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Abstract

Up to nine kinetic and fourteen isotherm adsorption models are employed to model the adsorption of Sudan IV, a lipophilic model
pollutant present in a biphasic mixture of cyclohexane-water system to simulate oily wastewater. Six different modified activated
carbons were used as adsorbents. The highest amount adsorbed of Sudan IV was found in the material prepared by successive
treatments of the parent commercial activated carbon Norit ROX 0.8 with nitric acid and urea, followed by thermal treatment at
800 °C under continuous flow of nitrogen. Kinetic and isotherm adsorption models can be employed to simulate the process,
since the effect of the presence of water in the adsorption of Sudan IV from the cyclohexane phase was found to be negligible,
owing to the high lipophilic character of both adsorbent and adsorbate. All kinetic and isotherm coefficients, coupling with
statistical parameters (+, adjusted ° and sum of squared errors), are determined by non-linear regression fitting and compared to
literature data. The model of Avrami is found to be the most appropriate model to represent the adsorption of the pollutant in any
of the six modified carbons tested, the highest value of the kinetic constant being 0.055 min™'. The isotherm adsorption is well-
modelled by using the general isotherm equation of Téth and the multilayer Jovanovié¢ expression for the adsorption of Sudan-IV
on that material, resulting in a high monolayer uptake capacity (¢,,=193.6 mg g ).
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Introduction production of oil or natural gas, the produced water is the largest

by-product and the effluent may reach oil-to-water volume ratio

Nowadays, oil industry, oil refining, oil storage, transportation
and petrochemical industries generate large volume of water
containing insoluble liquid organic compounds, resulting in oily
wastewater (Abousnina et al. 2014; Al-Futaisi et al. 2007; Chen
and He 2003; Machin-Ramirez et al. 2008; Yu et al. 2017). In the
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of 1:3 (Abousnina et al. 2014). In refining of crude oil and in the
manufacturing of fuels, lubricants and petrochemical intermedi-
ates, the oily wastewaters may consist of both oil and grease
containing many other toxic organic pollutants (Diya’uddeen
et al. 2011). The cleaning of oil products is also a subject of
interest in the field of fossil fuels for the removal of compounds
containing sulphur or nitrogen elements, which are the main
responsible products for acid rain (Oliveira et al. 2014). Within
this context, the removal of those undesired compounds from
oils is important, not only to mitigate environmental pollution,
but also to recover the considered oil product, whose quality is
affected by the presence of the pollutants. Selective oxidation of
oily wastewater allows removing a lipophilic pollutant from the
oily phase, leading to generate hydrophilic oxidized products,
which are transfered to the aqueous phase (Diaz de Tuesta
et al. 2019).

In a previous work, we have shown the effect of several
operating conditions (pH, water/oil ratio, particle size, initial
pollutant concentration and the presence of an emulsifier) on
the adsorption of Sudan-IV (S-IV), a high-lipophilic model
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pollutant with toxic hazards properties (Noguerol-Cal et al.
2008; Sun et al. 2015), using modified activated carbons and
a biphasic mixture cyclohexane-water in order to simulate
contaminated oily wastewater (Diaz de Tuesta et al. 2018).
In that study, it was found that the water/oil (W/O) ratio has
no effect on the adsorption process, as consequence of the
lipophilic character of the pollutant (not detected in the aque-
ous phase) and the characteristics of the modified activated
carbons used (preferentially found in the oil phase).
However, more studies should be addressed seeking the com-
plete removal and modelling of the adsorption of S-1V, which
is known as a harmful colouring additive widely used in fuels,
waxes, plastics and floor and shoe polishes. Kinetic adsorp-
tion data allow to describe the dynamics of the adsorption
mechanism and to evaluate the time required to remove a
specific solute (Kumar and Sivanesan 2006; Savi¢ and Vasi¢
2006). The modelling of adsorption isotherms is also useful to
understand the interaction between the adsorbate (pollutant)
and the adsorbent.

In the kinetic and isotherm modelling of the adsorption
process in wastewater treatment are found several equations
that sometimes are wrongly used, or confused with each other,
as discussed along this work. In addition, linear regression is
typically used, despite not being recommended (El-Khaiary
and Malash 2011; Foo and Hameed 2010; Kumar et al.
2008; Kumar and Sivanesan 2006).

The current work deals with a revision of the kinetic and
isotherm modelling of pollutant adsorption from aqueous ma-
trices in the treatment of wastewater and its application in the
adsorption of the model pollutant S-IV from a biphasic medi-
um oil-water using lipophilic activated carbons as adsorbents.
Temperatures in the range 25-50 °C were studied. Up to nine
kinetic models and 14 isotherm models, typically used in the
adsorption of pollutants in one-phase aqueous solution, were
assessed by non-linear regression.

Materials and methods
Reagents

The activated carbon used as adsorbent in this work was Norit
ROX 0.8. S-IV (general purpose grade) and cyclohexane
(99.99%) which were obtained from Fisher Chemical, where-
as H,O, (30%, w/v) was obtained from Panreac. Sulphuric
acid (96-98 wt.%), nitric acid (65 wt.%) and urea (65 wt.%)
were obtained from Riedel-de-Haén. Distilled water was used
throughout the work.

Modified activated carbons

First, powdered activated carbon (PAC) was obtained by grind-
ing and sieving the commercial activated carbon to a particle

range from 106 to 250 pwm and then PAC was chemically mod-
ified by liquid phase, thermal and hydrothermal treatments,
resulting in the production of five additional activated carbon
samples, following the procedures reported elsewhere (Diaz de
Tuesta et al. 2018; Gomes et al. 2011; Gomes et al. 2010;
Ribeiro et al. 2013). Three of the samples were modified direct-
ly from PAC by liquid phase treatments with hydrogen perox-
ide (PACHP), sulphuric acid (PACSA) and HNOs (PACNA).
The treatment with H,O, of 25 g of PAC was conducted in a
round-bottom glass flask containing 500 mL of H,O, 30%
(w/v) at room temperature for 24 h. In H,SO, treatment, the
same amount of PAC was immersed in 500 mL of 18 M acid
solution at 150 °C during 3 h and in HNOj3 oxidation, 25 g of
PAC was placed in 500 mL of 5 M nitric acid solution at 110 °C
for 3 h. Then, all samples were washed with distilled water until
the rinsing waters reach neutral pH and further dried in an oven
at 110 °C overnight. The last two materials were obtained in
successive treatments of the PACNA sample. First, 2 g of
PACNA was treated with 50 mL of 1 M urea solution and kept
ina 125-mL removable Teflon vessel inserted in a stainless steel
body (Parr Instrument co., USA) reactor under autogenous
pressure at 200 °C for 2 h. The recovered material was washed
and dried as previous samples, resulting in the PACNAU ma-
terial. Secondly, 1 g of PACNAU was heated, under a nitrogen
flow (100 cm® min ") at 120, 400 and 600 °C during 1 h at each
temperature and then at 800 °C for 4 h, resulting in the
PACNAUT material. An extensive characterization of these
activates carbon materials can be found in previous reports
(Diaz de Tuesta et al. 2018; Karimi et al. 2018).

