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purpose of this study is therefore to assess the most reliable models for the adsorption of AgNPs onto
feasibility of an adsorbent. The fifteen kinetic models and fifteen isotherm models were used to test
secondary data of AgNPs adsorption collected from the various data sources. The rankings of arithmetic
mean were estimated based on the six statistical analysis methods of using a dedicated software of the
MATLAB Optimization Toolbox with a least square curve fitting function. The use of fractal-like mixed 1,
2-order model for describing the adsorption kinetics and that of Fritz-Schlunder and Baudu models for
describing the adsorption isotherms can be recommended as the most reliable models for AgNPs
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Arithmetic mean adsorption onto the natural and synthetic adsorbent materials. The application of thirty models have

Natural adsorbent been identified for the adsorption of AgNPs to clarify the usefulness of both groups of the kinetic and

Silver nanoparticles isotherm equations in the rank order of the levels of accuracy, and this significantly contributes to un-

Synthetic adsorbent derstandability and usability of the proper models and makes to knowledge beyond the existing
literatures.
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1. Introduction

Silver nanoparticles (AgNPs) have been widely used in many
industrial applications due to they have many advantageous
properties of such as antibacterial, antifungal, antiviral, anti-
inflammatory, anti-angiogenic and anticancer agents, as well as
high electrical conductivity and high sensitivity (Desireddy et al.,
2013; Kumar et al., 2008; Le Ouay and Stellacci, 2015; Naik et al.,
2002; Park et al, 2012; Zhang et al., 2016). However, the exces-
sive amount of AgNPs released from industrial products of such as
detergents, textiles, toys, cosmetics and medical devices can have
the potential to cause the risks to human health and the environ-
ment because of its antimicrobial effects and subsequent product
applications, and the presence of AgNPs in the environment poses
undesirable effects on plants of being inhibited seed germination
and growth and has substantial adverse to microbial communities
in engineered or natural ecosystems (Chen et al., 2017; Quadros and
Marr, 2010; Tripathi et al., 2017). The content of AgNPs released
from industrial products becomes more important and concerned
in many countries because it can cause toxicity to aquatic biota near
sources such as sewage discharges.

Adsorption found to be effective and cheap method among the
available heavy metals removal methods and has been widely used
to remove AgNPs from water. The use of nitrogen rich core-shell
magnetic mesoporous silica as adsorbent has been proven to be
effective for the removal of AgNPs from water with an adsorption
capacity of 909.1 mg g~! (Zhang et al., 2017). The use of glass beads
as adsorbent can remove up to 75% of AgNPs (Polowczyk et al.,
2015). The use of aged iron oxide magnetic particles synthesized
by a simple solvothermal method can remove up to 90% of AgNPs
for a contact time of 90 min (Zhou et al., 2017). The elimination of
AgNPs from synthetic wastewater by electrocoagulation has been
proven to be effective by using four different routes (Matias et al.,
2015).

Many theoretical and empirical models have been proposed for
describing mechanisms of AgNPs adsorption from aqueous solu-
tion. However, the report provides practical guidance for choosing
an appropriate method by comparing two, three or four models
only. Four kinetic models of Lagergren pseudo-first-order, pseudo-
second-order, Elovich and intraparticle diffusion have been tested
for modeling the adsorption kinetics of AgNPs from aqueous so-
lution to justify that two-parameter equations of pseudo-second-
order showed more applicability than six-parameter equations of
pseudo-first-order, Elovich and intraparticle diffusion (Ruiz-
Baltazar et al.,, 2015). Application of four kinetics models and
three isotherm models has been proposed for simulating the
experimental data of AgNPs adsorption onto different adsorbents
to show that all the data can have a better fit for both the kinetic
model of pseudo-second-order and the isotherm model of Lang-
muir (Zhou et al., 2017). Two kinetic models (i.e., pseudo-first-order
and pseudo-second-order) and three isotherm models (i.e.,

Dubinin-Radushkevich, Freundlich and Langmuir) have been pro-
posed to test the experimental data of AgNPs adsorption and
confirmed that using the pseudo-second-order and Langmuir
models can get more accurate estimates of the parameter equations
(Wu et al., 2017). The use of two kinetic models (i.e., pseudo-first-
order and pseudo-second-order) and two isotherm models (i.e.,
Freundlich and Langmuir) has been used to simulate the experi-
mental data of AgNPs adsorption to show that the most reliable
estimates of the parameter equations were found with the pseudo-
second-order and Langmuir models (Zhang et al., 2017). The use of
Langmuir model has been proven to be better than that of
Freundlich model for describing the adsorption of AgNPs on the
surface of sodium montmorillonite nanoclays (Zarei and Barghak,
2015). Three models of pseudo-first-order, pseudo-second-order
and Langmuir have been used to explain many observations in
adsorption of AgNPs on the surface of a natural material of added
Aeromonas punctate strain to show that the experimental data were
fit well with the Langmuir and pseudo-second-order models (Khan
et al., 2012). Modeling of experimental data for the adsorption of
AgNPs from aqueous solution using the copper-based metal organic
framework nanoparticles would fit well with the pseudo-second-
order and Langmuir models, and the Langmuir isotherm does
describe equilibrium behavior better than the Freundlich isotherm
due to the adsorption does not continue beyond a monolayer
(Conde-Gonzédlez et al., 2016). However, the experimental data for
the adsorption of AgNPs on commercial activated carbon showed
that the Freundlich isotherm can describe equilibrium behavior
better than the Langmuir isotherm because of the adsorption
continues beyond a monolayer (Gicheva and Yordanov, 2013). The
conclusions obtained from different studies did show that the
usefulness of statistical tests in model validation for the adsorption
of AgNPs on the surface of a material is very limited.

