 to 0.99; however, the equation of pseudo-
first-order cannot be used to predict the adsorption capacity
of AgNPs [14]. The investigation of AgNPs deposited on
Aeromonas punctata conducted by the batch technique at
three different pHs showed the adsorption capacity at equi-
librium as high as 0.47, 0.40, and 0.053 pg cell™! referring
the mean nuclear DNA content per cell for the experiment
conditioned at the pHs of 5, 7, and 9, respectively. Using
the pseudo-first-order equation can predict the capacity of
AgNPs adsorption better fit to the experimental data com-
pared using the pseudo-second-order equation [41]. Figure 3
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shows some examples of the kinetic adsorption behaviours
of AgNPs deposited on: (a) nitrogen-rich core—shell mag-
netic mesoporous silica described by the pseudo-first-order
kinetic model [98], (b) Aeromonas punctata described by
the equation of pseudo-first order [41], (c) poly(vinyl alco-
hol)—gluten hybrid nanofibers described by the pseudo-first-
order kinetic model [14], and (d) poly(vinyl alcohol)—gluten
hybrid nanofibers described by the pseudo-second-order
kinetic model [14]. Table 2 summarises a short overview
of the kinetic adsorption behaviours of AgNPs deposited
on the various adsorbents regarding the time of running the
experiment and the adsorption capacity of the adsorbent at
equilibrium.
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Fig.3 Kinetic adsorption behaviours of AgNPs deposited on: a
nitrogen-rich core—shell magnetic mesoporous silica described by
the pseudo-first-order kinetic model [98], b Aeromonas punctata
described by the pseudo-first-order kinetic model [41], ¢ poly(vinyl
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Adsorption isotherms

The Langmuir, Freundlich, and Dubinin—Radushkevich iso-
therm equations were reviewed to describe the behaviours
of AgNPs adsorption. Using the Langmuir equation permits
us to describe the monolayer sorption of AgNPs occured on
the homogenous surface of an adsorbent with a finite number
of identical sites with the pores and can be mathematically
expressed [31] as:

KLque

q. = 1+—KLCe 9

(b)

Adsorbed SNPs in pg/cell

Time (min)

(d)

= PVA
e * PVA + Gluten (2.5 wt%)
( 4  PVA + Gluten (5 wt%)
]
64
@ 4
o
S 4.

o Ll v L AJ Ll v v Al - v -
50 60 70 80

t (min)
alcohol)—gluten hybrid nanofibers described by the pseudo-first-order

kinetic model [14], and d poly(vinyl alcohol)-gluten hybrid nanofib-
ers described by the pseudo-second-order kinetic model [14]
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Table 2 Kinetic adsorption behaviour of AgNPs deposited on various adsorbents

Adsorbent t

q. References

Aeromonas punctata

0 to 40

0.05 to 0.47V Khan et al. [41]

Natural clinoptilolite 0to 180  8.38x107*t03.61x10™>  Ruiz-Baltazar et al. [77]
Activated sludge 0to 1400 4.24 to 16.05 Oh et al. [66]

Aged iron oxide magnetic particles 0to 90 21.50 to 67.90 Zhou et al. [100]

Glass beads 0 to 360 5.08 to 6.40 Polowczyk et al. [72]

Nanofibre membrane 0to 180 143.40 Padil et al. [69]

Methane plasma-treated membrane 0to 180 168.50 Padil et al. [69]

Nitrogen-rich core—shell magnetic mesoporous silica 0to 1800  353.35 Zhang et al. [98]

Mussel-inspired Fe;0,@ polydopamine core—shell microspheres ~ 0to 2160  83.53 Wu et al. [94]

Poly(vinyl alcohol) membranes 0 to 200 56.60 Mahanta and Valiyaveettil [57]
Poly(vinyl alcohol) 0to 180 9.50 Dhandayuthapani et al. [14]
Poly(vinyl alcohol)/gluten nanofibers (2.5 wt%) 0to 180 24.61 Dhandayuthapani et al. [14]
Poly(vinyl alcohol)/gluten nanofibers (5.0 wt%) 0to 180 40.25 Dhandayuthapani et al. [14]