Kinetic and equilibrium adsorption studies

Kinetic adsorption experiments were conducted in a 250-mL
well-stirred round-bottom glass flask, equipped with a reflux
condenser and a temperature measurement thermocouple.
First, both cyclohexane and water liquid phases were added
using a total volume of 100 mL within the two phases and the
water/oil (W/O) ratio of 1:10. Then, this medium was heated
to 50 °C by immersion in an oil bath at controlled temperature
and 2.5 g L' of adsorbent was loaded, defining this instant as
the initial time of the run (#)=0 h). The experiments were
conducted during 24 h and were monitored by taking samples
periodically from the organic phase to determine the concen-
tration of S-IV (the corresponding quantity of water to keep a
ratio of W/O =1:10 was also withdrawn). The concentration
of S-1V in the organic phase was quantified by using UV/Vis
spectrophotometry (Jasco V530) at a wavelength of 520 nm.

Equilibrium adsorption experiments were performed to ob-
tain the adsorption equilibrium isotherms of S-IV. In each
experiment, 2.5 g L' of adsorbent was contacted in a flask
with a biphasic system composed by 8 mL of organic phase
solution containing different initial concentrations of S-IV
(30-600 mg L") and 0.8 mL of water (W/O = 1:10). The
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flasks were placed in an orbital shaker, at 50+ 1 °C, until
equilibrium was reached (72 h). Additionally, the activated
carbon performing better was analysed at low temperature
(25 °C) in order to evaluate the thermodynamic of the adsorp-
tion of S-IV on its surface.

Selected kinetic and equilibrium runs were carried out in
triplicate, in order to assess reproducibility and error of the
experimental results obtained in the adsorption of S-IV from
the triphasic system.

Modelling of adsorption kinetic and isotherm
equilibrium

Since both pollutant and adsorbent are lipophilic and hence
only present in the oil phase, the amount of dye adsorbed by
the adsorbent was calculated applying Eq. 1:

qt:M (1)

w
where ¢, is the amount of S-IV adsorbed per unit mass of
adsorbent at the time ¢ (mg- gfl), Cy is the initial S-IV concen-
tration in the organic phase (OP) (mg-Lopfl), C, is the S-1IV
concentration in the OP at the adsorption time ¢ (mg~Lop71), w
is the adsorbent mass (g) and Vp is the volume of the organic
phase (Lop).

Using a non-linear regression, it is possible to achieve
better-fitted equations than with a linearized method which
minimizes the sum of squared error of the linearized “y” func-
tion (Kumar and Sivanesan 2006). Thus, kinetic and equilib-
rium models were fitted by employing a nonlinear method
with successive numerical iteration based on the generalized
reduced gradient algorithm (solver tool of Excel) for least
error sum of squared (SSE) minimization of ¢,, Eq. (2):

2
SSE = er'lzl (qt,exp,i_qt.model,i> (2)

where g ¢y, ; (mg g ") represents the amount of S-IV adsorbed
per unit mass of adsorbent at time ¢ in the measured adsorption
experiments (or equilibrium ones, ¢, being expressed as ¢.)
and ¢ moder; (Mg g_l) the respective calculated values given
by the model.

The models were evaluated by the adjusted determination
factor (rzadj), calculated from determination factor () as fol-
lows (Egs. 3 and 4):

2
n —
i |:(qr.madel.i_qt,model> }

SSR
RO (3)
SST ZI::] [(ql,/node[.[iql,madel) 2:| + Z?:l |:<q/,exp,1'7ql.model.[>2:|
n—1
Fodi = = [1-7] (4)

where SSR and SST are the residual and total sum of square, n
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is the total number of values (7)) modelled and & is the number
of independent variables. rzadj is used to compare the models
taking into account the degrees of freedom or the number of
parameters from each model equation (Foo and Hameed
2010).

Results and discussion
Adsorption kinetics

In the S-IV adsorption runs performed with the prepared acti-
vated carbon materials, both the pollutant and the carbon ad-
sorbents are found only in the organic phase, as a consequence
of the lipophilic character of both adsorbate and adsorbent.
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Fig. 1 Effect of the activated carbon modifications in the adsorption of S-
IV (experimental values are shown as symbols and the values calculated
from the proposed kinetic model are shown as curves). Operating condi-
tions: biphasic mixture W/O =1:10 of water/cyclohexane, natural pH,
50 °C, Cs.pv0=500 mg LY, Cossorpont =25 g L' of organic phase
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The results obtained are depicted in Fig. 1. As can be ob-
served, the amount of dye adsorbed per unit mass of adsorbent
was found to be in the range from 170 to the maximum
amount of S-IV adsorbed (200 mg g ') from the organic liquid
phase (total removal) after 24 h with the prepared activated
carbons. The complete removal of the pollutant, and hence the
complete removal of the N-content and colour from the organ-
ic phase, was achieved with the chemically and thermally
modified material PACNAUT. The result can be ascribed to
its high textural development, as consequence of the modifi-
cations made to the powdered commercial carbon, obtaining
the highest specific surface and porous volume amongst
all tested materials (Table 1). According to Fig. 1, the
experimental data show initial stages where quick ad-
sorption occurs and all runs reach the equilibrium state
after 8 h under the following operating conditions: bi-
phasic mixture W/O =1:10 of water/cyclohexane, natural
pH’ 50 OC’ CS—IV,'U: 500 mg Lil’ Cadsorhentzz's g L71 of
organic phase. Exceptionally, the adsorption of S-IV with
PACNAUT almost reaches the equilibrium after 4 h. At
this time, 98% of S-IV is removed from the organic
phase (complete adsorption of S-IV occurs after 8 h).

The adsorption of S-IV onto the unmodified (PAC) and
onto all the modified (PACSA, PACHP, PACNA, PACNAU
and PACNAUT) activated carbon adsorbents was evaluated
implementing nine kinetic models that are typically applied in
wastewater treatment by adsorption in aqueous phase solu-
tions (exempted from oil), namely pseudo-first-order
(Lagergren 1898), pseudo-second-order (Ho and McKay
1999), Bangham (Bangham and Burt 1924), Elovich (Low
1960), Avrami (Avrami 1939; Avrami 1940), Diinwald-
Wagner (Diinwald and Wagner 1934), Weber-Morris (Weber
and Morris 1963), Boyd-Reichenberg model (Boyd et al.
1947; Reichenberg 1953) and double-exponential model
(DEM). All kinetic equations are summarized in Table 2, as
amount of dye adsorbed per unit mass of adsorbent (g,) as
function of contact time (), as well as the constant parameters
involved.