The interpretation of adsorption isotherms has been reviewed
for the applications of one one-parameter isotherm of Henry's
model, thirteen two-parameter isotherms of Hill-Deboer, Fowler-
Guggenheim, Langmuir, Freundlich, Dubinin-Radushkevich, Tem-
kin, Flory-Huggins, Hill, Hasley, Harkin-Jura, Jovanovic, Elovich and
Kiselev models, eight three-parameter isotherms of Redlich-
Peterson, Sips, Toth, Koble-Carrigan, Kahn, Radke-Prausnits, Lang-
muir-Freundlich and Jossens models, four four-parameter iso-
therms of Fritz-Schlunder, Baudu, Weber-Van Vliet and
Marczewski-Jaroniec models, and one five-parameter isotherm
model developed by Fritz and Schlunder whereas the error analysis
was performed using the nine methods of Sum of Square of Errors
(ERRSQ), Hybrid Fractional Error Function (HYBRID), Average
Relative Error (ARE), Marquardt's Percent Standard Deviation
(MPSD), Sum of Absolute Errors (EABS), Sum of Normalized Errors
(SNE), Coefficient of Determination (Rz), Nonlinear Chi-Square Test
(X?), Coefficient of Nondetermination (1.00 — R?). This review
concludes that the level of accuracy would be dependent on the
successful modeling and interpretation of adsorption isotherms
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(Ayawei et al., 2017). Even if the mass transfer factor (MTF) models
to describe the adsorption kinetics of AgNPs solely in water
(Fulazzaky, 2011, 2012) and the modified MTF models to describe
the adsorption kinetics of AgNPs accompanied with multifarious
solute in water (Fulazzaky et al., 2013, 2014; 2017) have not been
used to possibly distinguish between the film mass transfer and the
porous diffusion and to determine the resistance of mass transfer, it
could be a challenge of verifying the possibility of using many other
mathematical models to understand the behaviors of AgNPs
adsorption. The aim of this study was to evaluate the use of fifteen
kinetic models and that of fifteen isotherm models for describing
the behaviors of AgNPs adsorption onto different adsorbents from
aqueous solution. In the present work, the use of dedicated soft-
ware program of the MATLAB Optimization Toolbox with a least
square curve fitting (Isqcurvefit) function can be used as a frame-
work to systematically manipulate and compare the application of
six statistical methods of analysis toward a better understanding on
the adsorption behaviors of AgNPs.

2. Materials and methods
2.1. Data collection

The data of AgNPs adsorption provided by secondary data
sources were used as input to a numerical simulation process. The
biological and non-biological adsorbent materials were all consid-
ered being testable in this study. The experimental data of AgNPs
adsorption onto the synthetic materials of glass beads (GB)
collected by Polowczyk et al. (2015), aged iron oxide magnetic
particles (AIOMP) collected by Zhou et al. (2017), Fe304@ poly-
dopamine core-shell microspheres (FPC) collected by Wu et al.
(2017) and poly (ethylenimine) functionalized core-shell mag-
netic mesoporous silica composites (PFC) collected by Zhang et al.
(2017) as well as those onto the natural (biological) material of
using the strains of Aeromonas punctata (AP) collected by Khan et al.
(2012) were reviewed to assess the reliability of a model and to
compare different models.

2.2. Numerical simulation

2.2.1. Adsorption kinetic models

This study used the fifteen kinetic models to assess the behav-
iors of AgNPs adsorption onto different materials. To date, some of
these models have been used as systemic approaches to simulate
the secondary data (Khan et al., 2012; Polowczyk et al., 2015; Wu
et al,, 2017; Zhang et al., 2017; Zhou et al., 2017) in spite of many
other models such as the MTF and modified MTF models
(Fulazzaky, 2011, 2012; Fulazzaky et al., 2013, 2014; 2017) are still
not considered for the analysis of the data.

In this work, the first-order model as proposed by Gupta et al.
(2001) for dynamic modeling of lead and chromium removal
from aqueous solution on red mud was used to assess the reason-
ableness of accounting its two-parameter equations and this can be
mathematically written as follows:

gt = ge — exp(—kqt) (1)

where ¢ is the adsorption capacity (mg g~!) at time ¢ (min), ge is
the adsorption capacity at equilibrium (mg g~ '), and k; is the first-
order rate constant (min~').

The Ritchie second-order model has been used to describe the
adsorption of cadmium ions from effluents using bone char
(Cheung et al., 2001) and can be mathematically formulated
(Cheung et al.,, 2001; Khambhaty et al., 2009) as:

_ qe
e = 1+ qekzt (2)

where k; is the second-order rate constant (min~").

The pseudo-first-order model, firstly proposed by Lagergren
(1898) to describe the kinetic process of liquid-solid phase
adsorption of oxalic acid and malonic acid onto charcoal and then
used by Ho and McKay (1998a) to describe the pseudo-first order
sorption kinetics of phosphate onto tamarind nut shell activated
carbon, can be mathematically written as the following formula:

qr = qe[1 — exp(—kp1t)] (3)

where g. is the adsorption capacity at equilibrium (mg g~!), and kp1
is the pseudo-first-order rate constant (min~1).

A kinetic model of the pseudo-second-order as proposed by Ho
and McKay (1998b) to describe the chemisorption of divalent metal
ions onto peat may be used to compare protocols and tests and this
can be expressed as follows:

kp2q2t

“ T kgt @

qe

where kp; is the pseudo-second-order rate constant (min~1).

The intraparticle diffusion model (Plazinski and Rudzinski,
2009) to describe the transportation of species from the bulk to
solid phase of porous material in solution may take the following
form:

qt = k,‘p\/f-f—cjp (5)

where ki, is the measure of diffusion coefficient (mg g~! min~(1/2))
and cjp is the intraparticle diffusion constant (mg )

A power model of describing the adsorption behaviors as pro-
posed by Khambhaty et al. (2009) can be mathematically written as
follows:

G = kot (6)

where kj and v, are the power constants of the model.

The Avrami's model to describe the kinetics of phase trans-
formation under the assumption of spatially random nucleation has
been used for assessing the adsorption of either methylene blue or
Hg(Il) from aqueous solution (Lopes et al., 2003; Royer et al., 2009)
and can be expressed by the following equation:

qr = Ge[1 — exp(—Kkat)"™™] (7)

where k,, the Avrami rate constant (min~') and n,y is the Avrami
component (dimensionless).