NiO 0to 720 54.84 Mallampati and Valiyaveettil [58]
CeO, 0 to 720 51.04 Mallampati and Valiyaveettil [58]
ZnO 0to 720 47.56 Mallampati and Valiyaveettil [58]
Co;0, 0to 720 41.89 Mallampati and Valiyaveettil [58]
CuO 0to 720 5.02 Mallampati and Valiyaveettil [58]
PAEA-b-PS 0 to 360 97.48 Qureshi et al. [73]

PAPA-b-PS 0 to 360 115.17 Qureshi et al. [73]

PAXA-b-PS 0 to 360 112.66 Qureshi et al. [73]

Remarks that the units of # are all expressed in min and the units of g, are all expressed in mg g~! except Pthe unit of g, for the adsorbent of
Aeromonas punctata is expressed in the mean nuclear DNA content (pg) per cell (pg cell™!)

where ¢, is the adsorption capacity of the adsorbent at equi-
librium (in mg g™"), g, is the maximum adsorption capacity
of the adsorbent per unit weight of the adsorbent (in mg g™ ),
C, is the concentration of adsorbate in solution at equilib-
rium (in mg L™!), and K; is the Langmuir constant related
to the binding sites affinity (in L mg™?).

Using the Freundlich equation permits us to investigate
the adsorption of AgNPs on either the heterogeneous sur-
face of a material or the surface supporting sites with varied
affinities. This model assumed that stronger binding sites
firstly occupy the surface of material, and then, binding
strength continuously decreases with increasing the occupa-
tion of sites [83]. The Freundlich equation can be expressed
in the form [31] of:

9. = K:C,”" (10)

where K; is the Freundlich constant related to the sorption
capacity of the adsorbent (in L g™') and 7 is the sorption
intensity of the adsorbent (dimensionless). The value of
1/n is proportional to the change in effectiveness of sorp-
tion over the course of the reaction due to different equi-
librium concentrations when the value of 1/n> 1 indicated
the change in adsorbed concentration is greater than that of
solute concentration [64].

Using the Dubinin—Radushkevich equation permits us to
distinguish the physical adsorption from chemical adsorp-
tion of the adsorbent in terms of the average free energy and
can be expressed [6] as:

Ing, =Ing,, — ke’ an
with

- 1
£ = RTIn(1 + ( /Ce) (12)

where k is the Dubinin—Radushkevich constant related to
the average free energy of adsorption (in mol kJ™1), ¢ is the
Polanyi potential (in kJ mol™"), R (=8.314 J mol~! K™!) is
the gas constant, and 7 is the temperature (in K).

The average free energy of adsorption can be calculated
using the formula [6]:

E= T (13)

where k is the average free energy of adsorption (in
kJ mol ™).

The isotherm AgNPs adsorption on the aged iron oxide
magnetic particles in batch experiment showed that the
Langmuir, Freundlich, and Dubinin—Radushkevich equations
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can be evaluated based on the R? values of 0.98, 0.84, and
0.97, respectively. According the R? value, the validity of
Langmuir model is better than that of Dubinin—Radushk-
evich model, and then, it is better than that of Freundlich
model [100]. The regression analysis for the isotherm
adsorption of AgNPs by the mussel-inspired Fe;0,—poly-
dopamine core—shell microspheres in batch experiment can
result in the R? values of 0.99, 0.82, and 0.97 for validating
the equations of Langmuir, Freundlich, and Dubinin—Radu-
shkevich, respectively. According to the R? value, the
applicability of Langmuir equation is better than that of
Dubinin—Radushkevich equation, and then, it is better than
that of Freundlich equation. In addition, the predicted values
of g,, as high as 169.5 and 180.3 mg g~! were verified for
the isotherm equations of Langmuir and Dubinin—Radush-
kevich, respectively [94]. Study on the binding properties
of AgNPs to Fe;0,—SiO,—PEI showed that the isotherm
Langmuir and Freundlich equations can have a good fit to
the experimental data points with the R? values of 0.98 and
0.99, respectively, from which the calculated g,, value of
909.1 mg g~! can be predicted using the Freundlich equation
[98]. Using the isotherm equations of both Langmuir and
Freundlich permits us to describe the binding properties of
AgNPs adsorbed on the sodium montmorillonite nanoclay,
according to the R* values of 0.99 and 0.98 obtained from
a regression analysis to test the applicabilities of Langmuir
and Freundlich equation, respectively, whereas the g, value
of 71.4 mg g~! has been predicted using the Langmuir equa-
tion [97].