The pseudo-first-order model was the first equation de-
scribing the adsorption rate based on the monolayer adsorp-
tion capacity (Gurses et al. 2006). The pseudo-second-order

model (Al-Ghouti et al. 2009; Malash and El-Khaiary 2010a)
describes an adsorption process controlled by chemisorption,
involving valence forces through sharing or exchange of elec-
trons between the solvent and the adsorbate. In some studies, a
kinetic equation with a call-name hyperbolic model can be
found (Cotoruelo et al. 2009a; Cotoruelo et al. 2009b;
Garcia-Mateos et al. 2015), as expressed by Eq. 5:

_knogy -t

=2 " 5
4 1+ky-t ()

where £, is an empirical constant and ¢, represents the asymp-
totic ¢, value at given experimental conditions, that is, the
amount adsorbed at equilibrium stage. However, the hyper-
bolic model is nothing other than a transformation of the
second-order kinetic model, as given by Eq. 6:

1 (ks'qez)'t

qr = 1 1 .
—2+_ (kY qe) t
(kS'qe )'t 9e

ke-q?%-t
_ s Yqe (6)
l+ks-q,-t

Thus, the constant parameter of the hyperbolic model (k)
is equivalent to the multiplication of the pseudo-second-order
constant by the equilibrium adsorption capacity (k;, = kyq.).
Both parameters are constants at given operating conditions.

A pore diffusion model of Bangham is also evaluated, as
well as the chemical adsorption from the Elovich equation,
expressed as Eq. 7 (Dogan et al. 2007; Rodriguez et al. 2009):

Y _ o exp(--q) (7)

Typically, in published reports (Ho 2006; Qiu et al. 2009;
Rodriguez et al. 2009), it is used a simplified form (Eq. 8)
from the integration of Eq. 7, given by Chien and Clayton
(Chien and Clayton 1980):

1 1
=—-In(a-fB)+—"In(z 8
% =7 (a-B) 3 (t) (8)
Equation 8 has been largely used, but it is a modification of
the integration of Eq. 7, assuming a-3-¢> > 1 with the purpose
to linearize the Elovich equation (Chien and Clayton 1980).
For this reason, in this work, the integrated form of Elovich

Table 1 Textural properties of the

powdered activated carbons SB]%T B Scx; » Smizc B Vmic3 » Vimie/ Votal Winic (nm)

determined from BET and #plot (m” g ) (m”g ) (m”g ) (mm” g ) (%)

methods (Diaz de Tuesta et al.

2018) PAC 885+ 10 1602 725+£12 3141 58 173 003
PACSA 862 +9 150 £ 2 712 £ 11 308 + 1 59 1.72 £ 0.03
PACHP 893 +£ 10 159 £ 2 734 +£ 12 319+ 1 58 1.73 £ 0.03
PACNA 889 + 10 170 £ 2 719 £ 12 311 £1 57 1.72 £ 0.03
PACNAU 960 + 11 181 +2 778 £ 12 336 + 1 58 1.72 £0.03
PACNAUT 1055 £ 11 197 £ 2 858 £ 12 367 + 1 58 1.71 £ 0.03
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Table 2 Kinetic adsorption

models Kinetic model Non-linear equation Parameter
Pseudo-first-order (Lagergren equation) qr=4q." (1 —exp(=ks 1)) Ger Ky
Pseudo-second-order (Ho and McKay q, = ﬁ Ges ks
equation) (hsae?) T (ae)
Bangham qi=k.- 1" k., m
Elovich q =% In(a-B-141) a,
Avrami q, = q,(1=exp(~kay - 1)™") Ges kavs
Diinwald-Wagner intraparticle diffusion q,=q,- \/W Ges kpw
Boyd-Reichenberg model For ¢/q.<0.85, qes B
G =qe3 {1‘(1‘%)2}
For ¢/q.> 0.85,
4, =4, (1= exp(-B - 1))
D=8
Weber-Morris intraparticle diffusion g, =kig-Vi+C kig» C
Double-exponential model (DEM) q, = qe—ﬁ—l ~exp(=Kj - 1) q 8,3—27 K>

—% ~exp(—K; - 1)
Ki>>>Ko:

4 = g2 - exp(—K2 - 1)

equation (Eq. 9) was used by applying the boundary condi-
tions g, = 0 at t= 0 and ¢, = q, at t=t, without the aged as-
sumption realized by Chien and Clayton:

qt:l-ln(a-ﬁ-t-i-l) 9)
B

The Avrami kinetic equation determines some kinetic param-
eters as possible changes of the adsorption rates in function of
the initial concentration and the adsorption time, as well as the
determination of fractionary kinetic orders (Lopes et al. 2003).

Three mechanistic models have been used in order to eval-
uate the S-IV kinetic adsorption: the Diinwald-Wagner
intraparticle diffusion model; the film-diffusion model of
Boyd, which assumes that the main resistance to diffusion is
in the boundary layer surrounding the adsorbent particle, and
the model of Weber-Morris. The models of Diinwald-Wagner
and Boyd are typically expressed as shown in Eq. 10 (Malash
and El-Khaiary 2010b; Rincén-Silva et al. 2015):

F= 1—(%) DI (%) ~exp(-n* - B - 1)

where B is a constant and F represents the fractional attain-
ment of equilibrium (¢/q,) at different times of contact, ¢. The
equation is simplified leading to the Diinwald model, which is
expressed (Podder and Majumder 2016) in Eq. 11:

(10)

In(1-F?*) = ~kpw - t (11)

where kpyw represents the adsorption rate constant in the
model.

@ Springer

Reichenberg (Malash and El-Khaiary 2010b; Podder and
Majumder 2016; Reichenberg 1953; Teixeira et al. 2013)
managed Eq. 10 to obtain the approximations given in Egs.
12 and 13:

2
for F < 0.85; Bt = (\/7? <1— 1—#)) (12)

6
for F>0.85 B-t=—In (F)—ln(l—F) (13)

Additionally, the constant B may be used to calculate the
effective diffusion coefficient, Di (cm” s ') from Eq. 14

7\ 2
D, =B (—) (14)
s

DEM, also used in wastewater treatment processes, is im-
plemented in order to evaluate a two-step adsorption mecha-
nism: (1) the rapid adsorption that takes place on available
inner surfaces that are easily accessible at the initial stages of
the adsorption process and (2) the slow adsorption process that
occurs after, due to limitation in available surface sizes (Tosun
2012).