The Bangham model has been used to describe the adsorption of
anionic and cationic dyes on activated carbon from aqueous solu-
tion (Rodriguez et al., 2009) and can be written in the form of:

qt = kbtl/m (8)

where k;, is the adsorption rate constant (mg g~' min~') and m is
the indicator of adsorption intensity (dimensionless).

A kinetic model derived from the pseudo-first-order and
pseudo-second-order called the mixed 1, 2-order model as pro-
posed by Marczewski (2010) to assess the kinetics of dye adsorption
onto mesoporous carbons from aqueous solution can be proposed
in this work to assess the behaviors of AgNPs adsorption. The for-
mula of the mixed 1, 2-order model can be written as follows:
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1 — exp(—kt)
qt = Qel *f2exp(*kt) (9)
where f; is the mixed 1,2-order coefficient (dimensionless) and k is
the adsorption rate constant (mg g~! min~1).

An exponential form of the kinetic equation (Haerifar and
Azizian, 2013) can be used to describe the pattern of adsorption
rate with time where its mathematical equation can be written in
the following form:

qr = qeln[2.72 — 1.72exp(—ket)] (10)

where ke is the constant of the exponential model (mg g~! min~).

A modified exponential model called as the fractal-like expo-
nential model has been proposed by Haerifar and Azizian (2013) for
the adsorption on heterogeneous solid surface and can be written
in the form of:

g = geln|2.72 — l.72exp( - kﬂet“>] (11)

where ke is the fractal-like exponential rate coefficient (mg g~ !
min~') and o is the constant of the model (dimensionless).

The Boyd's model as proposed by Kumar et al. (2014) to predict
the actual slowest step in the adsorption process and by Viegas
et al. (2014) for estimating intraparticle diffusion coefficients in
adsorption processes can be used to assess the behaviors of AgNPs
adsorption and this can be expressed as:

6
Gt = Ge|1 — —exp(—Bt) (12)

where B is the coefficient that covers the effective diffusion process
and radius of the particles (min~').

A modification of the pseudo-first-order model called as the
Fractal-like pseudo-first-order model has been proposed by
Haerifar and Azizian (2014) to introduce the fractal concept and can
be written as:

qr = Qe [1 - exp( - Icﬂfoto‘)] (13)

where kg, is the fractal-like pseudo-first-order coefficient (mg g~
min~') and « is the fractal-like pseudo-first-order model constant.

A modification of the pseudo-second-order model called as the
fractal-like pseudo-second-order model proposed by Haerifar and
Azizian (2014) to introduce the fractal concept can be mathemati-
cally written as:

kqsoq2t®
- flsode
qr = T4 koo Got® kﬂsoCIef"‘ (14)

where kg is the fractal-like pseudo-second-order coefficient (mg
g ! min~!) and « is the fractal-like pseudo-second-order model
constant.

A modification of the mixed 1, 2-order model called as the
fractal-like mixed 1, 2-order model proposed by Haerifar and
Azizian (2014) to introduce the fractal concept can be written in

the mathematical expression of:

1- exp( - kﬂfst"‘>

e (15)
1 —fzexp< - I<ﬂfst0‘>

qc =4

where kg is the fractal-like mixed 1, 2-order coefficient (mg g*1
min~!) and « and f> are the fractal-like mixed 1, 2-order model

constants.

2.2.2. Adsorption isotherm models

To do a computation of performance of an adsorption system for
selecting the most appropriate model, this study used the fifteen
isotherm models to assess the behaviors of AgNPs adsorption onto
different materials.

The Langmuir model proposed by Langmuir (1918) has been
widely used to describe the adsorption occurred on homogenous
surface by monolayer sorption with a finite number of identical
sites such as for the adsorption of 2,4,6-trichlorophenol on coconut
husk-based activated carbon (Hameed et al., 2008) and this can be
mathematically expressed as:

K qmCe
Qe =17KC (16)
where g. is the adsorption capacity at equilibrium (mg g~1), qm is
the maximum adsorption capacity per unit weight of the adsorbent
(mg g 1), Ce is the concentration of adsorbate at equilibrium (mg
L~!) and K; is the Langmuir constant relating the affinity of the
binding sites (L mg~1).

The Freundlich model empirically developed by Freundlich
(1906) would be suitable to describe sorption of several com-
pounds to heterogeneous surfaces or surfaces supporting sites of
varied affinities, assuming that stronger binding sites are occupied
first and then binding strength decreases with increasing degree of
site occupation (Silva et al., 2013), and can be expressed in the form
of:

de = KfCo/™ (17)

where Kfis the Freundlich constant relating the sorption capacity (L
g~ 1) and n is the sorption intensity of adsorbent (dimensionless).
The Langmuir-Freundlich models would be suitable for
describing both types of Langmuir and Freundlich adsorption
isotherm (Jeppu and Clement, 2012) and can be written as:

o qm(KqCe)"

T 1+ (KaCo)" (18)

e

where K, is the affinity constant representing the degree of
adsorption (L mg~!) and n is the heterogeneity index.

The Redlich-Peterson model offers a compromise between two
isotherm models of Langmuir and Freundlich by assuming the
mechanism of adsorption is a hybrid and does not follow ideal
monolayer adsorption (Wang et al., 2005) and can be formulated as
follows:

KrpCe

_ 19
1+ ClRng (19)

e

where Kgp and agp are the Redlich-Peterson isotherm constants (L
g 1) and b is the exponent that lies between 0 and 1.