The adsorption of AgNPs on Aeromonas punctata in
batch experiment at pHs of 5, 7, and 9 was investigated
using the Langmuir model which best fits the data with the
R? value of 0.99. The predicted ¢, values of 0.44, 0.38,
and 0.05 pg cell™! were verified for the pHs of 5, 7, and 9,
respectively [41]. The prediction of g,,, value for the AgNPs
adsorption on the Norit-CA1 using the Freundlich equation
is in the range of 46+ 16 to 65+ 15 pg mg~! and is better
than that using the Langmuir equation [27]. This means that
the applicability of Freundlich equation is better than that
of Langmuir equation in investigating the isotherm AgNPs
adsorption on the copper-based metal organic framework
nanoparticles [12]. Figure 4 shows some examples of the
isotherm behaviours for the adsorption of AgNPs onto: (a)
aged iron oxide magnetic particles described by the Lang-
muir and Freundlich models [100], (b) Fe;0,-SiO,—PEI
described by the Freundlich model [98], (¢) Norit-CA1l
described by the Freundlich model [27], and (d) Norit-CA1
described by the Langmuir model [27]. Table 3 summarises
a short overview of the isotherm adsorption property of
AgNPs deposited on the various adsorbents regarding the
concentration of adsorbate in solution at equilibrium and
the maximum adsorption capacity of the adsorbent per unit
weight of the adsorbent.
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Distinct mechanisms of the interactions
Electrostatic interaction

An overview of the AgNPs adsorption by the synthetic
and natural materials can be discussed in the context of the
adsorption mechanisms, affected parameters, and adsorption
behaviours for suggesting the future challenges of environ-
mental remediation, as schematically shown in Fig. 5. An
electrostatic interaction of AgNPs to adsorbent may occur
when the interaction is governed by ion exchange followed
by the adsorption process [1, 16, 67]. Electrostatic force as
a major force can cause the deposition of AgNPs being char-
acterised with positive charge on the surface of adsorbent
being characterised with negative charge [8, 41, 42, 52]. The
AgNPs adsorption on Aeromonas punctata occurs because
the aggregation of positively charged AgNPs interacts with
negatively charged surface layers of Aeromonas punctata in
the presence of anionic polyelectrolytes [41]. Adsorption
process cannot occur when the reaction conditions of AgNPs
and bacterial surface layers of Aeromonas punctata carry an
identical positive charge. The forces of attraction or repul-
sion between AgNPs and bacterial extracellular proteins may
occur depending on charge state distribution of the surface
layers of Aeromonas punctata [52]. The mechanism of inter-
action between AgNPs and Aeromonas punctata controls the
electrostatic attraction of AgNPs with their positive charge
deposited on the bacterial surface layers with their negative
charge [42].

Van der Waals interaction

The mechanism of AgNPs adsorption by commercial acti-
vated carbon (CAC) can be reasonably described using the
van der Waals forces due to that the nature of CAC can fairly
be classed as hydrophobic adsorbent. An investigation of
the electrostatic interaction has been reported that the steric
repulsive forces of ligand shell failed to prevent the deposi-
tion of AgNPs on the surface of CAC having relatively high
ionic strengths [27]. Therefore, the mechanism of AgNPs
deposited on CAC surface cannot be subjected to electro-
static forces. The hydrophobic property of CAC should be
able to bind in a number of different adsorbates because
the van der Waals interaction between CAC and adsorbate
material exists. The nature of metal-carbon interactions
investigated from the structure and surface properties of
gold nanoparticles interacted with carbon nanotubes can be
subjected to the van der Waals forces [99]. The mechanisms
of AgNPs adsorption on absorbent are likely to depend on
many factors including adsorbent dosage, contact time, ionic
strength, pH, and water matrices.
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model [98], ¢ Norit-CA1 described by the Freundlich model [27], and
d Norit-CA1 described by the Langmuir model [27]

Table 3 Isotherm adsorption property of AgNPs deposited on various adsorbents

Adsorbent C, I References

Aeromonas punctata 0to 30 0.05 to 0.44M Khan et al. [41]

