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Abstract

In the present work, we analyzed the linear and nonlinear model suitabilities for adsorption data from aqueous As(lll)
removal by manganese ferrite nanoparticles (NPs). Hence, As(lll) adsorption onto ferrite NPs was formerly analyzed by
the intraparticle diffusion model (IPD). Then, adsorption kinetics was described by the pseudo-first-order (PFO), pseudo-
second-order (PSO), and Elovich models, while equilibrium adsorption was fitted to the Freundlich and Langmuir iso-
therms. Linear and nonlinear kinetic and isotherm models were solved and compared. The nonlinear data fitting was
applied through the Isqcurvefit user-defined function (Matlab ver. 7.10.0). The initial adsorption rate was influenced by
intraparticle diffusion and surface or film diffusion from the arsenic bulk solution to ferrite NPs, according to the IPD
model. Adsorption kinetics of As(lll) on manganese ferrite NPs was better described by the PSO model, followed by the
Elovich model and then the PFO model. Equilibrium adsorption data were only worthily described by the Freundlich
isotherm model. While the PSO, Elovich and Freundlich linear models showed even better fit than the nonlinear models,
determinant bias was depicted for the PFO and Langmuir linear models. Thus, to use nonlinear adsorption models is
highly advisable, having the Matlab Isqcurvefit function been proven very useful to face such task.

Keywords As(lll) adsorption - MnFe,O, NPs - IPD - PFO - PSO - Elovich - Freundlich - Langmuir

1 Introduction

Global water pollution has become a major environmental
concern worsened by progressive incorporation of heavy
metals and metalloids, such as chromium, cadmium, mer-
cury, lead, and arsenic [1]. Chronic arsenic exposure from
contaminated water and food could cause severe del-
eterious effects on worldwide health [2, 3]. The prevalent

arsenic organic species in nature are the organoarsenicals
and methylated forms, whereas the inorganic species com-
prise arsenite and arsenate [2, 4, 5]. Arsenic is discharged
by industrial processes and used in agricultural applica-
tions, but water contamination is most often related to
dissolution or leaching of solid-phase arsenic contained
within the rocks, soil, and minerals into groundwater [6].
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As(lll) and As(V) are the most common toxic forms
of arsenic present in drinking water sources. But the
major species in the reducing environment of ground-
water is the more mobile and more toxic As(lll) [6]. Thus,
more than 100 million people from highly dense areas
including Bangladesh, China, India, Pakistan, Taiwan,
and Mexico are living at threat of arsenic contaminated
groundwater [7]. Accordingly, adsorption is one of the
most accepted methods for arsenic removal from water
and it has been currently considered as an efficient and
economical method for water treatment [8]. Last are
statements supported by successful arsenic removal
from water using iron oxide NPs such as magnetite
[9-11], mixed magnetite/maghemite [12], hematite [13,
14], manganese/cobalt ferrite [15, 16], nickel ferrite [17],
and magnetic composites [6, 18]. Therein, efforts have
been constantly done toward the functionalization of
magnetic materials in order to obtain nanocomposites
with an enhanced adsorption capacity of aqueous arse-
nic species [19-24]. Furthermore, as the mechanism
of the adsorption process is not yet fully understood,
adsorption studies using ferrite NPs are mainly focused
in thermodynamics and the mechanisms of arsenic
adsorption on the NPs surface, highlighting the redox
reactions over the proposed surface complex forma-
tion [2, 11, 25]. Thus, the misleading use of linearized
adsorption models may contribute to uncertainty, as the
relationship between adsorption kinetics and thermody-
namics parameters has not been completely clarified yet.

In fact, many attempts have been made over time to
formulate general expressions describing kinetics of
sorption on solid surfaces for liquid-solid phase sorp-
tion systems [26]. Hence, the behavior of initial adsorp-
tion has been analyzed based on the commonly known
as the Weber and Morris equation [27] or intraparticle
diffusion model (IPD) [28]. The pseudo-first-order (PFO)
model, pseudo-second-order (PSO) and Elovich model
have been the most applied chemisorptions models for
studying kinetics of aqueous pollutants removal by using
several adsorbents [26, 29-32]. Whereas Freundlich and
Langmuir are still the most common used isotherm mod-
els for the analysis of adsorption systems at equilibrium
[33-35]. The referred adsorption models can be easily
solved by linearization, where the linear regression coef-
ficient (R%) is commonly used as indicative of model fit-
tingness. For most two parameter models, coefficient of
determination for the linear regression giving an R? value
closest to unity has been assumed to provide the best fit.
Nonetheless, such transformations of nonlinear equations
to linear forms implicitly alter their error structure and may
also violate the error variance and normality assumptions
of standard least squares [36]. Consequently, more recent
investigations have shown that the nonlinear method is
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better than the linear method for fitting either the kinetics
and isotherm models [37].

Nonlinear models had been commonly solved with
algorithms based on the Levenberg-Marquardt or
Gauss—-Newton methods [36]. Parameters of kinetics or
equilibrium adsorption models have been also obtained
from nonlinear regression method by using software such
as PSI-Plot program [9], Origin [37, 38], and Fig. P Software
[39]. Nonlinear regression usually involves the minimiza-
tion or maximization of error distribution between the
experimental and predicted data, based on its conver-
gence criteria [40]. However, the election of a specific kind
of error can affect the model-derived parameters. Hence,
this issue has been solved by normalization of the differ-
ent errors and then selecting the parameters of the model
whose error function accounts for the minimal sum of nor-
malized errors [36].

In the present work, the initial behavior of As(lll) adsorp-
tion onto manganese ferrite NPs was analyzed by the
intraparticle diffusion model. For adsorption kinetics, the
pseudo-first-order, pseudo-second-order, and Elovich
models were employed, whereas the Freundlich and Lang-
muir isotherm models were used for equilibrium adsorp-
tion. Kinetic and isotherm models were fitted in their lin-
ear and nonlinear forms. The nonlinear data fitting was
applied to the nonlinear models through the Isqcurvefit
user-defined function (Matlab ver. 7.10.0). Linear and non-
linear models were compared, and discussion was focused
on arsenic adsorption onto iron oxide NPs.

2 Materials and methods

Extensive experiments of As(lll) and As(V) adsorption on
manganese ferrite NPs were reported in [1]. For brevity,
the present work was only focused on linear and nonlin-
ear kinetic and isotherm models of As(lll) adsorption onto
manganese ferrite NPs.

2.1 Synthesis and characterization of manganese
ferrite NPs

The manganese ferrite NPs used as adsorbent were
synthesized by an adaptation of Massart’s method [41].
Firstly, 2.0 mmol of MnSO,,-H,0O was dissolved in 2.5 mL of
deionized water and 0.5 mL of HCI 1.0 N. Then, 0.5 mmol
of FeSO,-7H,0 was dissolved in 2.5 mL of deionized
water and 0.5 mL of HCl 1.0 N. The solutions were mixed
to add 4.0 mmol of Fe(NO;);-9H,0 dissolved in 2.5 mL
of deionized water and 0.5 mL of HCl 1.0 N. This mixture
was vigorously stirred, and 100 mL of NaOH 1.5 M was
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added dropwise. Afterward, the reaction mixture was
thermally treated at 80 °C under vigorous agitation for
90 min. The black precipitate obtained was rinsed thrice
with deionized water by soft magnetic decantation, to
finally be dried at 45 °C.