The Toth model as empirical modification of the Langmuir
model aims of reducing the error between experimental data and
predicted values of equilibrium data (Ayawei et al, 2017;
Sivarajasekar and Baskar, 2014) and can be written as:

QmCe
—=__mre 20
Qe (K 4 €)™ (20

where Kt is the Toth isotherm constant (mg g~!) and nr is the Toth
model exponent (mg g~ 1).
The Khan isotherm model has been used to describe the
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experimental data with the minimum average percentage error for
the adsorption of some pollutants from aqueous solutions by
comparing several multicomponent adsorption isotherms (Ayawei
et al., 2017; Khan et al., 1997) and can be expressed in the gener-
alized mathematical expression of:

qmbk Ce

(1 4 by Ce)™ 1)

e =

where by is the Khan isotherm constant (L mg’l) and ak is the Khan
isotherm model exponent.

The Jovanovic model developed based on the assumptions
contained in the Langmuir model with the possibility of some
mechanical contacts between the adsorbing and desorbing mole-
cules (Ayawei et al., 2017; Shahbeig et al., 2013) and can be
formulated as follows:

Ge = qm[1 — exp(—K;Ce) | (22)

where Kj is the Jovanovic constant (L g .

The Koble-Corrigan model proposed by Koble and Corrigan
(1952) as a three-parameter equation of isotherm model which
incorporates both Langmuir and Freundlich isotherms for repre-
senting equilibrium data of adsorption on heterogeneous surfaces
(Ayawei et al., 2017; Shahbeig et al., 2013) and can be represented
by the following formula:

B Qman

=1 —e 23
1+ bCd (23)

qe

where q, b, and d are the Koble-Corrigan isotherm constants.

The Rake-Prausnitz model developed based on the concept of
thermodynamic ideal solution by Radke and Prausnitz (1972) has
several important properties which makes it more preferred in
most adsorption systems to low adsorbate concentration (Ayawei
et al., 2017; Sivarajasekar and Baskar, 2014) and can be expressed
as:

o = qmaRPCenRP (24)
(1 + agpCe]
where agp is the Radke-Prausnitz equilibrium constant (L mg~1)
and ngp is the Radke-Prausnitz model exponent.

The Fritz-Schlunder model proposed by Fritz and Schluender
(1974) as an empirical equation can fit a wide range of experi-
mental data (Ayawei et al., 2017) and can be expressed as follows:

apsCeP
Qe = Fsied (25)
1+ bpsCe™

where ags and bgs are the Fritz-Schlunder equilibrium constants (L
g~ 1) and cps and dgs are the Fritz-Schlunder model exponents.

The Baudu model developed from the estimation of the Lang-
muir coefficients model by the measurements of tangents at
different equilibrium concentrations (Ayawei et al., 2017; McKay
et al., 2014; Sivarajasekar and Baskar, 2014) can be expressed as
follows:

_ qm bB Cg +X+y

26
1 4 bgClt* (26)

e

where bg is the Baudu equilibrium constant (L mg~!), x and y are
the Baudu model parameters.

The Marczewski-Jaroniec model known as the four-parameter
general Langmuir equation has bee developed on basis the

distribution of the supposition of local Langmuir isotherm and
adsorption energies distribution in the active sites on adsorbent
(Chen, 2003; Sivarajasekar and Baskar, 2014) and can be expressed
by the following formula:

b
v
de = liq'""“’ : 7

mM//ij
1+ anCgM]]
where ayy is the Marczewski-Jaroniec equilibrium constant (L
mg~!) and byy and myy are the Marczewski-Jaroniec model
exponents.

The Hill model developed by Hill (1910) based on the assump-
tion that adsorption is a cooperative phenomenon with adsorbates
at one site of the adsorbent influencing different binding sites on
the same adsorbent (Rania and Yousef, 2015) can describe the
binding of different solutes onto homogeneous adsorbent and can
be written as:

qmCe"
Qe =g+ (28)
where Ky is the Hill isotherm constant and ny is the Hill coefficient.
Notes that the values of ny> 1, ny=1 and ng < 1 indicate positive
cooperativity, non-cooperative or hyperbolic binding and negative
cooperativity in binding, respectively.

The Brouers-Sotolongo model is an adsorption isotherm model
given by a deformed exponential function of Weibull distribution
(Podder and Majumder, 2016) and this can be written by the
following formula:

de = qm [1 - EXP( - KBSCgBS)] (29)

where Kgs is the Brouers—Sotolongo equilibrium constant (L mg™1)
and ngs is the Brouers—Sotolongo model exponent.

The Unilin model is one of the empirical correlations to express
experimental data for representing the adsorption (Valenzuela and
Myers, 1989) and can be mathematically formulated as follows:

_ dm ay + Ceexp(by)
e = 3p, In (au + Ceexp(—by) (30)

where ay is the Unilin equilibrium constant and by is the Unilin
model exponent.

2.3. Error analysis for application of the kinetic and isotherm
models

This study used the dedicated software of the MATLAB Opti-
mization Toolbox with its Isqcurvefit function to simulate and
analyze the experimental data of AgNPs adsorption on the natural
and synthetic adsorbent materials. The algorithms can perform
calculation, data processing and automated reasoning tasks based
on the nonlinear Isqcurvefit function found in the MATLAB to find
the coefficient of determination (R?), root mean squared error
(RMSE), percentage of error in maximum estimated value (Epqax),
percentage of error in minimum estimated value (E;;,), mean ab-
solute percent error (MAPE) and mean absolute deviation (MAD)
for statistical analysis significance tests for all the kinetic and
isotherm models. The first condition induces a ranking of the
arithmetic mean for every model in terms of accuracy. Because of
the arithmetic mean is the most commonly used and readily un-
derstood measure of central tendency, the selection of a potential
model with comparison of the other models as a function of the
number of terms in each model is based on the arithmetic mean
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information criteria. Finally, the best model order can be deter-
mined using the minimum value of average ranking (AR). The
mathematical equation of the statistical analysis methods can be
described as follows:

(1) For the coefficient of determination,

Rz —1_ \J Z (Xobs, i~ xmodeL i)z (31)

- 2
Z (xobs, i xobs)

(2) For the root mean squared error,

2
Z?:] (xobs. i — Xmodel, i)
n

RMSE = (32)

(3) For the percentage of error in maximum estimated value,

Xmodel, max — Xobs, max

x 100% (33)

Emax =

Xobs, max

(4) For the percentage of error in minimum estimated value,

E _ Xmodel, min — Xobs, min
min —

x 100% (34)

Xobs, min

(5) For the mean absolute percent error,

mapE — (L~ Rabsi = Xmoaetil)  00g (35)
n |Xobs,i}

(6) For the mean absolute deviation,

1
MAD = EZ‘X"bS'i - Xmodelﬁi| (36)

where Xgps,i is the data obtained from observation at time i, Xmodel,i
is the data modeled for observation at time i, n is the number of
data, Xmodel,max iS the maximum value of the modeled data, Xobs max
is the maximum value of the observed data, Xxmodel,min 1S the mini-
mum value of the modeled data, and Xops min is the minimum value
of the observed data.