Activated carbon (Norit-CAl) 0to 50 46 to 65 Gicheva and Yordanov [27]
Activated sludge 5 to 200 19.67 to 89.08 Oh et al. [66]

Aged iron oxide magnetic particles 0.01to 15 19.90 to 62.90 Zhou et al. [100]

Glass beads 100 to 1000 6.93 Polowczyk et al. [72]
Sodium montmorillonite nanoclay 1to7 71.40 Zarei and Barghak [97]
Nitrogen-rich core—shell magnetic mesoporous silica Oto8 909.1 Zhang et al. [98]
Mussel-inspired Fe;0,—polydopamine core—shell microspheres 0to 18 160.9 Wu et al. [94]

Poly(vinyl alcohol) 2070 5.01 Dhandayuthapani et al. [14]
Poly(vinyl alcohol)/gluten nanofibers (2.5 wt%) 2t070 27.70 Dhandayuthapani et al. [14]
Poly(vinyl alcohol)/gluten nanofibers (5.0 wt%) 2to 70 31.84 Dhandayuthapani et al. [14]

Remarks that the units of C, are all expressed in mg L=! and the units of ¢, are all expressed in mg g~! except'" the unit of g,, for the adsorbent
of Aeromonas punctata is expressed in the mean nuclear DNA content (pg) per cell (pg cell™!)
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Fig.5 An overview of AgNPs adsorption by the synthetic and natural adsorbent materials

Factors of adsorbent dosage, contact time,
ionic strength, pH, and water matrices

Adsorbent dosage could be one of the important factors
affecting the AgNPs deposited on both the synthetic and
natural adsorbent materials. An increase in the adsorption
efficiency from 25 to 75% is due to an increase in absorbent
dosage from 1 to 175 g that can increase the number of
active sites and surface area of the glass beads [72]. How-
ever, the adsorption capacity decreased with increase in the
dosage of glass beads which is due to some adsorption sites
remaining inactive during the adsorption process.

Effect of the various process parameters has been inves-
tigated by batch experiment for the deposition of AgNPs
onto the surface of various materials. An increase in the
contact time from 10 to 240 min can increase the efficiency
of AgNPs adsorption on the surface of multiwalled carbon
nanotubes from 57 to 88% [32]. The adsorption capacity of
Fe;O,—polydopamine core—shell microspheres was verified
to gradually increase along with the contact time increased
up to 26 h and then to remain constant after 36 h of the

@ Springer

contact time [94]. The deposition of AgNPs significantly
increased at the beginning of adsorption process which
could be because the abundant active sites on both the sur-
face of multiwalled carbon nanotubes and Fe;0,—polydopa-
mine core—shell microspheres are still available.

Surface charge influenced by the ionic strength of a solution
is due to the adsorption process that can take place leading to
have a difference in the electrical potential of inner to outer
surface of dispersed phase in solution. Adsorption of AgNPs
onto the synthetic or natural materials would be affected by
ionic strength of altering the concentrations of such as NaNOj,
NaCl, CaCl,, and MgCl, in solution. Adsorption capacity of
AgNPs on the cell surface of Aeromonas punctata increased
with increase in the NaCl concentration from 0 to 0.1 M in
solution which could be because an attraction by electrostatic
force favours the adsorption of AgNPs being characterised
by positive charge on the bacterial cell surface being char-
acterised by negative charge [41]. However, the adsorption
capacity can gradually decrease when the NaCl concentration
increases from 0.1 to 1.5 M that is because the degree of repul-
sion between AgNPs and bacterial cells surface continuously
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increases [41]. Electrostatic barrier can limit the interaction of
cell-particle due to the AgNPs and bacterial cell that are all
positively charged when the concentration of NaCl in solution
is high [41]. An increase in the concentration of NaCl gener-
ates the cations that cover the AgNPs species and bacterial sur-
face to form a shield and can decrease the attractive forces [52].
Effect of pH on AgNPs removal by Aeromonas punctata
shows that the capacity of AgNPs adsorption on the surface
layers of Aeromonas punctata decreases with increase in pH,
while a very low adsorption capacity was verified at pH 9.
This is due to the surfaces of AgNPs, and bacterial extracel-
lular proteins of Aeromonas punctata can exhibit a negative
charge [41]. The balance between attractive and repulsive
forces results in shielding without using a large number
of AgNPs and thus decreases the adsorption capacity of
AgNPs. The adsorption of AgNPs onto Fe;O,—polydopamine
core—shell microspheres has been found to be depend on pH.
An increase in the adsorption percentage of AgNPs can be
attributed to the Ag—catechol bonds formation because of
the existing of specifically high affinity between AgNPs and
polydopamine on the Fe;O, surface as the pH increases from
6 to 10 [94]. The percentage of AgNPs adsorption decreases
when the pH is greater than 10 because the hindrance to
the process of negatively charged AgNPs deposited on the
surface of Fe;O,—polydopamine core—shell microspheres
occurred under alkaline conditions of pH higher than 10.
Effect of the natural water matrices on the adsorption effi-
ciency of AgNPs has been evaluated using the ultrapure water
and river water from the Jialingjiang River to show that the
adsorption capacity of AgNPs onto Fe;O,~PDA in the river
water is almost similar to that in the ultrapure water [94].