Most of the kinetic adsorption models have been suitably
used in the prediction and modelling of other adsorption sys-
tems in the presence of activated carbon adsorbents used in
wastewater treatment (Figaro et al. 2009; Mezenner and
Bensmaili 2009; Rincon-Silva et al. 2015; Rodriguez et al.
2009). Kinetic and statistical parameter values of the fitted
kinetic models are summarized in Table 3. According to
rzadj values, the mechanistic models Boyd-Reichenberg,
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Table 3  Parameter values and statistical data obtained from the fitting of the kinetic adsorption models
Kinetic model Parameters PAC PACNA PACNAU  PACNAUT PACHP PACSA
Pseudo-first-order (Lagergren) (min ) 0.047 0.030 0.035 0.054 0.038 0.037
Ges(mg gt 159.9 144.7 164.8 194.5 166.9 148.1
SSE (mg® g ?) 834.7 990.7 920.0 137.8 918.7 773.8
P s 0.958 0.944 0.959 0.995 0.959 0.956
Pseudo-second-order (Ho ky (g min"' mg™") 3.99x 107 257x107%  273x107*  432x107*  3.12x10*  334x107°
and McKay equation) Gos (mg g™ 172.8 159.2 179.8 206.5 181.1 161.2
SSE (mg® g ?) 201.8 239.6 140.1 260.9 147.1 129.4
P s 0.957 0.962 0.980 0.954 0.976 0.975
Bangham m 6.22 4.54 5.09 8.04 5.56 5.36
k. (mg g ' min ™)  66.15 41.77 54.80 97.56 61.28 52.33
SSE (mg” g 328.1 116.7 2753 1568.2 333.1 211.6
P s 0.983 0.993 0.987 0.945 0.985 0.988
Elovich a(mg g ' minY) 111.48 22.60 48.67 273.84 82.05 57.98
B(gmgh 0.0439 0.0375 0.0374 0.0402 0.0404 0.0436
SSE (mg® g ?) 201.2 15.7 89.5 1334.1 163.0 81.7
P s 0.957 0.998 0.988 0.770 0.976 0.985
Avrami Nay 0.424 0.431 0.479 0.901 0.477 0.455
kay (min™Y) 0.034 0.014 0.024 0.055 0.029 0.025
Geav (mg g ) 178.7 176.3 184.1 195.3 183.7 166.9
SSE (mg® g 2) 147.1 5.4 7.1 137.8 412 27.6
P ey 0.991 0.999 0.999 0.995 0.998 0.998
Diinwald-Wagner kpw (min ") 0.0213 0.0120 0.0149 0.0291 0.0172 0.0163
intraparticle diffusion Gopwmg g 164.9 151.9 171.2 197.0 172.8 153.7
SSE (mg” g ?) 4172 210.1 187.7 226.3 229.8 218.6
s 0.979 0.988 0.992 0.992 0.990 0.988
Boyd-Reichenberg model B (min Y 0.0136 0.0068 0.0136 0.0524 0.0136 0.0136
Gepr(mg g ) 172.3 173.1 181.9 200.7 190.1 168.9
Dipes3mem*s™)  645x1070  322x1070  643x107"0 248x10°  643x107"°  647x107"°
Dy 125 ym €m* s 359x107°  1.79x107°  3.58x107°  138x10°  3.58x107  3.60x107°
SSE (mg” g ) 16,889 17,979 12,420 423 14,734 11,056
P s 0.688 0.694 0.783 0.994 0.743 0.757
Weber-Morris intraparticle ky(mg g 'min "%  4.08 473 491 3.77 4.63 426
diffusion C(mggh) 92.96 63.20 80.93 130.26 88.67 76.35
SSE (mg® g ?) 710.8 4132 756.7 24319 830.1 577.9
P s 0.700 0.830 0.778 0.557 0.742 0.761
Double-exponential k> (min 1) 0.014 0.010 0.013 0.053 0.014 0.013
model (DEM) Dy/m, (mg g ") 4.5 4.6 4.7 52 4.6 45
Geperr(mg g h) 169.0 1554 173.6 194.7 175.3 156.6
SSE (mg” g ) 321.3 66.4 92.7 137.0 114.6 125.9
7 s 0.768 0.842 0.851 0.994 0.835 0.824

Weber-Morris and DEM are the less appropriate kinetic
models to predict the adsorption of S-IV onto the modified
activated carbons used. The only mechanistic kinetic model
capable of predicting reasonably well the experimental data
with all materials is the Diinwald-Wagner model (rzadj higher
than 0.979). Exceptionally, the models of Boyd-Reichenberg
and DEM are capable of predicting suitably the experimental

data obtained with the highlighted adsorbent (PACNAUT),
evidencing that the adsorption of S-IV onto this material takes
place in a different way when compared to the other adsor-
bents. In fact, as can be observed in Fig. 1, the removal of S-IV
with PACNAUT happens rapidly at a first stage in the adsorp-
tion run, describing a pronounced knee when the asymptotic
limit is reached, whereas the knee of the adsorption curve
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obtained with the other materials is not so pronounced. The
most significant difference between PACNAUT and the other
adsorbents tested is the thermal treatment up to 800 °C per-
formed after the chemical treatments. This leads to a signifi-
cant decrease of the superficial oxygen groups on the surface
of the material (Gomes et al. 2010; Ribeiro et al. 2013), which
may be found to affect strongly the adsorption process in the
liquid phase (Alvarez et al. 2015). In fact, the effective diffu-
sion coefficient (D;) obtained from the Boyd-Reichenberg
model for the adsorption run carried out with the
PACNAUT adsorbent was remarkably higher (0.248-1.38 x
107® cm? sfl) than the value obtained with the other adsor-
bents (0.322-3.60 x 102 cm? s 1), evidencing a more effec-
tive diffusion when PACNAUT is used (a D; value range was
obtained taking into consideration the two available particle
radius of the sieving performed).

The remaining fitted kinetic models (pseudo-first-order,
pseudo-second-order, Bangham, Elovich, and Avrami) allow
a suitable simulation of the adsorption process, since rzadj
takes values higher than 0.9441-0.9995, with the only excep-
tion being found for the Elovich model applied to the exper-
imental data obtained with PACNAUT adsorbent (rzadj was
found to be 0.770, respectively). This also evidences a
completely different behaviour in the adsorption of S-IV with
the other adsorbents. All kinetic constants (ks k, k. &, kay
kpw, B and k) and equilibrium capacity (¢.) from these
models are considerably higher when S-1V is taken up onto
the thermally treated activated carbon (PACNAUT).