3. Results and discussion
3.1. Results

The requirement to define a proper model for the adsorption of
AgNPs onto different adsorbents has been becoming a concern in
terms of AgNPs removal (Sheng and Liu, 2017). In this work, the
following criteria were used to rank the goodness-of-fit testing of
the kinetic and isotherm models to experimental data that the
value of AR < 3.75, that of 3.75 < AR < 7.50, that of 7.50 < AR < 11.25
and that of 11.25 < AR < 15 represent the very good, good, satis-
factory and poor adsorption performance, respectively. The results
of ranking the values of every statistical analysis method for the
adsorption of AgNPs onto different adsorbents were analyzed on
the basis of measuring the values of the parameter equations of
each model (see Tables 1 and 2 in Supplementary materials) and
can be then used to verify if one kinetic or isotherm model could fit
the data better than others.

3.1.1. Adsorption of AgNPs on glass beads

The results (Table 3 in Supplementary materials) of ranking the
values of arithmetic mean being obtained from every statistical
analysis method for the kinetic models of AgNPs adsorption on GB
show that the statistical analysis for the fractal-like mixed 1, 2-

order, fractal-like pseudo-first-order and fractal-like exponential
models gives a very good fit to experimental data as their AR values
of 1.2, 2.3 and 3.3, respectively, have been verified with a best fit
being obtained for the fractal-like mixed 1, 2-order model due to its
lowest AR value of 1.2. A good fit can be obtained for the fractal-like
pseudo-second-order, Power, Boyd and Bangham models as their
AR values of 3.8, 5.5, 5.7 and 6.2, respectively, were verified. The
model-data fit can be considered satisfactory for the intraparticle
diffusion, pseudo-second-order, mixed 1, 2-order and exponential
models since the AR values were verified as high as 8.3, 9.3, 9.3 and
11.2, respectively. The statistical analysis for the pseudo-first-order,
first order, Avrami and second-order models gives a poor fit to the
data due to their AR values of 13.0,13.2, 13.3 and 14.3, respectively,
were verified and this reveals a very poor fit being obtained for the
second-order model because of its AR value of 14.3 is higher than
others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on GB (see Table 4 in Sup-
plementary materials) shows that the Fritz-Schlunder and Baudu
models give a very good fit to experimental data as their AR values
of 1.67 and 2.67, respectively, have been verified with a best fit
being obtained for the Fritz-Schlunder model verified by its lowest
AR value of 1.67. A good fit can be found for the Khan, Toth and
Radke-Prausnitz models as it can be verified by observation of their
AR values of 3.67, 4.17 and 4.67, respectively. The verification of
model-data fit carried out using the Brouers-Sotolongo, Hill,
Redlich-Peterson, Jovanovic, Maczewski-Jaroniec, Koble-Corrigan
and Langmuir models can be considered satisfactory since this view
deals with the AR values as high as 7.67, 8.00, 8.17,9.33,10.00, 10.38
and 11.17, respectively. The statistical data analysis gives a poor fit
for the Langmuir-Freudlich, Unilin and Freundlich models as it has
been verified by the observation of the AR values as high as 12.00,
12. 17 and 13.83, respectively, and this verification reveals a very
poor fit for the Freundlich model due to its AR value of 13.83 is
higher than others.

3.1.2. Adsorption of AgNPs on aged iron oxide magnetic particles

The results (Table 5 in Supplementary materials) of numerical
simulation by the kinetic models of AgNPs adsorption on AIOMP
show that the statistical analysis for the fractal-like mixed 1, 2-
order, mixed 1, 2-order and fractal-like pseudo-first-order kinetic
models gives a very good fit to experimental data as their AR values
of 1.33,1.83 and 2.83, respectively, have been verified with a best fit
being obtained for the fractal-like mixed 1, 2-order model due to its
lowest AR value of 1.33. A good fit can be obtained for the fractal-
like exponential, fractal-like pseudo-second-order, pseudo-first-
order and Avrami models since their AR values of 4.00, 5.00, 6.33
and 7.00, respectively, were verified. The model-data fit can be
considered satisfactory for the exponential, pseudo-second order
and power models because of the AR values were verified as high as
8.17, 9.17 and 10.67, respectively. The statistical analysis for the
Bangham, Boyd, intraparticle diffusion, first-order and second-
order models gives a poor fit to the data due to their AR values of
11.33, 11.33, 12.00, 14.33 and 14.67, respectively, were verified and
this reveals a very poor fit being obtained for the second-order
model because of its AR value of 14.67 is higher than others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on AIOMP (see Table 6 in
Supplementary materials) shows that the only Brouers-Sotolongo
model gives a very good fit to experimental data due to its AR
value of 1.00 has been verified. A good fit can be found for the
Langmuir-Freudlich, Fritz-Schlunder, Baudu, Koble-Corrigan, Hill,
Maczewski-Jaroniec and Jovanovic models as it can be verified by
observation of their AR values of 4.00, 4.50, 4.50, 4.67, 4.83, 5.50
and 7.00, respectively. The verification of model-data fit carried out
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using the Toth, Khan and Radke-Prausnitz models can be consid-
ered satisfactory since this view deals with the AR values as high as
9.67,9.83 and 10.50, respectively. The statistical data analysis gives
a poor fit for the Langmuir, Unilin, Redlich-Peterson and Freundlich
models as it has been verified by the observation of the AR values as
high as 12.33, 12.67, 14.33 and 14.67, respectively, and this verifi-
cation reveals a very poor fit for the Freundlich model due to its AR
value of 14.67 is higher than others.