Future challenges of AgNPs adsorption
Materials

In spite of many synthetic materials are commonly used
as the adsorbents used to remove AgNPs from waters, the

natural adsorbent-based materials with their abundant avail-
ability attained considerable attention for the water purifica-
tion from AgNPs contamination. Application of the natural
materials allows the market orientation and the development
of porous structure because they have the advantages of
well-defined surface chemistry, large surface area, homo-
geneous pore size distribution, and the easy preparation and
regeneration to owning the multiple practices. The landscape
of scientific research and funding in the future is in flux and
affected by the availability of the natural adsorbent-based
materials, involving the validity of both kinetic and isotherm
models, and questions about regenerating adsorbent and
adsorption capacity. Many natural materials of agricultural
by-products and wood by-products can be modified by the
sequential process comprising of carbonisation of the raw
natural materials followed by activation of the carbonaceous
char with the presence of chemicals or suitable oxidising
gases at elevated temperatures to be more applicable to the
removal of AgNPs from waters. The use of corncob silica
of imbedded AgNPs can be used as the useful materials to
inactivate bacteria [82]. In addition, the use of macrofun-
gus can be encouraged for the removal of AgNPs because
it provides a more meso- and macropore distribution and
larger surface area compared to that of microfungus [90].
This review reveals that it has been no natural adsorbent
materials of having the adsorption capacity better than syn-
thetic adsorbent materials. However, still there is a need to
find out the practical utility of the natural adsorbents with
high adsorption capacity on an industrial scale, leading to
the improvement of AgNPs adsorption in the best means of
achieving the pollution prevention. Table 4 summarises the
advantages and disadvantages of the natural and synthetic
adsorbent materials to be used for the removal of AgNPs
from waters.

Models

A review of the kinetic and isotherm models to validate
the secondary data of different sources for the adsorption