The mean particle size and size distribution were
determined by dynamic light scattering of a fresh sam-
ple suspended in acetone, by using a Microtrac Nanotrac
252 particle size analyzer (Microtrac, Inc., USA). Bulk NPs
density was conventionally determined, and the total
surface area of NPs per unit mass was calculated from the
mean particle size. The pH of at the point of zero charge
(pHpzc) of NPs was determined by the conventional pH
drift method. X-ray diffraction (XRD) was conducted to
evaluate the structural characteristics of the sample
through a Philips diffractometer X'Pert with Cu(Ka) radia-
tion in a 2-theta range of 10°-80° was used (Cinvestav,
Saltillo, México). The morphology and EDX elemental
analysis of the samples was obtained by transmission
electron microscopy (TEM) in an FEI 80-300 Schottky-
type Microscope (CIQA, Saltillo, México), where conven-
tional TEM images and diffraction patterns (SAED) of NPs
were obtained. The magnetic properties were measured
at room temperature (300 K) in an AGM Micromag 2900
magnetometer. In addition, the atomic ratio of manga-
nese and iron was determined by a Perkin-Elmer Optima
7000 DV ICP-OES Spectrometer.

2.2 Adsorption experiment

Sodium (meta) arsenite was used to obtain As(lll) solu-
tions (2, 5, 10, 20, and 40 mg/L) that were prepared in
deionized water and adjusted at pH 2 and 8, respectively.
For adsorption experiments, 0.4 g/L of manganese fer-
rite NPs were placed in polyethylene bottles of 30 mL to
add 10 mL of arsenic solution. The bottles were mechani-
cally shaken at 250 rpm and after 5, 10, 15, 30, 60, 120,
and 240 min of contact time among NPs and the metal-
loid, the complete content of the bottles was decanted
using a soft magnetic field and filtered through What-
man #42 ashless filter paper. Arsenic determination was
performed by ICP-OES. All experiments were conducted
in duplicate at room temperature (293-295 K).

Arsenic adsorption over time g, (mg/g) was calculated
by the following equation

4
9= (Co—C)- M
where C; (mg/L) is the initial arsenic solution concentra-
tion, C, (mg/L) is the metalloid concentration after con-
tact time, V (L) is the volume of the solution, and m) is the

adsorbent weight.

2.3 Adsorption, kinetic, and isotherm models

The behavior of initial adsorption was analyzed based on
the commonly known as the Weber and Morris equation
[27] or intraparticle diffusion model (IPD) [28] shown in the
linear Eq. 2 (Table 1). This model is usually applied in three
forms: (a) First form is by getting a plot with a straight
line that is forced to pass through the origin. (b) Second
form is by a multi-linearity plot with two or three steps,
involving the whole process. This way, the external sur-
face adsorption or instantaneous adsorption occurs in the
first step, and the second step is the gradual adsorption
where intraparticle diffusion is controlled, and the third
step is the final equilibrium where the solute moves slowly
from larger pores to micropores causing a slow adsorp-
tion rate. (c) Third form is a straight line is obtained but
does not necessarily pass through the origin; that is, there
is an intercept. Intercept is proportional to the extent of
the boundary layer thickness, the larger the intercept the
greater the boundary layer effect [28]. Kinetics of arsenic
adsorption was analyzed with the linear and nonlinear
chemisorption models, namely pseudo-first-order model
(PFO) [38], pseudo-second-order model (PSO) [42] and
the Elovich model [43, 44], which equations are listed in
Table 1. Lagergren’s kinetics equation (PFO model) has
been most widely used for describing the adsorption of
liquid-solid systems based on solid capacity [31]. The
PSO model has been successfully applied to the adsorp-
tion of metal ions, dyes, herbicides, oils, and organic sub-
stances from aqueous solutions [32]. The exponential
Elovich equation has general application to chemisorp-
tion kinetics and has been used to describe the kinetics of
heterogeneous exchange reactions [43]. As the sorption
kinetics reached equilibrium, linear and nonlinear Lang-
muir and Freundlich isotherm models were applied, with
the equations also listed in Table 1. Langmuir isotherm
implies monolayer adsorption by energetically identical
sites, while Freundlich isotherm describes heterogeneous
surfaces and does not assume monolayer capacity [33].

2.3.1 Analysis of linear and nonlinear models

Linear regression has been one of the most viable tools
defining the best-fitting relationship quantifying the dis-
tribution of adsorbates, mathematically analyzing the
adsorption systems and verifying the consistency and
theoretical assumptions of a specific model [34]. Hence,
the accuracy of the fit of an adsorption model to experi-
mental data is typically assessed based on the magnitude
of the linear coefficient of determination, with R? values
closest to unity being deemed to provide the best fit.
Accordingly, adsorption, kinetic, and isotherm linear mod-
els were solved in Origin 6.0, where the constants of the
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Table 1 Integrated adsorption,

Kinetic and isotherm models Equation Plot Constants References
Initial adsorption model
Intraparticle diffusion (IPD)
g, = kppt'? + C (2) Linear g, versust'/? kipp (Mg/g min'/?) [28]
C(mg/g)
Kinetic models
Pseudo first order (PFO)
In(ge —q;) =Ing. — kit (3)Linear In(ge — q;)versust kK (min™) [38]
q; = (qe — e*kwf) (4) Nonlinear g, versus t
Pseudo second order (PSO)
q_t, = 1(217 ;_e (5) Linear t/q, versust k, (9/mg min) [42]
g = :r{_zﬁqtet (6) Nonlinear g, versust k,G2 or h (mg/g min)
Elovich
q, = tli Inaf + 1; Int (7) Linear g, versusint a (mg/g min) [43, 44]
g, = %In(1 + aft) (8) Nonlinear g, versus t f (g/mq)
Isotherm models
Freundlich
logg, = bglogC, +logK:  (9) Linear logg,versuslogC,  K:(L/g) [33]
q. = KFCSF (10) Nonlinear g, versus C, be (unitless)
Langmuir
qle = KL]CE + % (11) Linear 1/q. versus 1/C, K (L/9) [33]
q. = :ize (12) Nonlinear g, versus C, a, (L/mg)
= (mg/g)

g, is adsorption over time (mg/qg), q. is adsorption at equilibrium (mg/q), ksp is the intraparticle diffu-

sion rate constant (mg/g min

1/2)

, C is a constant of any experiment (mg/q), k, is the PFO rate constant

(min™), k, is the PSO rate constant (g/mg min), kzqg or h is the initial PSO adsorption rate (mg/g min),
a is the Elovich initial adsorption rate (mg/g min), § (3/mg) desorption constant, C, is the aqueous con-
centration at equilibrium (mg/L), K; reflects the adsorbent capacity (L/g), b is the heterogeneity factor
(unitless) ranging from 0 to 1, K, reflects the solute adsorptivity (L/g), a, (L/mg) is related to the energy
of adsorption and K| /a, is defined as the monolayer adsorbent capacity

models were calculated from the slope and the intercept
of straight lines, using the linear regression coefficient (R?)
as model fit suitability.