3.1.3. Adsorption of AgNPs on Fe304@ polydopamine core-shell
microspheres

The results (Table 7 in Supplementary materials) of ranking the
values of arithmetic mean being obtained from every statistical
analysis method for the kinetic models of AgNPs adsorption on FPC
show that the statistical analysis for the fractal-like mixed 1, 2-order
and pseudo-second order models gives a very good fit to experi-
mental data because of their AR values of 1.17 and 2.83, respectively,
have been verified with a best fit being obtained for the fractal-like
mixed 1, 2-order model due to its lowest AR value of 1.17. A good fit
can be obtained for the pseudo-first-order, first order, exponential,
Boyd and Avrami models since their AR values 0f 4.83, 5.17,5.33, 5.33
and 5.83, respectively, were verified. The model-data fit can be
considered satisfactory for the fractal-like exponential, Bangham,
power, fractal-like pseudo-first-order and mixed 1, 2-order models
since their AR values were verified as high as 9.33,10.00, 10.17, 10, 50,
and 11.17, respectively. The statistical analysis for the fractal-like
pseudo-second-order, intraparticle diffusion and second-order
models gives a poor fit to the data because of their AR values of
11.50, 12.17 and 14.67, respectively, were verified and this reveals a
very poor fit being obtained for the second-order model due to its AR
value of 14.67 is higher than others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on FPC (see Table 8 in Sup-
plementary materials) shows that the only Koble-Corrigan model
give a very good fit to experimental data as its AR value of 2.17 has
been verified. A good fit can be found for the Toth, Khan, Brouers-
Sotolongo, Fritz-Schlunder, Baudu, Langmuir-Freudlich and
Maczewski-Jaroniec models as it can be verified by observation of
their AR values of 3.67, 4.00, 5.17, 6.33, 6.33, 6,67 and 7.00,
respectively. The verification of model-data fit carried out using the
Hill, Jovanovic and Langmuir models can be considered satisfactory
since this view deals with their AR values as high as 9.33, 9.50 and
9.83, respectively. The statistical data analysis gives a poor fit for the
Unilin, Radke-Prausnitz, Freundlich and Redlich-Peterson models
as it has been verified by the observation of the AR values as high as
12.17, 12. 33, 12.50 and 13.00, respectively, and this verification
reveals a very poor fit for the Redlich-Peterson model due to its AR
value of 13.00 is higher than others.

3.14. Adsorption of AgNPs on Poly(ethylenimine) functionalized
core-shell magnetic

The results (Table 9 in Supplementary materials) of ranking the
values of arithmetic mean being obtained from every statistical
analysis method for the kinetic models of AgNPs adsorption on PFC
show that the statistical analysis for the fractal-like pseudo-first-
order, fractal-like mixed 1, 2-order and fractal-like exponential
models gives a very good fit to experimental data as their AR values
0f 2.00, 2.83 and 3.17, respectively, have been verified with a best fit
being obtained for the fractal-like pseudo-first-order model
because of its lowest AR value of 2.00. A good fit can be obtained for
the fractal-like pseudo-second-order, Boyd, pseudo-second-order,
power and mixed 1, 2-order models as their AR values of 4.17,
5.83, 6.67, 7.00 and 7.00, respectively, were verified. The model-
data fit can be considered satisfactory for the Bangham, intra-
particle diffusion and exponential models since the AR values were

verified as high as 7.67,10.33 and 10.33, respectively. The statistical
analysis for the pseudo-first-order, Avrami, first-order and second-
order models gives a poor fit to the data due to their AR values of
11.67, 12.33, 14.50 and 14.50, respectively, were verified and this
reveals a very poor fit being obtained for the first-order and second-
order model because of the same their AR value of 14.50 is higher
than others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on PFC (see Table 10 in
Supplementary materials) shows that the only Freundlich model
give a very good fit to experimental data as its AR value of 3.67 has
been verified. A good fit can be found for the Radke-Prausnitz, Toth,
Fritz-Schlunder, Khan, Brouers-Sotolongo, Koble-Corrigan and
Baudu models as it can be verified by observation of their AR values
of 4.33, 4.50, 5.33, 5.50, 6.67, 7.17 and 7.33, respectively. The veri-
fication of model-data fit carried out using the Langmuir-Freudlich,
Maczewski-Jaroniec and Unilin models can be considered satis-
factory since this view deals with the AR values as high as 8.00, 8.67
and 9.33, respectively. The statistical data analysis gives a poor fit
for the Jovanovic, Langmuir, Hill and Redlich-Peterson models since
it has been verified by the observation of the AR values as high as
11.83, 12.50, 12.50 and 12.67, respectively, and this verification re-
veals a very poor fit for the Redlich-Peterson model due to its AR
value of 12.67 is higher than others.