To the best of our knowledge, there is only one work deal-
ing with the adsorption of S-IV for treatment of wastewater
(Sun et al. 2015). In that report, the kinetic adsorption on
magnetic carbon nanotubes was assessed by applying the
pseudo-first- and pseudo-second-order model and the kinetic
coefficients were slightly higher than the values obtained here
(kr=0.063 min ! and &, = 1.022 g mgf1 min"). However, the
adsorption capacity was considerably lower when compared
to the PACNAUT adsorbent (g, experimentar = 0.921 mg g, g
ey=0.412 mg g ' and ¢.,=0.908 mg g "). The kinetic con-
stant values are higher when compared to the results obtained
in the dye adsorption onto other activated carbon adsorbents.
For instance, in the adsorption of methylene blue and Orange
II from aqueous solutions, the following values were obtained:
k.=3533 mg g ' min "™=%12% and 0221 mg g ' min "
m=183) =5236 mg g ' min ' and 57.09 (applying the
assumption of Chien and Clayton) and k;;=8.08 and
1.00 mg g ' min®? (+?>0.906 for both pollutants and all
models) at 40 °C, respectively (Rodriguez et al. 2009). In
the adsorption of Indigo Carmine from aqueous solution onto
granular activated carbon, the following kinetic constant
values were obtained: k,=0.000148 min !, ks =
0.0000651 g min' mg ', & =0.06 mg g ' min"' (applying
the assumption of Chien and Clayton) and k,;;=
0.387 mg g ' min *° (Secula et al. 2011) (considering the
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highest values obtained in the operating conditions explored).
In addition to the kinetic and equilibrium adsorption, other
parameters show also remarkable values for the PACNAUT
adsorbent when compared to the other tested adsorbents in
this work. The parameter m of the Bangham equation, which
may be used as indicator of the adsorption intensity
(Rodriguez et al. 2009), takes the value of 8.04 for the adsorp-
tion performed on the PACNAUT adsorbent, whereas m
reaches values from 4.54 to 6.22 for the other adsorbents. In
any case, the value of m was higher than the previous study
regarding the adsorption of methylene blue and Orange I1.
The equation from Avrami model shows the best statistical
parameter (4> 0.991 and SSE >0.279) to represent the ad-
sorption of S-IV onto all activated carbons tested; hence, the
Avrami model was the most suitable equation to describe the
adsorption kinetics. Figure 2 shows the parity plot of ¢, values
predicted with the Avrami model compared to the experimen-
tal ¢, values (inlet showing as normalized concentrations of S-
IV, Cs.1v/Cs.1v0). As can be observed, the experimental g,
values agreed very well with the calculated values (Figs. 1
and 2). The equation of the Avrami kinetic model presents
the Avrami exponential (n,4y) that is a fractionary number
related with the possible changes of the adsorption mechanism
that takes place during the adsorption process (Lopes et al.
2003). The factor order obtained in the fitting of the Avrami
equation to the data obtained from adsorption onto
PACNAUT is found to be near to 1, in opposition to that
obtained with all other adsorbents (n4y is ca. 0.5). The equi-
librium adsorption capacity values determined from the
Avrami model (g, 4y) are nearest to the experimental values
of ¢,., for all runs regardless of the modified or unmodified
activated carbons. According to the rate constant (k) from

T T T T T T T T T
2004 4 PACNAUT 4
¢ PACNAU
S v PACNA
& A PACSA
E 1s0d o pacwp 4
3 = PAC
5
S 1.0
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Fig. 2 Parity plots of amount adsorbed of S-IV measured for each mate-
rial and predicted from the Avrami model (Inlet: representation of the
normalized concentration)
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the Avrami model, the adsorbents can be screened (in the
order of descending adsorption rate value) as follows:
PACNAUT > PAC > PACHP > PACSA > PACNAU >
PACNA. In this sense, the thermal and chemical modified
carbon (PACNAUT) is the most effective adsorbent regarding
fast adsorption in lipophilic pollutant-biphasic mixture
systems.

Other works related to the adsorption of organic pollutants
from aqueous solutions onto activated carbon adsorbents also
conclude that the Avrami model is the most appropriate model
to represent the experimental data (Oladoja 2015; Wang
2012).

Adsorption isotherms

Figure 3 shows the adsorption isotherm curves of S-IV in the
presence of all modified and unmodified powdered activated
carbon adsorbents. The results show a similar shape curve
with all the activated carbons, the ¢, values not describing
an asymptotic curve. Instead, a progressive increment of the
q. values is observed with the increase of the equilibrium
pollutant concentration (C,) in the organic phase, revealing
likely the formation of successive layers of adsorbate onto
the activated carbons at higher pollutant concentrations.
Interestingly, the observed increasing slope of the curve
upon the increase of pollutant concentration in the equilibrium
is similar for all adsorbents tested. However, a significant
difference can be observed for the lowest C, values, for which
the ¢, takes values completely different for each adsorbent.
Based on this, the adsorption isotherm can be classified as L1

350 T T T T T T T T

. I . I .
--<t-- PACNAUT at 25 °C |
—4— PACNAUT at 50 °C
300 —m—PACat50°C N
® PACHPat 50 °C
v PACNA at50°C

A PACSA at50°C 7
& PACNAU at 50 °C

Amount adsorbed, ¢, (mg-g")

0 T T T T T T T T T T T T T
0 25 50 75 100 125 150 175

Pollutant concentration, C, (mg-L™)

Fig. 3 Adsorption isotherm curves of Sudan-IV (experimental values as
symbols and as curves values predicted by multilayer Jovanovi¢ model)
with the different activated carbons. Operating conditions: biphasic mix-
ture W/O=1:10 of water/cyclohexane, natural pH, 50 °C, Cs.pyp=
500 mg LY Cossorvent =2.5 g L' of organic phase and a contact time
of 48 h

or H1, according to the Giles classification (Giles et al. 1960;
Giles et al. 1974). The L shape means that there is no strong
competition between solvent and the adsorbate to occupy the
adsorbent surface sites (Hamdaoui and Naffrechoux 2007a).
In this case, the L1 may be associated to activated carbons
with less affinity for S-IV (PACNA-PACNAU). That affinity
was changed with the different treatments used to modify the
PAC material, to achieve a significant increment with the
PACNAUT that describes an H1 isothermal adsorption type
and shows the highest amount of S-IV adsorbed in the equi-
librium stage. The H1 isothermal adsorption is typically found
when the adsorbate and adsorbent show a strong affinity with
each other. L shape curve is more reported in other works
regarding dye adsorption on activated carbon (Ai et al. 2010;
Malik 2003) (there are no reported works about this classifi-
cation or isothermal adsorption studies of S-IV).

There are several equations to analyse and model experi-
mental adsorption equilibrium results. The most accepted sur-
face adsorption models for single-solute systems are the
Langmuir (Langmuir 1918) and Freundlich (Freundlich
1907) models. However, other isotherm models allow improv-
ing the simulation of experimental adsorption equilibrium da-
ta and the physical interpretation of the model parameters.
Here, an extensive number (14) of adsorption isotherm models
(Table 4) is evaluated in order to predict suitably the adsorp-
tion of S-IV on the PACNAUT adsorbent and on the parent
commercial powdered activated carbon (PAC), used as refer-
ences. The selected adsorption isotherm models are common-
ly used to predict the removal of a single pollutant from one-
phase wastewater on activated carbons (Mezenner and
Bensmaili 2009; Rodriguez et al. 2009). The model and sta-
tistical parameter values obtained from the application of the
adsorption isotherm model equations are collected in Table 5.
The majority of the adsorption isotherm models, especially the
empirical models, are based on the division of polynomial
equations, being thus possible to describe a mathemati-
cal relationship between them (Fig. 4). In this work, all
adsorption isotherm models were explored to study the
consideration of more coefficient parameters (discussed
based on the adjusted 7).

The ¢,, values of 183.0 and 258.2 mg g ' obtained in the
Langmuir model with PAC and PACNAUT, respectively, are
close to the experimental values of ¢,, (201 and 276 mg g_l).
The separation factor (R;), calculated according to Eq. 15, is
typically used to verify if the adsorption in the studied system
is unfavourable (R; > 1), linear (R; = 1), favourable (0 < R; <
1) or irreversible (R; =0).