Regarding isotherm models, transformations of nonlin-
ear equations to linear forms may produce bias like poor
linearity despite high linear regression coefficients, or the
tendency of the Freundlich model to better fit data at low
experimental concentrations and the Langmuir model to
better fit data at higher experimental concentrations [36].
Thus, nonlinear optimization is a mathematically rigorous
method to determine the parameters of the adsorption
model using the original form of the equation. None-
theless, the selection of an error function is required for
assessment of fit accuracy of a model to experimental
adsorption data [45]. Unfortunately, the algorithms are
commonly solved individually with the different sources
of error, displaying differences in the model parameters
values, making it difficult to establish the criteria for the
selection of those values [1]. Hence, the different kinds
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of errors have been normalized and then selecting the
parameters of the model whose error function accounted
for the minimal sum of normalized errors, implying the
best overall fit [36].

Since in the nonlinear least square regression method
the selection of a specific error function can affect the
parameters derived and the normalization of different
sources of error is time demanding, the nonlinear curve
fitting (data fitting) was applied to the nonlinear mod-
els through the Isqcurvefit user-defined function, until
resnorm minimization was achieved (Matlab ver. 7.10.0.
Math Works Inc. Release R2009a, Perpetual License
Number 581616, Universidad Tecnolégica de la Mixteca,
Oaxaca, México). Clearing out that Isqcurvefit requires
the user-defined function to compute the vector value
function, rather than compute the sum of squares.
Although the criterion for model fittingness was resnorm
minimization, several error functions were included in
the algorithms. These functions are namely the Sum of
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the Square of the Errors (ERRSQ), Composite Fractional
Error Function (HYBRD), Derivative of Marquardt’s Per-
cent Standard Deviation (MPSD), Average Relative Error
(ARE), and the Sum of the Absolute Errors (EABS) [36].
The parameters of the models were the same through
different sources of error. Because of being dimension-
less, ARE and MPSD were the most representative error
functions, but only the last one is presented for brevity.
(Nonlinear Matlab algorithms are available in the Sup-
plementary data section). Additionally, Chi-square (;(2)
was used as fittingness test by measuring the difference
between experimental and model-calculated equilib-
rium adsorption data:

e i (Ger €Xp—Qe, cal)2

13
g., cal (13)

i=1

where n=5 corresponded to the 2, 5, 10, 20, and
40 mg/L As(lll) nominal concentrations. Hence, the

Table 2 Arsenic adsorption onto manganese ferrite NPs

Chi-square tabular value at 0.05 level with (n—1) degrees
of freedom=9.488.

Table 2 shows the experimental means of arsenic
adsorption data that was used to fit the linear and nonlin-
ear adsorption models.

3 Results and discussion
3.1 Characterization of manganese ferrite NPs

The XRD pattern (Fig. 1a) shows the main peaks at
26=29.82°35.11°,42.75°,52.91°,56.28°, and 61.88° attrib-
uted, respectively, to the (220), (311), (400), (422), (511),
and (440) crystallographic planes of the cubic spinel struc-
ture of the manganese ferrite MnFe, O, (JCPDS Card No.
74-2403). Additionally, a lattice parameter of a=8.4941 A
was obtained by Rietveld refinement analysis and crystal-
lite size of 35 nm was calculated by the Debye-Scherrer
equation. TEM image of the sample shows agglomerates

Time (min) 2mg/L 5mg/L 10 mg/L 20 mg/L 40 mg/L

g, (mg/g) q; (mg/q) g, (mg/g) g, (mg/g) q,(mg/g)
As(lll), pH 2
5 3.82+0.081 7.9110.072 13.61+0.161 22.10+0.212 42.48+1.432
10 4.60+0.083 9.00£0.067 14.47 £0.049 23.48+0.106 42.63+£1.732
15 4.95+0.072 9.15+£0.028 14.98+0.113 25.73+0.194 43.28+0.866
30 5.25+£0.083 10.43+£0.027 17.19+0.058 26.08+0.124 43.55+£1.397
60 5.29+0.081 11.83+£0.042 18.07£0.194 27.50+0.018 44.80+1.344
120 5.35+£0.080 12.53+£0.025 19.21£0.216 29.30+0.803 46.90+1.450
180 5.38+0.076 12.80+0.065 17.88+0.156 29.15+0.035 49.05+0.194
240 5.39+0.076 12.85+£0.044 20.54+0.069 32.05+0.080 49.53+£0.227
As(lll), pH 8
5 2.44+0.290 431x0.133 7.68+0.064 11.88+0.177 16.43+£0.619
10 2.79+0.255 4.76+0.060 8.08+£0.180 13.50+£0.636 20.20+0.053
15 291+0.134 4.35+0.080 8.22+0.095 14.23+£0.344 21.33+0.955
30 3.28+0.071 6.27+£0.042 8.35+£0.136 17.58+0.212 27.25+4.349
60 2.63+1.266 6.64+0.074 9.33£0.148 19.40+0.092 27.35+0.460
120 3.66+0.442 7.03+£0.057 10.30+£0.228 20.14+0.458 30.63+0.318
180 3.93+£0.143 7.51+£0.016 11.86+0.106 20.99+0.064 32.93+0.831
240 3.93£0.175 7.80+0.062 12.03+£0.166 21.36+0.076 32.98+0.194
As(lll), pH 2 (mg/L) C, (mg/L) q. (mg/qg) As(lll), pH 8 (mg/L) C,. (mg/L) q. (mg/qg)
Adsorption at equilibrium
2 0.003+0.000 5.39+0.076 2 0.25+0.052 3.93+0.175
5 0.14+0.004 12.85+0.044 5 1.11+£0.057 7.80+0.062
10 2.52+0.029 20.54+0.069 10 3.58+0.064 12.03+£0.166
20 8.93+£0.011 32.05+0.080 20 8.80+0.144 21.36+0.076
40 24760417 49.53+£0.227 40 20.23+0.120 32.98+0.194

Results are means + standard deviation of two replicates, g, is adsorption over time, C, and g, represent aqueous arsenic concentration and
arsenic adsorption at equilibrium (240 min), respectively
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Fig. 1 Manganese ferrite NPs characterization: a X-ray diffraction
patterns of manganese ferrite NPs, b TEM micrograph showing
manganese ferrite NPs and the SAED pattern of NPS distribution, ¢

of round-shaped NPs within mean size of ~2-6 nm and
agglomerates of cubic particles no larger than 30-45 nm
(Fig. 1b). The dynamic light scattering measurements of
fresh NPs suspended in acetone showed a mean particle
of 2.35 nm, which are smaller than those measured by
TEM. According to the EDX and ICP-OES elemental analy-
ses, the atomic Mn content of NPs was 31% and 29.36%,
respectively. The Mn atomic % in the ferrite NPs did not
correspond to the Mn atomic % in the starting solution,
as in ternary systems the coprecipitation process become
complex, attributed to differences in the solubility prod-
uct constant of each component [1]. Nonetheless, the XRD
pattern found NPs indexed to spinel structure of MnFe,O,.
This ferrimagnetic material owns saturation magnetization
(M,) of 60.1 emu/g, coercivity (Hc) of 220 Oe, and remanent
magnetization (M,) 5.6 emu/g (Fig. 1c). The point of zero
charge (PZC) of ferrite NPs was localized at pH 7.7 (Fig. 1d).
NPs density was 5.22 g/cm? and surface area 81.09 m?/qg.
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hysteresis curve with specific magnetization for manganese ferrite
NPs, d point of zero charge (pHp,c) of manganese ferrite NPs