Table 4 Summary of the

: Type of adsorbent
advantages and disadvantages

Advantage

Disadvantage

of the adsorbent materials Natural material

Easily accessible

Abundantly available

Low adsorption capacity
Weaker for long-term use

Easy preparation

Free of toxic

Low cost

Potential as new applicable material

Biodegradable

Synthetic material

Potential as new applicable material
Stronger for long-term use

High adsorption capacity

Expensive
Potential as new pollutant sources
Complicated procedure
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Fig.6 Kinetic adsorption behaviours of atrazine and simazine deposited on granular activated carbon described by the MTF models with the
variations of a [kLa]g, b [k al;, and ¢ [k al, pursuant to the percentage of outflow [19]
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of AgNPs onto various adsorbents has shown an inconsist-
ency of either the kinetic or isotherm models to describe
the behaviours of AgNPs adsorption [89]. In spite of the
use of the pseudo-second-order kinetic equation that has
been discussed in this work can offer a better performance
for the adsorption of AgNPs onto various synthetic mate-
rials, this kinetic model cannot match the experimental
data of assessing the behaviour of AgNPs adsorption
onto the natural material of Aeromonas punctata. Despite
the use of the Langmuir isotherm model can be used to
measure the capability of AgNPs adsorption processed
by certain materials, this isotherm model cannot match
the experimental data of assessing the characteristics of
AgNPs adsorption onto the commercial activated carbon
of Norit-CAl. This review reveals that the kinetic and
isotherm models are still having a weakness because the
mechanisms of adsorption of different adsorbates on the
surface of an adsorbent are different. But it still remains
a challenge for current environmentalists to find a more
general equation to be used for describing the kinetic and
isotherm behaviours of the AgNPs removal from water.
Therefore, the use of the mass transfer factor (MTF) mod-
els that have been validated as the most reliable models
to be used for studying the adsorptions of three kinds of
surfactants [18] and two herbicides of atrazine and sima-
zine [19] onto GAC in hydrodynamic column can be sug-
gested for use in investigating the adsorption of AgNPs.
Such models have been used also to study the isotherm
adsorption of Cd(II) ions onto the beads of titania poly-
vinyl alcohol-alginate [23] in batch experiment. Figure 6
shows an example of the kinetic adsorption behaviours of
atrazine and simazine deposited on granular activated car-
bon, which is best described using the MTF models [19].
This study suggested that the use of the MTF models is
useful for describing the adsorption behaviours of AgNPs
removal from non-contaminated water because it would be
applicable to determine the resistance of mass transfer and
to describe the mechanisms of external and internal mass
transfer. Using the modified transfer factor (MMTF) mod-
els permits us to investigate the simultaneous adsorption
of NH, and AI’* [22] and the adsorption of phosphate
[21] onto GAC from a contaminated water in hydrody-
namic column. These models have been used also to study
the biosorption of oil and grease from agro-food industrial
processing effluent in plug flow reactor supported by Ser-
ratia marcescens SA30 strain [20] and the biosorption of
nitrogenous and phosphorous matters from palm oil mill
effluent in sequencing batch reactor supported by aerobic
granules [24, 25]. Figure 7 shows as an example that the
kinetic adsorption behaviours of NH,* and AI** deposited
on granular activated carbon can be perfectly described
using the MMTF models [22]. This study convincingly
suggested that both the MTF and MMTF models can be
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Fig.7 Kinetic adsorption behaviours of NH,* and AI** deposited on
granular activated carbon described by the MMTF models with the
variations of [kLa]g (black), [k;al; (red), and [k aly (green) pursuant
to the percentage of outflow, where a the adsorption of NH,* onto
GAC from surface water, b the adsorption of AI** onto GAC from
surface water, and ¢ the simultaneous adsorption of NH,* and A
onto GAC from surface water [22] (color figure online)

used to describe the kinetic behaviours of transporting
AgNPs beginning from the bulk water and then ending
after the fixation within the pores and can also determine
the resistance of mass transfer. Table 5 summarises the
most applicable kinetic and isotherm models that have
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Table 5 List of the most applicable kinetic and isotherm models to describe the adsorption of different adsorbates by different types of adsor-

bents

Model

Adsorbate

Adsorbent

Reference

Adsorption kinetics

Power

Avrami

Bangham

Mixed 1,2-order
Double-exponential
Fractal-like exponential

Boyd

Fractal-like pseudo-first-order
Fractal-like pseudo-second-order
Fractal-like mixed 1,2-order
Adsorption isotherm
Langmuir-Freundlich
Redlich—Peterson

Toth

Khan

Jovanovic
Koble—Corrigan
Radke—Prausnitz
Fritz—Schlunder
Baudu

Marczewski-Jaroniec

Hill
Brouers—Sotolongo

Unilin

Hexavalent chromium

(1) Methylene blue and (2) Hg(1I)

Anionic and cationic dyes
Methylene blue
Cadmium ions

Cadmium ions

Copper ions

ArNS-Cu

ArNS-Cu

ArNS-Cu

Arsenic
Dyes
Basic red 9

Phenol based organic pollutants
Benzoic acid

Pure hydrocarbons

Organic solutes

Organic solutes

Basic red 9

Basic red 9

Haemoglobin
As(IIT) and As(V)

Basic red 9

Dead fungal biomass of marine Aspergil-
lus niger

(1) Brazilian pine-fruit shell in natural
and carbonised forms and (2) thin chi-
tosan membranes