1

R=—
1+K;-Cy

(15)

In the initial S-IV concentration range studied (30—600 and
150-750 mg L™ with PAC and PACNAUT, respectively), the
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Table 4 Adsorption isotherm

models Isotherm models Non-linear form Parameters
Langmuir _ dnsKiCe K
& 9de = TiK, C. Dm, L 2L
Freundlich q,=Kp-Clnr Kp np
Redlich-Peterson or Radke-Prausnitz g, = AwCe Arn Brp g
e = T4+Bgp-C8
(RP models)
Khan g, = dnx@Ce Gm, k> a4, b
¢ (I4aC,)
Sips _ InsKs-C" , Kg. n
P de = 1iKsC Im, 5 Bs
Toth GIE for K] > K: qm, To» KTos nrp
_ Gm.10°Ce
9e (1/Kn+C:7")l'mT"
GIE: G, 10> A, ks M4, 1y,
G100 C

Fritz-Schlunder (single solute)

Vieth-Sladek

Guggenheim-Anderson-de
Boer (GAB)
Harkins-Jura

Tempkin
Dubinin—Radushkevich

Brouers-Sotolongo

Jovanovi¢

9e = ThaCrokCl

b
(s)
1+<%)~Cf“

qde = Kys - Ce + qnfw -

(2), (). b by

Kvs, Gm. vs: Bvs

q.

© C+s vsCe

_ dn.caneK-Ce K.

9o = TRCINTeTIRT] m, GaB, 2 €
_ (%)1/2 A, By

9e = \ Bur-log(C.)

q, :%T-ln(KT-Ce) br Kr

Ge=4m, pr* (€xXp(—Kpr" (6)2)) Gm, DR KDR
5=R-T—ln(l+%)

9de = 4mBSs * (I*eXP(*KBS ' C?))
For monolayer:

qe=4m,J" (1 - eXp(71<J ) Ce))

For multilayer:

ge=Gqm, s (1 —exp(=K;- C)) - exp(K'y - C,)

qm» KBSs «Q
Gm, 5» K K'y

values obtained (Fig. 5) show a favourable adsorption of S-IV
from the organic phase on PAC and PACNAUT. The decrease
in R; with the increase of the initial concentration indicates
that the adsorption is more favourable at high concentrations
of S-IV.

The values obtained of the heterogeneity factor for the
Freundlich isotherm model with PAC (ny=2.83) and
PACNAUT (nr=4.73) indicate that adsorption is physical,
since ny values obtained were more than 1 (Rincon-Silva
et al. 2015).

The Redlich—Peterson isotherm was developed to im-
prove the fitting between the Langmuir and the
Freundlich equations (Redlich and Peterson 1959) and,
few years later, Radke and Prausnitz developed an iden-
tical mathematical model studying the adsorption of or-
ganic solutes from dilute aqueous solutions on activated
carbon (Radke and Prausnitz 1972). The Radke-
Prausnitz isotherm model can be found expressed in
different forms, which were summarized in three differ-
ent isotherms by some authors (Hamdaoui and
Naffrechoux 2007b; Saadi et al. 2015). However, the
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function reported by Radke and Prausnitz was expressed
as shown in Eq. 16:

1 1 1

— = + (16)

. 3
ng a-c¢ b-c

where n;° refer the moles of adsorbed solute on the
adsorbent per gram (q.), ¢; the concentration of the ad-
sorbate in the liquid solution (mol/L) and a, b and 3 are
constant parameters of the model. The expression can
be transformed as given in Eq. 17.

a - Cj

%ZW (17)

Thus, the expression can be considered mathematically
identical to the Redlich—Peterson isotherm (a=Agzp a/b=
Brpand I-3 =g, as presented in Table 4). Here, both isotherm
models were named RP model. Detailed discussion about the
results obtained with the RP, Khan, Sips, Fritz and Schluender,
Guggenheim, Anderson and de Boer (GAB), Harkins—Jura
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Table 5 Parameter values and statistical data obtained from the fitting of the adsorption isotherm models
Isotherm models Parameter model PAC PACNAUT Statistical parameter PAC PACNAUT
Langmuir Gz (Mg g ) 183.0 2582 SSE (mg” g %) 6828 2726
K; (L mg") 0.024 0.720 P 0.864 0.944
iy 0.842 0.937
Freundlich Kp(mg" ™' g7t L™ 38.0 117.1 SSE (mg® g 2145 3134
np 2.83 473 ” 0.941 0.932
1/ np) 0.354 0212 iy 0.933 0.922
RP models Arp (L g™ 6.69 395.3 SSE (mg® g2 5297 1715
Bgrp (L8 mg®) 0.101 2.409 ” 0.958 0.962
g 0.649 0.878 7 iy 0.944 0.950
Khan Gmi (mg g 101.6 139.5 SSE (mg* g %) 4725 1727
a(L mgh 0.101 2427 2 0.938 0.962
b 0.675 0.868 P adi 0917 0.950
Sips Gms (mg g 205.7 2778 SSE (mg* g ?) 4909 4432
Kg (L" mg™) 0.301 0.534 r2 0.861 0.958
n 0.552 0.645 gy 0.815 0.945
Toth-K, > K Gmro (Mg g " 238.6 327.7 SSE (mg” g %) 4823 1807
K7, (L"™ mg ") 4.191 3.052 2 0.863 0.960
ng 0.364 0.433 iy 0.817 0.947
Téth-GIE Gmro (mg g1 66.9 245.7 SSE (mg® g %) 195 1358
a (L mg ™) 15.80 0.876 ” 0.994 0.970
k (L mg ™) 1.211 1.0-107° 7 iy 0.989 0.941
my, 1.949 0.788
my 2438 3.127
Fritz-Schlunder (single solute)  (a;0/c;) (mg g 'L*"%/mg®'%)  40.4 339.0 SSE (mg* g %) 2144 1705
(ap/c;) L /mghth 0.064 1.934 2 0.941 0.963
b 0.354 0.901 P adi 0.906 0.940
by 0.000 0.793
GAB Gmoas (Mg g ) 92.2 2123 SSE (mg* g %) 589.2 1564
c 384.6 282.9 2 0.984 0.967
K (L mgh 65102 41107 P adi 0.978 0.956
Vieth-Sladek Gmvs (mg g1 66.7 208.0 SSE (mg? g ) 388.9 1557
Kys(L g™h 15107 12107 ” 0.989 0.967
Bys (L mg ™" 4475 1.209 i 0.985 0.956
g U
Harkins-Jura Apy (mg® g 6.9-10° 3.5:10% SSE (mg® g ?) 2089 6766
By 2.09 2.19 I 0.952 0.858
7 iy 0.945 0.838
Tempkin RT-(by) ' (mgg™h 22.7 373 SSE (mg® g ?) 4669 1854
br(gImg ' mol™) 61.7 99.3 I 0.866 0.959
Kr (L mgh 15.03 22.91 P adi 0.847 0.953
Dubinin—Radushkevich Gmpr (Mg g ") 169.7 241.9 SSE (mg* g ?) 8489 6995
KprR>T? 164.0 2.19 P 0.855 0.900
¥ i 0.835 0.885
Brouers-Sotolongo Gmss (mg g ") 201.0 2713 SSE (mg® g ) 3902 2070
Kps (L* mg ™) 0.228 0.544 ”’ 0.891 0.955
o 0.354 0.443 iy 0.855 0.940
Jovanovié-monolayer Gy (Mg g ") 214.7 243.2 SSE (mg® g ) 5549 4229
K, (L mg™h 0.025 0.535 ” 0.939 0918
7 iy 0.930 0.906
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Table 5 (continued)

Isotherm models Parameter model PAC PACNAUT Statistical parameter PAC PACNAUT
Jovanovi¢-multilayer Gy (mg g ) 78.8 193.6 SSE (mg® g ) 218 1607
K;(L mg™h 2371 0.796 ” 0.994 0.971
K, (L mgh 0.011 6.1-1073 7 iy 0.992 0.961

and Tempkin models can be found in the Supplementary
Material.