3.2 As(lll) adsorption on manganese ferrite NPs

As a general trend, the increase in arsenic adsorption
with increasing As(Ill) nominal concentrations (Table 2)
corresponded to arsenic removal diminution. For lower
As(lll) nominal concentrations (2-10 mg/L), arsenic
adsorption onto manganese ferrite NPs occurred rap-
idly, starting equilibrium conditions by 30 min. Mean-
while, for the highest As(lll) nominal concentrations
equilibrium was delayed until 240 min of contact time
between NPs and arsenic solutions. Initial fast adsorp-
tion of As(lll) might be related to the fine NPs favoring
its diffusion onto the active sites of manganese ferrite
NPs surface from bulk arsenic solution, and the following
slow adsorption rate could be dominantly controlled by
intraparticle diffusion [2]. Last findings explained ahead
through the intraparticle diffusion model.
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Unlike pH 8, As(lll) was better attracted to manganese
ferrite NPs at pH 2, depicting enhanced NPs adsorption
capacity. Arsenic speciation in water is strongly affected by
pH and pE, being H;As03 and HAsO3? the dominant arsen-
ite species at low and high pH, respectively [46]. Thus, in
the present work As(lll) adsorption onto manganese ferrite
NPs was discouraged by increasing the pH of arsenic solu-
tions above the point of zero charge (pHp,=7.7). Therein,
in alkaline pH the surface hydroxyl groups get deproto-
nated and negatively charged, thus causing desorption
of negatively charged arsenic species [47]. In contrast to
our results, the effect of pH (3-10) on As(lll) adsorption
onto MnFe, 0, NPs was hardly observed as As(lll) existed
predominantly as H3AsO§ [15]. Arsenic adsorption on
MnFe,O, nanoadsorbent was also found almost independ-
ent of pH from 2 to 6, whereas the pH dependence for
As(lll) adsorption onto Fe;0, suggested that besides sorp-
tion, redox reaction mechanisms may be involved binding
arsenic and different mineral phases [25]. Accordingly, the
pH of the solution also affects the chemistry of both the
mineral phase and the behavior of the arsenic solution,
as the MnFe,0, nanophase released about 2 mg/L of Fe
and 40 mg/L of Mn in the presence of As(lll) at pH 2 [25].
Nonetheless, although in the present work dissolved ions
released from NPs was not actually determined, model fit-
tingness would be expected to be implied by the whole
experimental parameters.

3.3 Intraparticle diffusion (IPD) model

The intraparticle diffusion model (IPD) fit for arsenic
adsorption onto manganese ferrite NPs is shown in
Fig. 2. Two straight lines not intercepting the origin were
observed in both pHs tested. The first straight line ranged

a 554
50
45 H/
40
35
30 {///
%zs-_
S 20
151 //'//
10_‘ 4/‘47_,_4__,————4—"_’_""_’
5] , mm—= = -  —

t (minm)

® 2mg/L 4 5SmgL 10mg/L A 20mg/L * 40 mg/L

from 5 to 30 min (2.24-5.48 min'’?) of contact time among
arsenic solutions and NPs, and the second one from 30
to 240 min (5.48-15.49 min'/?). The deviation of straight
lines from the origin can be attributed to the difference
in the rate of mass transfer in the initial and final stages
of adsorption [48]. Accordingly, in the present work initial
stages of adsorption could have been implied by polydis-
persity of mean NPs size revealed by NPs characterization
and the tendency of dry ferrite NPs to be more strongly
agglomerated because of their magnetic properties. Thus
intraparticle diffusion was assumed as not the only rate-
limiting step [42]. In agreement, our results indicated a
rapid first adsorption stage with surface or film diffusion
from the arsenic bulk solution to ferrite NPs, where the
rates (k;pp;) and solute boundary layers thickness (C,)
increased with increasing arsenic nominal concentrations
(Table 3). In contrast, in the second stage intraparticle or
pore diffusion implied the main course of the adsorption
process showing slower rates (k;pp,).

Indeed, intraparticle diffusion is responsible to con-
sume more time due to the very slow diffusion of the
adsorbates from the surface film into the micropores,
which are the least accessible sites of adsorption [48].
The intraparticle diffusion stage was accompanied by
an important increase in the boundary layer thickness
(C,), whose values were below adsorption at equilib-
rium (q,), so that a third equilibrium stage was actually
not observed. Conversely, arsenite adsorption on a pine
cone-magnetite composite presented a first stage indi-
cating bulk diffusion with a straight line intercepting the
origin, followed by a linear section which represents intra-
particle diffusion and lastly a plateau section represent-
ing equilibrium [18]. In summary and in agreement with
our findings, the adsorption mechanism is determined by

b 35
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Fig.2 Intraparticle diffusion (IPD) model of As(lll) adsorption onto manganese ferrite NPs, conducted ata pH 2 and b pH 8
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Table 3 Parameters of the

intraparticle diffusion (IPD) Kpon (mg/g min'™) G, (mg/g) l kiep2 (Mg/g min ¢ (mg/g) l

model As(lll), pH 2 (mg/L)
2 0.42 3.1 0.87 0.01 5.18 0.97
5 0.74 6.39 0.98 0.23 9.67 0.85
10 1.1 10.99 0.97 0.25 15.95 0.59
20 1.26 19.71 0.83 0.52 23.26 0.91
40 0.35 41.68 0.89 0.63 40.03 0.98
As(lll), pH 8 (mg/L)
2 0.25 1.93 0.98 0.11 237 0.61
5 0.58 2.77 0.76 0.15 543 1.00
10 0.19 7.37 0.83 0.39 6.28 0.97
20 1.74 7.87 0.98 0.36 16.12 0.94
40 3.25 9.29 0.98 0.67 23.08 0.94

three consecutive steps, namely 1.—external or film mass
transfer of solute molecules from the solution bulk to the
sorbent particle surface, succeeded by 2.—diffusion within
the particle internal structure to the sorption sites where
3.—the immeasurable rapid uptake occurs, so that film
mass transfer and intraparticle diffusion remain the rate
determining steps [33].

3.4 Linear and nonlinear kinetic models
3.4.1 Pseudo-first-order (PFO) model

The pseudo-first-order kinetic model (PFO) assumes that
the rate of change of solute uptake with time is directly
proportional to the difference in equilibrium concentra-
tion and the amount of solute adsorbed with time [49]. In
this sense, the PFO model was apparently inadequate to
describe the kinetic behavior of arsenic adsorption onto
manganese ferrite NPs, at least in its linear form (Fig. 3a,
b; Table 4). When experimental data was plotted, linear
trend was not observed for the whole arsenic nominal
concentrations, despite suitable linear regression coeffi-
cients (R?). Likewise, poor linearity was perceived for the
PFO model describing arsenate kinetics on copper ferrite
[50] and arsenite kinetics on cobalt ferrite NPs aggregated
schwertmannite [49], regardless of higher linear regres-
sion coefficients. Moreover, in the current work logarithmic
undetermined values prevented a better fit of the PFO lin-
ear model. Thus, for both pHs tested the PFO adsorption
rate constants (k;) were negative and of a small order of
magnitude, maybe suggesting deprived affinity or repul-
sion between arsenic solutions and manganese ferrite
NPs. For similar findings, the PFO model was discarded for
adsorption kinetics of Cd(ll) and Cr(VI) onto citrate-coated
magnetite NPs [51].