Activated carbon

Mesoporous carbons

Duolite ES 467 resin

Duolite ES 467 resin

Surface modified agricultural waste
Heterogeneous solid surfaces
Heterogeneous solid surfaces
Heterogeneous solid surfaces

Pure goethite and goethite-coated sand
Fly ash and red mud

Activated carbon derived from immature
cotton seeds

Activated carbon
Granular activated carbon
Activated charcoal
Activated carbon
Activated carbon

Activated carbon derived from immature
cotton seeds

Activated carbon derived from immature
cotton seeds

Salts present in the solution

Novel neem leaves/MnFe,0, composite
biosorbent

Activated carbon derived from immature
cotton seeds

Khambhaty et al. [39]

(1) Royer et al. [76] and (2)
Lopes et al. [54]

Rodriguez et al. [75]
Marczewski [59]
Haerifar and Azizian [29]
Haerifar and Azizian [29]
Kumar et al. [45]
Haerifar and Azizian [30]
Haerifar and Azizian [30]
Haerifar and Azizian [30]

Jeppu and Clement [36]
Wang et al. [92]
Sivarajasekar and Baskar [86]

Khan et al. [40]

Shahbeig et al. [79]

Koble and Corrigan [43]
Radke and Prausnitz [74]
Fritz and Schluender [17]
Sivarajasekar and Baskar [86]

Sivarajasekar and Baskar [86]

Hill [34]
Podder and Majumder [70]

Sivarajasekar and Baskar [86]

been used to describe the adsorption of different adsorb-
ates by different types of adsorbents. Furthermore, it has
been reviewed the applicability of the fifteen kinetic mod-
els and fifteen isotherm models to explain the behaviours
of AgNPs deposited on the various adsorbent materials
[89] to show that the applicability of a model is dependent
on the nature and characteristics of the adsorbent.

Cost

The price of the natural cover the costs necessary to manu-
facture the adsorbents adsorbent-based materials not only
has to but also the other costs of such as administrative
overhead and cost of adsorption process. A large number
of various natural materials-based adsorbents have been

@ Springer

suggested for determining their ability to remove the con-
tamination of AgNPs from waters. Several types of the
natural materials and typical waste products from certain
industries can be modified to activated carbons for use
as the adsorbent materials in removing AgNPs from con-
taminated water because such types of the raw adsorbent
materials can be easily obtained, prepared, employed,
and disposed them with a little cost [4]. A comprehensive
guideline for carrying out cost—benefit analysis can be sug-
gested for the whole process of AgNPs adsorption on the
various natural adsorbent materials in order to get better
understanding on the capital and operating costs affected
by different parameters. The analysis of catalyst produc-
tion in the biocatalytic processes by the guidelines and
cost analysis has exhibited that the reduction in produc-
tion costs for the adsorption of AgNPs by several orders
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of magnitude would be possible and has the potential to
achieve the markets potential of the products [91]. This
review reveals that there are no economic studies to ana-
lyse whether the adsorption of AgNPs onto various natural
adsorbents would be applicable to an industrial scale. It
therefore provides a suggestion for the future of AgNPs
adsorption regarding the methodological solutions on how
to analyse the economics of AgNPs deposited on the sur-
face of low-cost adsorbents prepared from various natural
materials.

Conclusions

This paper reviewed the adsorption of AgNPs onto the
various synthetic and natural materials to reveal the
interaction of AgNPs with halides, oxygen, and sulphide
depending on the environmental conditions. The validity
of the adsorption kinetics and isotherm models depends on
the nature of the adsorbent materials. The performance of
AgNPs adsorption is controlled by the interaction mecha-
nisms of either electrostatic or van der Waals forces and
affected by the factors of contact time, adsorbent dosage,
pH, ionic strength, and natural water matrices. This review
provides a valuable insight into the future challenges of
AgNPs adsorption regarding the adsorbent materials, the
kinetics and isotherm models, and the costs analysis. The
MTF and MMTF models can specifically be suggested for
use in the analysis of the behaviours of AgNPs adsorption
by natural material-based adsorbents to get better under-
standing of the environmental remediation in the future.
The future applications of the natural adsorbent materi-
als, kinetics and isotherm models, and manufacturing
cost analysis have been suggested towards contributing to
the improvement of AgNPs deposited on various natural
materials.
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