The Téth isotherm model comes from the development
of Téth in a general isotherm equation (GIE) to model all
types of isotherms taking into account the heterogeneity
and the lateral and vertical interaction energies of the
adsorbed molecules. The Toth isotherm model normally
used in the modelling of one-phase wastewater treatment
by adsorption is the solution of the GIE when the dynam-
ic equilibrium adsorption is higher for the monolayer than
the subsequent formed layers (K; > K as Toth notation),
which was successfully found to describe type I gas iso-
therms, as Téth explained (Toth 1981). The values of g,
found in the fit of the simplified Toth isotherm—K; > K
(238.6 and 327.7 mg g ' with PAC and PACNAUT ad-
sorbents, respectively) were those more distant to the ex-
perimental data amongst all the isotherm models studied.
The solution of the To6th isotherm for K; > K is not ap-
propriate for the adsorption isotherms of S-IV, because the
solution of the GIE with K; > K describes a horizontal
asymptote. For this reason, the explicit GIE proposed by
Toth was adapted in this work to be used in the

Fig. 4 Generic expressions of the
adsorption isotherm models and
relationships between them

Freundlich

Vieth-Sladek
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adsorption of the S-IV from the biphasic liquid system,
as given in Eq. 18.

o qTo'a'Clen“
“Tva-CrkoC

9. (18)

where ¢z, is a constant measured in mg g ', A and K are
constants (L™mg ™ and L™mg ™, respectively), and
m, and my are exponents, which can take values in a wide
range (>0), allowing to predict suitably different shapes of
adsorption isotherms. S1, S2, L1 and L2 types according
to the Giles classification may be modelled appropriately
for m,m;>1, my;>1 and 0<m; <1, 0<m,<1 and m; >1,
and m,,m; <1, respectively. As consequence of the versa-
tility of this model (Fig. 4), it is used as one of the check
models that are able to predict highly suitable the experi-
mental data.

The Jovanovi¢ model describes an isotherm adsorption for
monolayer and multilayer physical adsorption. It was devel-
oped initially for gas adsorption (Jovanovi¢ 1969), but it is
largely used in the adsorption of adsorbates from one-phase
aqueous solutions (Hadi et al. 2010; Vargas et al. 2011; Wang

Fritz-Schlunder
(single compound)
A-C}

Téth (GIE)
A-CP

Te=1yB-cr+c-c?

n=1Iandm=2

GAB A

A-C,
q =
¢ T (14B-C) - (1+C-Cp)
)
BorC=0 n=2B=C
Langmuir Khan
A-C, A-Ce
Ge = de =T xB-Co"
1+B-C, (1+B-Ce)

Téth (K,>>K)
. AC
T (1+B-CHUn

e




Environ Sci Pollut Res (2020) 27:20770-20785

20781

T T T T T T T 0010
061 —m— PAC
—<4— PACNAUT
4 0.008
054 )
T 04 Joo0s T
T T
& bl
;é 0.3 4 §
& 40004 S
£ 024 £
g g
g o002 &
0.1 4
0.0 T T T T T T T 0.000
0 100 200 300 400 500 600 700 800

. . a4
Initial concentration, C, (mg-L")

Fig.5 Langmuir separation factor obtained in the adsorption experiments
S-IV onto PAC and PACNAUT samples

2012). This isotherm adsorption model was found to present
the best statistical parameters in terms of SSE, 7 and r2adj
when multilayer adsorption is considered. In fact, the
Jovanovi¢ model is able to predict most suitably the experi-
mental data when compared with other isotherm models based
on multilayer form (e.g. the Harkins Jura or GAB models).
This shows that the Jovanovi¢ multilayer isotherm can be
satisfactorily used in the adsorption of S-IV onto activated
carbonaceous materials. Data predicted with the model versus
experimental data were represented in order to show how the
model is able to adjust adequately the results (Fig. 6).
Additionally, Fig. 3 shows the values of ¢, predicted from
application of the Jovanovi¢ isotherm with PAC and
PACNAUT adsorbents. The values of ¢,, obtained in the
fitting procedure (0.215 and 0.243 mg g ' with PAC and
PACNAUT, respectively) were found to be near to the
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Fig. 6 Parity plot of the amount adsorbed of S-1V in equilibrium
modelled by the multilayer Jovanovi¢ model

experimental data. The value of g,, obtained with the unmod-
ified activated carbon (PAC) is lower than that obtained with
the modified activated carbon (PACNAUT). Similar values of
the constant K, have been obtained in other works regarding
the adsorption of pollutants on activated carbon (Hadi et al.
2010; Quesada-Pefiate et al. 2009). Note that the constant may
take negative values in some works, as consequence of how
the isotherm equations are expressed in respect to the inlet
exponential content (here, it was expressed as an exponential
of the constant multiplied by the equilibrium concentration, in
order to obtain positive values).

From the analysis of all the isotherms and from the knowl-
edge of the most important parameters (g,,, SRE and rzadj), the
isotherm models studied can be ordered according to their
efficiency to predict the experimental behaviour of the S-IV
adsorption onto activated carbon materials. With respect to g,
(in descending order for the modified activated carbon,
PACNAUT): Té6th-K1 > K > Sips ~ Brouers-Sotolongo >
Langmuir > Jovanovi¢-monolayer ~ Dubinin—Radushkevich
> T6th-GIE > GAB ~ Vieth-Sladek > Jovanovi¢-multilayer >
Fritz Schlunder > RP > Khan. The models able to predict more
suitably the experimental data (+°>0.96), viz. Toth-GIE ~
Jovanovié¢-multilayer > GAB ~ Vieth-Sladek > Fritz-
Schulunder > RP ~ Khan lead to ¢,, values between
245.7 mg g_1 (T6th-GIE) and 164 mg g~ ' (RP). Thus, the
adsorption capacity of the monolayer for the PACNAUT ma-
terial is expected to be found in this range of values, being
193.6 mg g ' for the isotherm model that better fits the exper-
imental data (Jovanovi¢-multilayer). As can be appreciated in
Table 5, and as expected, the g,, values obtained through the
fitting of the experimental data with PACNAUT are higher
than the values obtained with PAC for all the fitted equations
from adsorption isotherm models.