With the PFO nonlinear model, the equilibrium sorp-
tion capacity (g,) can be calculated directly from the
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course of adsorption over time; an important disadvan-
tage for the PFO linear model to be applied is that such
adsorption capacity should be previously experimentally
determined. However, in many cases g, is unknown and
as chemisorption tends to become immeasurably slow,
the amount sorbed is still significantly smaller than the
equilibrium amount [26]. Accordingly, in the present work
the calculated adsorption at equilibrium (g, cal) resulted
deeply underestimated when compared to the experi-
mental equilibrium adsorption capacity (q., exp), thus
greatly exceeding the Chi-square tabular value (9.488).
In agreement with our results and despite higher linear
regression coefficients, equilibrium adsorption capacity
resulted also acutely underestimated when applying the
PFO linear model to the adsorption kinetics of arsenic onto
aluminum-doped nano-manganese copper ferrite [52]
Co?** ions on nano-magnesso ferrite [53] and As(lll) onto
humic acid grafted magnetite NPs [6].

From aqueous ions adsorption on organic zeolites
where the PFO linear model fitted data properly, it was
proposed that if the film diffusion is rate controlling the
slope of the plots of Eq. 3 will vary inversely with the par-
ticle size, the film thickness, and with the distribution
coefficient, k; but if the sorption rate controlling step is
chemical exchange, the slope will be independent of
particle diameter and flow rate and will depend only
on the concentration of the sorbate in solution and the
temperature [26, 54]. Hence, the mechanism of As(lll) [55]
and As(V) [56] sorption on hematite was suggested to be
chemically rate controlling, as the rate constant inversely
decreased depending on temperature [26]. Adsorption
rate from As(lll) adsorption kinetics on nickel ferrite was
also found dependent on temperature, but it increased
proportionally with temperature [17]. However, in adsorp-
tion kinetics of cobalt ions onto nano-magnesso ferrite
conducted at 298 K, adsorption rates were independent
of initial solute concentrations [53]. Accordingly, the PFO
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Fig.3 Linear and nonlinear fit of the pseudo-first-order (PFO)
kinetic model of As(lll) adsorption onto manganese ferrite NPs a, b
PFO linearized model of adsorption kinetics conducted at pH 2 and

linear model did not fit the present experimental data, but
the rate constants from the nonlinear model at room tem-
perature were also found independent of arsenic initial
concentrations. Additionally, as demonstrated by Azizian’s
approaches, k; is not the intrinsic adsorption rate constant
broadly reported in the literature, but a combination of
adsorption (k,) and desorption (k,) rate constants that can
be obtained from the slope and the intercept of a straight
line by plotting k, versus solute initial concentrations;
then, the equilibrium constant K=k,/k4 [30]. Nonetheless,
in the present work such constants could not be calcu-
lated as a clear pattern was not observed among arsenic
initial concentrations and k;, rate constants. Maybe higher
initial arsenic concentrations might fit both the linear and
the nonlinear PFO models since it has been observed that
sorption kinetics of high initial solute concentrations bet-
ter fit the PFO model, whereas not too high initial solute
concentrations better fit the PSO model [30]. Hence, addi-
tional experiments (higher arsenic concentrations, adsorp-
tion over a gradient of temperature, different adsorbent

b .
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8, ¢, d PFO nonlinearized model of adsorption kinetics conducted
at pH 2 and 8. Error bars represent the standard deviation of two
replicates

dosages, etc.) should be conducted to explore the exposed
assertions.

Even though our linear results suggested the PFO
model be discarded, the nonlinear form of the model fit-
ted in good agreement the experimental data, as indicated
by small MPSD error function (Fig. 3¢, d; Table 4). In spite of
erratic adsorption rate behavior, the calculated adsorption
at equilibrium was found a little lower but much approxi-
mated to experimental data than that recorded with the
linear model; hence, smaller Chi-square values than Chi
square tabular values were obtained. Accordingly, the
PFO nonlinear model properly predicted the equilibrium
adsorption capacity for adsorption kinetics of arsenate
onto magnetic iron-manganese biochar composites [57],
arsenic(lll/V) on nano-iron ion enrich material [58], arsenite
on pine cone-magnetite composite [18], and arsenic(lll/V)
on magnetic Fe;0,@CuO nanocomposite assembled on
graphene oxide sheets [59]. Hence, the kinetics of As(lll)
adsorption onto ferrite NPs might be reliably described by
the PFO nonlinear model. So that the pseudo-first-order
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Table 4 Kinetic parameters of the pseudo-first-order (PFO) model

As(lll), pH 2 Ky (min~") R? Ge, exp (MY/Q) Ge, cat (MT/Q) 22 (57=348.29)
Linear modelIn (g, — q,) = Inq, — k,t Eq. (3)

2mg/L —0.0253 0.89 5.39 0.72 30.20

5mg/L —0.0253 0.99 12.85 5.29 10.80

10 mg/L —0.0066 0.55 20.54 5.26 44,34

20 mg/L —0.0069 0.84 32.05 8.02 72.04

40 mg/L -0.0140 0.92 49.53 8.72 190.91

As(lll), pH 2 ky (min™") MPSD e, exp (MY/Q) Ge, cat (MT/Q) 22 (574=1.1980)
Nonlinear model g, = (q. — e™ ') Eq. (4)

2mg/L 0.2350 0.0056 5.39 5.29 0.0019

5mg/L 0.1526 0.0986 12.85 11.94 0.0694

10 mg/L 0.2073 0.0732 20.54 18.14 0.3175

20 mg/L 0.2507 0.0477 32.05 28.27 0.5054

40 mg/L 0.4952 0.0217 49.53 45.80 0.3038

As(lll), pH 8 ky (min™") R? Ge, exp (MY/Q) Ge, cat (MT/Q) 72 (577 =46.49)
Linear modelIn(q, — q;) = Inq, — kt Eq. (3)

2mg/L -0.0119 0.67 3.93 1.37 475

5mg/L —-0.0136 0.94 7.80 3.30 6.14

10 mg/L -0.0161 0.87 12.03 5.59 7.42

20 mg/L -0.0175 0.96 21.36 8.32 20.44

40 mg/L —0.0285 0.89 32.98 20.41 7.74

As(lll), pH 8 ky (min™") MPSD e, exp (MY/Q) Ge, cat (MT/Q) 22 (574=0.8584)
Nonlinear model g, = (q, — e™") Eq. (4)

2mg/L 0.2000 0.1610 3.93 343 0.0729

5mg/L 0.1076 0.2139 7.80 7.04 0.0820

10 mg/L 0.2077 0.1603 12.03 10.12 0.3605

20 mg/L 0.1189 0.1075 21.36 19.86 0.1133

40 mg/L 0.1082 0.1015 32.98 30.34 0.2297

model should be carefully explored in its nonlinear form,
before misreading discarding due to linear adjustment
failure.