3.1.5. Adsorption of AgNPs on Aeromonas punctata

The results (Table 11 in Supplementary materials) of ranking the
values of arithmetic mean being obtained from every statistical
analysis method for the kinetic models of AgNPs adsorption on AP
show that the statistical analysis for the fractal-like mixed 1, 2-
order, fractal-like pseudo-first-order and fractal-like exponential
models gives a very good fit to experimental data because of their
AR values of 1.5, 2.3 and 3.5, respectively, have been verified with a
best fit being obtained for the fractal-like mixed 1, 2-order model
due to its lowest AR value of 1.5. A good fit can be obtained for the
mixed 1, 2-order, fractal-like pseudo-second-order, pseudo-first-
order and exponential models as their AR values of 5.7, 5.8, 5.7,
7.3 and 7.5, respectively, were verified. The model-data fit can be
considered satisfactory for the Avrami, power, Bangham, pseudo-
second-order and intraparticle diffusion models since the AR
values were verified as high as 8.3, 8.7, 9.7, 10.3 and 10.7, respec-
tively. The statistical analysis for the Boyd, second-order and first-
order models gives a poor fit to the data due to their AR values of
11.5,13.5 and 13.7, respectively, were verified and this reveals a very
poor fit being obtained for the first-order model because of its AR
value of 13.7 is higher than others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on GB (see Table 12 in Sup-
plementary materials) shows that the Maczewski-]Jaroniec, Bro-
uers-Sotolongo, Fritz-Schlunder and Baudu models give a very good
fit to experimental data since their AR values of 1.33, 2.17, 3.00 and
3.50, respectively, have been verified with a best fit being obtained
for the Maczewski-Jaroniec model as verified by its lowest AR value
of 1.33. A good fit can be found for the Unilin, Langmuir-Freudlich
and Koble-Corrigan models as it can be verified by observation of
their AR values of 5.33, 6.50 and 6.50, respectively. The verification
of model-data fit carried out using the Hill, Toth, Khan, Langmuir,
Jovanovic and Radke-Prausnitz models can be considered satis-
factory since this view deals with their AR values as high as 7.50,
9.50, 10.00, 11.00, 11.00 and 11.00, respectively. The statistical data
analysis gives a poor fit for the Freundlich and Redlich-Peterson
models as it has been verified by observation of the AR values as
high as 13.50 and 15.00, respectively, and this verification reveals a
very poor fit for the Redlich-Peterson model due to its AR value of
15.00 is higher than others.
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3.2. Discussion

3.2.1. Application of the adsorption kinetic models

The error analysis has been one of the most applied tools for
defining the best fitting adsorption models because it consists of
different statistical methods for determining the values of such as
R?, RMSE, Epmax» Emin, MAPE and MAD (Ayawei et al., 2017; Madhavan
et al., 2016; Sivarajasekar and Baskar, 2014). This analysis induces a
ranking of the arithmetic mean in term of accuracy for every model.
The results (Tables 3, 5, 7, 9, 11 in Supplementary materials) show
that the adsorption kinetic models for the adsorption of AgNPs do
fit to the experimental data depending on type of the adsorbent. It
is an inconsistency in the representational content of different
models for the adsorption of AgNPs from aqueous solution and
spectrum of the stimulating zone depends on AgNPs properties and
environmental conditions (Sheng and Liu, 2017). The experimental
evidence of the existence of fractal-like mixed 1, 2-order model for
modeling the adsorption of AgNPs on GB, AIOMP, FPC, PFC and AP
gives a very good fit to the data as judged by all the AR values of
below than 3.75 in spite of the analysis of using the values of Epax,
Emin and MAPE as high as 4.00 for the adsorption of AgNPs on PFC
from aqueous solution gives a good fit. A plot (Fig. 1) of g; versus t
for the fractal-like mixed 1, 2-order model shows that the trend
curve is different depending on the adsorbent and can be expressed
as parametric model with a growth curve followed exponential
pattern within a specific range. The kinetics of AgNPs adsorption on
GB, AIOMP, FPC, PFC or AP with an energetically heterogeneous
surface determine the adsorption capacity and breakthrough time
of the adsorbent of being characterized by its different surface
chemical properties (Fayaz et al., 2017; Haerifar and Azizian, 2014).
The statistical analysis of experimental data for the adsorption of
AgNPs on GB, AIOMP, PFC and AP can be performed using the
fractal-like pseudo-first-order, fractal-like exponential, fractal-like
pseudo-second-order and mixed 1, 2-order models except for: (1)
the use of mixed 1, 2-order model for modeling the adsorption of
AgNPs on GB and PFC by using the R, RMSE and MAPE values and
AP by using the Enj, and MAPE values and (2) the use of fractal-like
pseudo-second-order model for modeling the adsorption of AgNPs
on AP. This conclusion would be due to the use of these models to
rank the values of arithmetic mean can provide a good fit within the
data range as judged by their AR values of 3.75 <AR < 7.50. Pre-
vious studies have found the kinetics of AgNPs adsorption on GB,
AIOMP, FPC and PFC followed a pseudo-second-order model
(Polowczyk et al., 2015; Wu et al., 2017; Zhang et al., 2017; Zhou
et al., 2017). It has been reported that the kinetics of adsorption
of AgNPs on AP fitted best to pseudo-first-order (Khan et al., 2012).
In this work, the use of pseudo-second-order, Boyd, power, expo-
nential, pseudo-first-order, Bangham, Avrami and intraparticle
diffusion models can be recommended for modeling the experi-
mental data but it needs to be checked the reliability and validity on
a case-by-case basis because of the error analysis of using the
different statistical methods for determining the values of R?,
RMSE, Emax» Emin, MAPE and MAD can have many reasons for
coming to different conclusions of very good, good, statisfactory
and poor fit to the experimental data. Experimental evidence (see
Tables 3,5, 7,9, 11,13 in Supplementary materials) shows that based
on the verification of arithmetic mean as a statistical measure the
use of first-order and second-order models cannot be recom-
mended for modeling the experimental data except the use of first
order model for modeling the adsorption of AgNPs on FPC due to its
statistical data analysis gives a poor fit to the data as judged by an
AR value of higher than 11.25. In summary, comprehensive per-
formance analysis of the fifteen kinetic models can rank that the
use of the fractal-like mixed 1, 2-order for describing the behaviors
of adsorption of AgNPs is better than fractal-like pseudo-first-order,

better than fractal-like exponential, better than fractal-like pseudo-
second-order, better than mixed 1, 2-order, better than pseudo-
second-order, better than Boyd, better than Power, better than
exponential, better than pseudo-first-order, better than Bangham,
better than Avrami, better than intraparticle diffusion, better than
first order, and better than second-order model as it can be verified
by the overall average AR values of 1.61, 3.99, 4.66, 6.05, 7.00, 7.65,
7.94, 8.41, 8.51, 8.63, 8.98, 9.35,10.70, 12.18, and 14.33, respectively
(see Table 13 in Supplementary materials).