To the best of our knowledge, there are no studies regarding
the modelling of the adsorption of S-IV on lipophilic activated
carbons from biphasic liquid systems simulating oily waste-
water effluents. The saturated adsorption capacity (g,,) of S-
IV achieved with multi-walled carbon nanotubes with S-IV
molecularly imprinted polymers (MWNTs-MIPs), used as ad-
sorbents to detect the pollutant by analysis techniques, was
found to be 24.4 mg g (Zhang et al. 2010). In another study
(Sun et al. 2015), dealing with the removal of different Sudan
dyes from an aqueous solution by magnetic carbon nanotubes,
a maximum adsorption of 18.8679 mg g ' was achieved with
S-1V at 45 °C (determined from the Langmuir isotherm mod-
el). A part of other study (Li et al. 2014) reveals that it is
possible to achieve an adsorption equilibrium of S-IV
(970.87 ug g ') onto ferromagnetic titanium dioxide nanopar-
ticles (determined by the pseudo-second-order kinetic adsorp-
tion). However, the aim of those works was not the treatment
of wastewater or polluted organic solvents. Chang et al. stud-
ied the adsorption and photocatalytic degradation of different
Sudan dyes reaching a maximum adsorption of 20 mg g '
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onto TiO,@MIL-53 core-shell composites (Chang et al.
2016). The adsorption of Sudan dyes was not modelled in that
work.

Effect of temperature and thermodynamic study

The adsorption of S-IV with the best material (PACNAUT)
was also explored at low temperature (25 °C) in order to in-
vestigate the effect of this parameter and to study briefly the
thermodynamics of this process. The adsorption isotherm at
25 °Cis depicted in Fig. 3. As can be observed, the amount of
S-IV adsorbed on the PACNAUT material is higher at 25 °C
when compared to 50 °C. The curve obtained at 25 °C was
also modelled with the Jovanovi¢ equation, resulting in a good
accuracy of the predicted values, 7 =0.987 (Fig. 6). At that
temperature, model took higher values for the equilibrium
constants (K,;=1.916 L mg ' and K’;=0.0132 L mg'),
meaning that the equilibrium is more favourable to adsorb
the S-IV on the PACNAUT. Thermodynamic considerations
of'an adsorption process are necessary to establish whether the
process is spontaneous and feasible or not. Thermodynamic
parameters, i.e. heat of adsorption (AH), free energy change
(AG) and entropy change (AS), are typically calculated in
adsorption studies in one-phase aqueous solutions (Maksin
et al. 2012; Rodriguez et al. 2009; Wang 2012). However, it
is possible to find different methodologies to estimate those
parameters (Anastopoulos and Kyzas 2016). Here, the enthal-
py (AH) was determined considering the Van’t Hoff equation
(Eq. 19) for the first equilibrium constant of Jovanovi¢ (K):

din(K;)  AH Ki» AH (1 1
= ~—ln =——|———= (19)
dT R-T Kp1 R \T, T

The free energy (AG) and entropy (AS) of adsorption were
calculated according to Egs. 20 and 21:
AG =-R-T-In(K)

_ AH-AG (21)
T

(20)

AS

Most studies show the use of the Langmuir constant (K =
K;) to calculate the Gibbs free energy, but it is also possible to
find K as ¢./C, and C4./C,, where C,, would be the equilib-
rium concentration adsorbed on adsorbent per litter of the bulk
solution. Additionally, there is some controversy about the use
of units for K (L mol!, L mgfl, L gf1 or dimensionless).
Obviously, the units affect the value of X, altering significant-
ly the interpretation of the results (e.g., for unfavourable equi-
librium K< 1 = In(K) <0 = AG>0). The use of ¢./C, or
C4./C, is subjected to the operational conditions, since the
q./C, ratio can take different values (Fig. 3). Here, the dimen-
sionless (fitting with C, as mg of pollutant per mg of solution)
Jovanovi¢ equilibrium constant was used for the
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determination of the Gibbs free energy (Table 6). However,
the difference is negligible when the Langmuir constant or
when L mol ™" were used.

The negative value of AH confirms the exothermic nature
of the adsorption process on the material and that decreasing
the temperature leads to the increase of the adsorption of S-IV
on PACNAUT. Sun et al. (Sun et al. 2015) also found exo-
thermic adsorption processes of different Sudan dyes in aque-
ous solution. The low value obtained for the enthalpy of ad-
sorption indicates the physical character of the process. The
negative values of the Gibbs free energy and the positive value
of entropy are consistent with a spontaneous process coupled
with the loss of freedom of the adsorbate molecules. However,
the magnitude of the values is found inside the typical range of
values reported in the literature (Anastopoulos and Kyzas
2016).

Conclusions

Successive treatments of the commercial activated carbon
Norit ROX 0.8 in powder form (PAC), namely with nitric acid
and urea, followed by a thermal treatment at 800 °C under
inert atmosphere, resulted in the sample PACNAUT, which
revealed the highest adsorption performance amongst all ma-
terials tested (¢, =200 mg g ' with 2.5 g L' of PACNAUT
and 500 mg of S-IV per litter of organic phase). Due to the
lipophilic character of both adsorbent and adsorbate, the effect
of water is negligible in the adsorption of S-IV contained in a
mixture of oil-water. Then, it is possible for the use of one-
liquid-phase kinetic and adsorption isotherm models to predict
their behaviour in the static adsorption of pollutants present in
wastewater effluents with no more considerations.
Rectifications of some models gathered from literature have
been done to employ them correctly in the modelling of the
adsorption of S-IV on the developed materials. Kinetic ad
equilibrium constants take higher values for PACNAUT when
compared with the other materials tested, revealing that hy-
drothermal modifications allow increasing significantly the
performance of the original material. The kinetic adsorption
of S-IV onto the developed materials was well-modelled by
the Avrami equation (adjusted ° above 0.990), obtaining ki-
netic constants of 0.034 and 0.055 min~' with PAC and
PACNAUT materials, respectively, putting in evidence the

Table 6 Main parameter coefficients of the Jovanovi¢ model at 25 and
50 °C and thermodynamic constants of the adsorption of Sudan-IV on
PACNAUT

Temperature K AG AH AS

(°C) kgkg Wmol"y (kJmol') (kJmol " K')
25 1.92x10° —363 -22 0.10

50 7.96 x10° —33.9
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more than 60% increase as consequence of the chemical and
thermal treatments. On the other hand, the adsorption isotherm
of S-IV on PACNAUT and PAC activated carbons is well-
modelled by using the GIE of T6th and the Jovanovi¢ expres-
sion for multilayer (° above 0.97 for both models). These
models are not typically used in other works reported in the
literature. Generally, the Jovanovi¢ model is only employed
considering the adsorption in the monolayer and the GIE T6th
expression is not used, despite its versatility to model easily
isotherm curves of adsorption. In the adsorption of S-IV onto
PAC and PACNAUT, the extended models allow to predict a
monolayer uptake capacity greatly higher for the modified
material when compared to the commercial carbon (193.6
and 78.8 mg g, respectively, according to the Jovanovi¢
expression for multilayer adsorption). The adsorption iso-
therm of S-IV with PACNAUT at 25 °C confirms that the
adsorption of S-IV can be increased at lower temperatures.
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