3.4.2 Pseudo-second-order (PSO) model

Although there are many factors which influence the
adsorption capacity (initial adsorbate concentration,
reaction temperature, pH of the solution, adsorbent par-
ticle size and dose, and the nature of the solute), a kinetic
model is concerned only with the effect of observable
parameters on the overall rate. Thus, the pseudo-second-
order (PSO) expression has been applied to sorption of
several organic and inorganic substances from aqueous
solutions [32]. Holding on, As(lll) adsorption onto man-
ganese ferrite NPs followed in very good agreement the
pseudo-second-order kinetic model in its linear and non-
linear forms (Fig. 4; Table 5). As a general trend, for both
forms of the models and the two pHs tested, the initial
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PSO adsorption rate (h) increased whereas the PSO con-
stant rate (k,) diminished with increasing As(lll) nominal
concentrations. Hence, conversely to the PFO model, in
the PSO model adsorption rates were found dependent
on initial arsenic concentrations. Moreover, PSO constant
rates (k,) were similar when comparing the linear and non-
linear models at the same pH, but upper initial adsorption
rates (h) were recorded for the nonlinear model. High lin-
ear regression coefficients (R?~=1.0) and sharp compari-
son between experimental and calculated adsorption at
equilibrium (54? < 0.05) suggested better fit with the linear
than the nonlinear model (54 < 0.50), but being nonethe-
less, the two values were comparative lower than the Chi-
square tabular value (9.488). Very small Chi-square test
means that calculated data fitted extremely well experi-
mental data. Thus, the PSO model fittingness was found
markedly improved as compared to the PFO model.

Even though the PSO model has been advised for
low initial solute concentrations [30], the kinetics of
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arsenic adsorption onto ferrite NPs conducted in dif-
ferent scenarios fit exceptionally the PSO linear model
with regression coefficients R?>=1.00, so that this form
of the model is the most broadly reported [2, 6, 13-15,
50, 53]. Nonetheless, the PSO nonlinear model has been
also demonstrated to accurately describe the kinetics
of arsenic adsorption on iron-based materials [18, 59,
60]. The PSO expression has been extensively used
to describe chemisorption involving valency forces
through the sharing or exchange of electrons between
the adsorbent and adsorbate as covalent forces and ion
exchange [32]. As the PSO model poses the advantage
that adsorption at equilibrium and initial adsorption rate
can be calculated from itself, with no need of knowing
the equilibrium sorption capacity from the experiments
[32]. Since more human work should be done to apply
the PSO linear model, the choice of the nonlinear model
is highly advised, as it is almost instantaneously solved
by software.
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8 ¢, d PSO nonlinearized model of adsorption kinetics conducted
at pH 2 and 8. Error bars represent the standard deviation of two
replicates

3.4.3 Elovich model

The Elovich equation is satisfied in chemical adsorption
processes and is suitable for systems with heterogene-
ous adsorbing surfaces, thus describing many heavy
metal adsorption systems [61]. Herein, the Elovich
model fitted in good agreement As(lll) kinetic adsorp-
tion onto manganese ferrite NPs (Fig. 5; Table 6). In the
linear model at pH 2, initial adsorption rate (a) presented
erratic behavior with some very high values through
increasing As(lll) nominal concentrations. Nonetheless,
the linear model resulted as good as the nonlinear model
to predict adsorption at equilibrium, as demonstrated by
the Chi-square test. In experiments conducted at pH 8,
the initial adsorption rate (a) also presented an erratic
behavior but displaying more moderated values than
those at pH 2. The desorption constant (8) was similar
for both forms of the Elovich model, and it was observed
to decrease with arsenic nominal concentrations, as the
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Table 5 Kinetic parameters of the pseudo-second-order (PSO) model

As(lll), pH 2 h (kyq?) k, (g/mg min) R? e, exp (MY/Q) Ge, a1 (MY/Q) 22 (574=0.0325)
(mg/g min)

Linear modelqir = k;_qg + ;—etEq. (5)

2mg/L 341 0.1159 1.00 5.39 5.42 0.0002

5mg/L 2.31 0.0134 1.00 12.85 13.15 0.0069

10 mg/L 3.84 0.0096 1.00 20.54 19.97 0.0164

20 mg/L 5.70 0.0057 1.00 32.05 31.55 0.0080

40 mg/L 14.79 0.0060 1.00 49.53 49.75 0.0010

As(lll), pH 2 h (kyq?) k, (g/mg min) MPSD e, exp (MT/Q) e, cal (MQ/Q) 2 (5x*=0.4307)
(mg/g min)

kyq2t

Nonlinear model ¥ = T+iaut Eq. (6)

2mg/L 2.74 0.0911 0.0018 5.39 5.48 0.0006

5mg/L 3.16 0.0196 0.0286 12.70 12.70 0.0000

10 mg/L 7.09 0.0194 0.0264 20.54 19.10 0.1086

20 mg/L 13.90 0.0158 0.0177 32.05 29.65 0.1943

40 mg/L 60.55 0.0273 0.0125 49.53 47.09 0.1264

As(lll), pH 8 h (kq?) k, (g/mg min) R? e, exp (MY/Q) Ge, cal (MY/Q) 72 (5,/4=0.0490)
(mg/g min)

Linear modelq—i = k;qg + ;:tEq. (5)

2mg/L 0.42 0.0255 0.99 3.93 4.04 0.0032

5mg/L 0.86 0.0137 1.00 7.80 7.94 0.0028

10 mg/L 1.18 0.0078 1.00 12.03 12.28 0.0050

20 mg/L 3.18 0.0067 1.00 21.36 21.80 0.0089

40 mg/L 3.94 0.0034 1.00 32.98 33.97 0.0290

As(lll), pH 8 h (kyq?) k, (g/mg min) MPSD e, exp (MT/Q) e, cal (MQ/Q) 7 5x*=0.1515)
(mg/g min)

kg2t

Nonlinear model ¥ = Triat Eq. (6)

2mg/L 1.19 0.0900 0.1235 3.93 3.64 0.0210

5mg/L 1.28 0.0226 0.1036 7.80 7.52 0.0097

10 mg/L 3.32 0.0281 0.0919 12.03 10.86 0.1143

20 mg/L 4.02 0.0090 0.0304 21.36 21.16 0.0018

40 mg/L 5.29 0.0050 0.0292 32.98 32.58 0.0047

tendency of ad-species to be desorbed is higher in the
systems with lower bulk concentrations [35]. The param-
eter f3 is also related to the extent of surface coverage
and chemisorption activation energy, thus assuming a
heterogeneous distribution of sites whose activation
energies vary with surface coverage [39]. As a general
trend, cumulative Chi-square values demonstrated bet-
ter fit at pH 8 than at pH 2 for both, linear and nonlinear
models, the initial adsorption rate, desorption constant
and predicted equilibrium adsorption capacity being
almost identical. Thus, it seems that better Elovich fit was
achieved with low adsorbed arsenic concentrations, irre-
spective of whether the linear or nonlinear model was
actually chosen.

SN Applied Sciences

A SPRINGERNATURE journal

The linearized PSO and PFO have been the models most
extensively applied to describe kinetics of arsenic adsorp-
tion onto ferrite or magnetic materials. However, profitable
results were recently obtained for the PSO, PFO and the
Elovich nonlinear models adjusted through the nonlinear
least squares method, using the correlation coefficient R?
[58, 59] or the coefficient of determination r? [39] as indic-
ative of model fittingness. Additionally, the normalized
standard deviation (NSD), average relative error (ARE) [58],
and sum of squares (SS) [39] were used as error function to
compare the model applicability of the kinetics obtained
from nonlinear regressions.