3.2.2. Application of the adsorption isotherm models

The error analysis may classify the ranking of the arithmetic
mean in term of accuracy for the application of fifteen adsorption
isotherm models. The results (Tables 4, 6, 8,10, 12 in Supplementary
materials) show that the use of the isotherm models for modeling
the adsorption of AgNPs do fit to the experimental data depending
on the type of adsorbent. Even though the experimental evidence
of using (1) the Fritz-Schlunder, Baudu and Khan models for
modeling the adsorption of AgNPs on GB, (2) the Brouers-Sotolongo
model for the adsorption of AgNPs on AIOMP, (3) the Koble-
Corrigan and Toth models for the adsorption of AgNPs on FPC, (4)
the Freundlich model for the adsorption of AgNPs on PFC and (5)
the Maczewski-Jaroniec, Brouers-Sotolongo, Fritz-Schlunder and
Baudu models for the adsorption of AgNPs on AP shows a very good
fit to the experimental data as judged by the AR value of below 3.75,
the statistical analysis of ranking the arithmetic mean verified that
no one model can be considered as the most reliable estimate of
adsorption isotherm parameters for the adsorption of AgNPs on all
adsorbents of GB, AIOMP, FPC, PFC and AP. It has been reported that
the experimental data best fitted the Langmuir model for the
adsorption of AgNPs on GB, AIOMP, FPC and AP (Khan et al., 2012;
Polowczyk et al., 2015; Wu et al., 2017; Zhou et al., 2017). Both
Langmuir and Freundlich models fitted the experimental data well
for the adsorption of AgNPs on PFC (Zhang et al., 2017). This study
found that the most reliable way of analysing the experimental data
for the adsorption of AgNPs on GB, AIOMP, PFC and AP can be
suggested using the Fritz-Schlunder and Baudu models because of
the use of these two models to rank the values of arithmetic mean
can give a good fit to the data as judged by the AR values of
3.75<AR < 7.50. The trend curve is different depending on the
adsorbent and this can be verified by plotting a curve of q; versus t
as shown in Fig. 2 for the application of Fritz-Schlunder model to
describe the behaviours of AgNPs adsorption. This study of the
adsorption of AgNPs on GB, AIOMP, FPC, PFC or AP evaluated by the
fifteen isotherm models involves plotting the experimental data
and finding the different behavior accumulation curves and this
suggests that the physical and chemical properties of the adsorbent
determine the adsorption capacity and concentration of AgNPs at
equilibrium (Adane et al., 2015; Azeez et al., 2018). The application
of Fritz-Schlunder, Brouers-Sotolongo, Baudu, Koble-Corrigan, Toth,
Maczewski-Jaroniec, Khan, Langmuir-Freudlich, Hill, Radke-
Prausnitz, Jovanovic and Unilin models can be recommended for
modeling the experimental data since the AR values of less than
11.25 were verified in many cases; however, the verification of the
reliability and validity of each model is important for any experi-
mental data to provide guidance and clarity on the specific case of
adsorption isotherm because of the error analysis of determining
the values of R%, RMSE, Emax Emin, MAPE and MAD can reach
different conclusions of very good, good, statisfactory and poor fit
to the experimental data. The experimental evidence of arithmetic
mean verification (see Tables 4, 6, 8, 10, 12, 14 in Supplementary
materials) shows that the use of Redlich-Peterson model cannot be
recommended for modeling the adsorption of AgNPs on AIOMP,
FPC, PFC and AP due to the statistical data analysis gives a poor fit to
the experimental data as judged by the AR values of higher than
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Fig. 1. Curve of plotting g versus t for assessing the behaviors of AgNPs adsorption on (a) GB, (b) AIOMP, (c) FPC, (d) PFC and (e) AP by the fractal-like mixed 1, 2-order kinetic

model.

11.25. In general, the statistical analysis of the experimental data to
evaluate the performance ranking of the fifteen isotherm models
may conclude the Fritz-Schlunder better than Brouers-Sotolongo,
better than Baudu, better than Koble-Corrigan, better than Toth,
better than Maczewski-Jaroniec, better than Khan, better than
Langmuir-Freudlich, better than Hill, better than Radke-Prausnitz,

better than Jovanovic, better than Unilin, better than Langmuir,
better than Freundlich, and better than Redlich-Peterson as it can
be verified by the overall average AR values of 4.17, 4.54, 4.87, 6.27,
6.30, 6.50, 6.60, 7.43, 8.43, 8.57, 9.73, 10.33, 11.37, 11.63, and 12.63,
respectively (see Table 14 in Supplementary materials).
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Fig. 2. Curve of plotting q. versus Cs for assessing the behaviors of AgNPs adsorption on (a) GB, (b) AIOMP, (c) FPC, (d) PFC and (e) AP by the Fritz-Schlunder isotherm model.

4. Conclusions

This study used fifteen kinetic models and fifteen isotherm
models together with six statistical analysis methods to assess the
level of accuracy for the adsorption of AgNPs from aqueous solution
onto the five types of adsorbent. The results of this study verified
that the fractal-like mixed 1, 2-order model is the best one among
the fifteen kinetic models to be used for describing the behaviors of
adsorption of AgNPs on GB, AIOMP, FPC, PFC and AP and the Fritz-
Schlunder and Baudu models are the most reliable isotherm models

to be used for describing the behaviors of adsorption of AgNPs on
GB, AIOMP, PFC and AP. The verification of the reliability and val-
idity of the match of these thirty models with experimental data
would be important to provide guidance and clarity on the kinetic
and isotherm studies of AgNPs adsorption on the GB, AIOMP, FPC,
PFC and AP adsorbent. The application of other kinetic and
isotherm models for studying the adsorption of AgNPs as well as
the application of these thirty models for the adsorption of other
nanoparticles onto different types of adsorbent would be interested
in conducting researches in the future.
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