Summarizing the kinetic models applied in the present
work, adsorption kinetics of As(lll) on manganese ferrite
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Fig. 5 Linear and nonlinear fit of the Elovich kinetic model of As(lll)
adsorption onto manganese ferrite NPs a, b Elovich linearized
model of adsorption kinetics conducted at pH 2 and 8 ¢, d Elovich

NPs were better fitted by the PSO model, followed by the
Elovich model and then the PFO model. The same order
of model fittingness was observed for arsenate adsorption
on iron-manganese biochar composites [57] and As(lll)
adsorption onto nano-iron ion enrich material [58]. Con-
versely, among these models, the Elovich model provided
the best correlation of the experimental data for As(V)
adsorption on hematite-modified biochar [60] and As(lll)/
As(V) adsorption on magnetic Fe;0,@CuO nanocomposite
assembled on graphene oxide sheets [59].

3.5 Linear and nonlinear Freundlich and Langmuir
isotherm models

Adsorption occurs by the donor-acceptor complexation
mechanism where atoms of the surface functional group
donate electrons to the sorbate. The position of these
functional groups on the sorbent surface determines
the type of sorbate/sorbent bond and therefore decides
whether the process is physisorption or chemisorption
[33]. Physisorption is a nonspecific reversible process
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nonlinearized model of adsorption kinetics conducted at pH 2 and
8. Error bars represent the standard deviation of two replicates

with no electron transfer occurring, where van der Waals
and physical bonds are produced, thus being indicative
of a multilayer process. Chemisorption is commonly an
irreversible specific process involving ionic or covalent
bond formation with high energy requirement, where
monolayer generation is expected [33]. Accordingly, the
Freundlich isotherm can be applied to multilayer adsorp-
tion, with non-uniform distribution of adsorption heat and
affinities over the heterogeneous surface; meanwhile, the
Langmuir isotherm assumes monolayer adsorption of one
molecule in thickness, with adsorption occurring at finite
number of specific localized sites, that are identical and
equivalent, with no lateral interaction and steric hindrance
between the adsorbed molecules, even on adjacent sites
[34].

The simplest method to solve the two parameter iso-
therms is to transform the equations into a linear form
so that the constants can be easily calculated by apply-
ing linear regression. Thus, the Freundlich model fitted in
very good agreement As(lll) equilibrium adsorption data.
The linear model (Fig. 6a; Table 7) showed well-defined
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Table 6 Kinetic parameters of the Elovich model

As(lll), pH 2 a (mg/g min) B (g/mg) R? e, exp (MY/9) Ge, a1 (MY/Q) 22 (574=0.0978)
Linear model g, = ;—) Inap + % Int Eq. (7)

2mg/L 23,851.89 2.9709 0.76 5.39 5.60 0.0082

5mg/L 95.45 0.7351 0.98 12.85 13.24 0.0114

10 mg/L 1377.59 0.6142 0.91 20.54 19.90 0.0207

20 mg/L 9427.62 0.4473 0.95 32.05 3091 0.0420

40 mg/L 1,079,171,753.11 0.5269 0.89 49.53 48.66 0.0155

As(lll), pH 2 a (mg/g min) B (g/mg) MPSD e, exp (MY/Q) Qe cal (MA/Q) 2 5x*=0.2102)
Nonlinear model g, = 1;In(1 + aft)Eq. (8)

2mg/L 7565.30 2.7266 0.0252 5.39 5.65 0.0120

5mg/L 95.05 0.7347 0.0044 12.85 13.24 0.0115

10 mg/L 1377.00 0.6142 0.0122 20.54 19.90 0.0206

20 mg/L 6824.80 0.4344 0.0048 32.05 31.03 0.0335

40 mg/L 6116.90 0.2453 0.0388 49.53 52.16 0.1326

As(lll), pH 8 a (mg/g min) B (g/mg) R? e, exp (MY/Q) Ge, ca1 (MA/Q) 22 (57%=0.0608)
Linear model g, = ;—) Inap + % Int Eq. (7)

2mg/L 63.82 2.7765 0.75 3.93 3.84 0.0021

5mg/L 13.00 1.0350 0.93 7.80 7.81 0.0000

10 mg/L 109.57 0.8707 0.89 12.03 11.53 0.0219

20 mg/L 55.80 0.3898 0.97 21.36 21.96 0.0164

40 mg/L 46.76 0.2328 0.97 32.98 33.80 0.0201

As(lll), pH 8 a (mg/g min) B (g/mg) MPSD e, exp (MY/Q) Ge, cal (MY/Q) 1 (54=0.0607)
Nonlinear model g, = 1;In(1 + aft) Eq. (8)

2mg/L 63.63 2.7755 0.0812 3.93 3.84 0.0020

5mg/L 12.69 1.0310 0.0416 7.80 7.81 0.0000

10 mg/L 108.68 0.8698 0.0267 12.03 11.53 0.0219

20 mg/L 55.22 0.3893 0.0091 21.36 21.96 0.0167

40 mg/L 4591 0.2322 0.0117 32.98 33.80 0.0201

straight lines with high linear regression coefficients
(R?=0.98-0.99) for the two pHs tested. Small MPSD error
function values also demonstrated good fittingness of
the nonlinear model (Fig. 6¢; Table 7). However, at pH 2
the Chi-square test showed the linear model (Z;(2=2.1 7)
to better fit adsorption at equilibrium than the nonlin-
ear model (2;(2=3.94). But at pH 8, the nonlinear model
resulted as good as the linear model, the model fitting-
ness being improved. As the parameters of the isotherm K¢
and b, were found approximated and the Chi-square test
values were smaller than the tabular Chi-square (9.488)
at both pHs, it resulted indistinct to use the linear or the
nonlinear form of the Freundlich model.

The linear Langmuir model (Fig. 5b; Table 7) presented
defined straight lines supported by acceptable linear
regression coefficients for both pHs tested (R?=0.90-0.94).
However, as most points of the graphs are overlapped
inherent bias can result from linearization despite beara-
ble linear regression coefficients. Accordingly, when using
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the parameters of the isotherm (K, and a,) the calculated
adsorption at equilibrium resulted underestimated as
compared to experimental data, recording similar values in
spite of increasing As(lll) nominal concentrations (data not
shown). This way, in the conditions assayed (293-295 K)
the Chi-square test demonstrated the unsuitability of the
Langmuir model in its linear form despite acceptable R?
values. Thus, probable misconceptions might occur if the
linear regression coefficient is the unique criterion for
model fittingness. In fact, linear regression coefficient val-
ues higher than 0.99 firstly suggested the Langmuir model
to outstandingly fit the equilibrium adsorption of Cr(VI)
and Cd(Il) on citrate-coated magnetite NPs. Nonetheless,
the nonlinear fitting demonstrated the Langmuir model
not to properly describe such data, but it was only gotten
with the Freundlich model [51].

In the present work, when using the nonlinear Lang-
muir model the solute adsorptivity (K,) and the energy
of adsorption (a,) parameters were found of much lesser
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and b Langmuir linearized models ¢ Freundlich and d Langmuir nonlinearized models, 0.40 g/L NPs dosage and 293-295 K

Table 7 Parameters of the Freundlich and Langmuir isotherm models

Freundlich Linear model Nonlinear model

log g, = bg log C, + log K¢ Eq. (9) e = KFCSF Eq. (10)

Ke (L/9) be R? S K: (L/g) be MPSD S
pH 2 19.97 0.23 0.98 2.1709 17.48 0.31 0.3090 3.9394
pH 8 7.37 0.48 0.99 0.2949 6.74 0.53 0.0468 0.3081
Langmuir Linear model Nonlinear model

l__1 44 - KC

q.  KGC. + K, Eq.(1T) de = 1+iche Eq.(12)

K, (L/g) a, (L/mg) R? e K, (L/g) a, (L/mg) MPSD 7
pH 2 232791 101.24 0.90 37.9341 11.18 0.20 1.7909 939.3557
pH 8 19.35 1.03 0.94 14.8083 491 0.10 0.6323 8.1146

342 are the cumulative Chi-square values obtained from the comparison between Ge, exp ANd g, 5 Of every As(lll) nominal concentration

magnitude as contrasted to the linear model (Fig. 6d;
Table 7). However, in comparison with experimental data,
acute prediction of equilibrium adsorption capacity (q,)

just was achieved starting 10 mg/L As(lll), while very small
g, values were obtained for lower As(lll) nominal concen-
trations. Even so, the Chi-square test (2;(2 =8.11) indicated
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tolerable fittingness at pH 8. Although at first glance the
graph could indicate some consideration for the nonlinear
Langmuir model, erratic prediction of adsorption at equi-
librium suggested the nonlinear model to be discarded
too. Furthermore, a Freundlich-like exponential progres-
sion trend was observed in Fig. 6d, instead of the typical
“plateau” implying monolayer adsorption. Accordingly,
Freundlich isotherm gives more accurate results than the
Langmuir isotherm for a wide variety of heterogeneous
adsorption systems [33]. In agreement, the Freundlich
model showed a strong linear relationship for As(lll)/(V)
adsorption on mixed magnetite-maghemite NPs [12],
As(lll) adsorption onto magnetite, cobalt ferrite, and man-
ganese ferrite [15], and As(lll) adsorption on nickel ferrite
[17]. Conversely, better linear Langmuir model adjust-
ment was observed for equilibrium adsorption of As(V)
on magnetite, cobalt ferrite, and manganese ferrite [15].
Furthermore, the linearized Langmuir model fitted in good
agreement As(ll1)/As(V) adsorption on magnetite NPs,
where linear regression coefficients (R improved with
increasing temperature ranging from 283 to 328 K [11].
Accordingly, for nonlinear models and through 298-318K,
larger correlation coefficients indicated Langmuir suit-
ability for adsorption of different sources of arsenate on
manganese ferrite NPs [2]. In contrast and in agreement
with our findings, at room temperature (295-298 K) the
nonlinear Freundlich model better fitted As(lll) equilib-
rium adsorption onto manganese and cobalt ferrite NPs
[45] and ultrafine hematite [13], but the nonlinear Lang-
muir model being slighter better than Freundlich for As(V)
adsorption on hematite [13]. Improved performance of the
Langmuir isotherm through increasing temperatures can
be explained by the fact that chemisorption is possible
over a wide temperature range, while physisorption occurs
more at lower temperatures, where it is better described
by the Freundlich isotherm; nonetheless, in an adsorption
system both sorts are expected to occur [33]. Moreover,
a re-evaluation of the Langmuir isotherm for modeling
adsorption in solution was recently presented, providing
further insight on adsorption and desorption processes in
condensed phases [35].

As final remarks, adsorption data at equilibrium was
better fitted by the Freundlich isotherm model suggesting
the predominance of physisorption over the chemisorp-
tion process. This tendency could have been also strongly
related to the heterogeneous adsorbent surface as suit-
ably indicated by the Elovich kinetic model, supported by
polydispersity of mean particle size revealed by NPs char-
acterization. Additionally, in some cases, even the changes
in the studied sorbate concentration range or experimen-
tal conditions can cause the isotherm fit to switch from
Freundlich to Langmuir model. For instance, in similar
experimental conditions but with As(lll) concentrations
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in the range of 0.5-12 mg/L, pH 5-9, and suspensions of
fresh cobalt ferrite NPs as adsorbent, adsorption data at
equilibrium (not published yet) were properly described
for both, the Freundlich and Langmuir models. Thus,
with the reservation of deeper knowledge of thermody-
namics of the adsorption process, in these systems both
physisorption and chemisorption would be expected to
occur. Accordingly, the great performance of pseudo-first-
order, pseudo-second-order, and Elovich kinetic models
matched in good agreement with chemisorptions. The
last reinforced by the fact that in the same experimental
conditions, arsenic desorption from MnFe,O, NPs resulted
almost negligible through increasing As(lll) nominal con-
centrations [1]. Furthermore, it has been reported that
arsenic adsorption is carried out through the replace-
ment of the hydroxyl group of metal oxide (M-OH) with
arsenate and arsenite to form monodentate, bidentate
mononuclear, and bidentate binuclear complex [15, 62],
comprising a little As(lll) oxidation into As(V) during the
adsorption procedure [15]. Hence, adsorption capacity
of MnFe,0O, and CoFe,0, respect to Fe;0, is enhanced by
the increase in surface hydroxyl groups and additionally,
the decrease in the pHp,c of the adsorbent after arsenic
adsorption implies the formation of negatively charged
inner-sphere complexes between arsenic and adsorbent
[15]. Even though chemisorptions may become a reversi-
ble process, As(lll) can be desorbed from MnFe,O, nanoad-
sorbents through alkali solutions [15].

4 Conclusions

The IPD model suggested that intraparticle diffusion was
not the only rate-limiting step of As(lll) adsorption onto
manganese ferrite NPs, but also it was influenced by sur-
face or film diffusion from the arsenic bulk solution to fer-
rite NPs. Adsorption kinetics of As(lll) on manganese fer-
rite NPs were better described by the PSO model, followed
by the Elovich model and then the PFO model. PFO rate
constants were shown to be independent of As(lll) initial
concentrations. In contrast, the PSO initial adsorption rate
increased and the PSO rate constant diminished propor-
tionally to As(lll) nominal concentrations. As(lll) desorp-
tion was confidently provided by the Elovich model, while
equilibrium adsorption capacity was accurately predicted
by the PSO model. Only the nonlinear PFO model fitted
experimental adsorption data, while the linear PSO model
still better predicted adsorption at equilibrium than the
nonlinear model, but both forms of the Elovich model
resulted comparable. Equilibrium adsorption data were
slightly better fitted by the linear than the nonlinear Fre-
undlich isotherm model. However, the derived parameters
were very similar for both isotherm models. The Chi-square
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test and the nonlinear model indicated the Langmuir iso-
therm to be discarded, although some consideration was
formerly suggested by the linear regression coefficients.
The nonlinear data fitting was shown to be very useful
to solve nonlinear adsorption models through the Mat-
lab Isqcurvefit function. This method is not restricted for
two parameters models and owns the additional advan-
tage that bias from the derived parameters is avoided, as
normalization of different errors is no longer required.
Any drawback might be the fact that sqcurvefit is a user-
defined function; however, it can be worthily afforded.
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