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ABSTRACT

Adsorptive techniques have shown considerable promise for the removal of metals from effluents
and enable the use of a variety of alternative adsorbent materials that are both highly efficient
and inexpensive. This work aims to examine the potential of NH4-Y zeolite as an adsorbent for
barium ions in aqueous solutions, as a methodology to prevent barium sulfate incrustations.
During the adsorption assays, various parameters were studied, such as the initial concentration
of barium, adsorbent dosage, contact time and the point of zero charge of the adsorbent material,
which enabled a full investigation of the optimum parameters for maximum removal of those
ions. A complete and systematic study regarding the adsorption kinetics (pseudo-first order,
pseudo- second order, and Avrami) and adsorption isotherm (Langmuir, Freundlich, Langmuir-
Freundlich, Redlich-Peterson, and Sips) was performed using various regression methods.
The best fits to the experimental data were provided by the Avrami exponential kinetic model
and by the Sips adsorption isotherm model. Overall, NH4-Y zeolite has shown an adsorption
capacity of 101.5 mg/g-1, which is significantly larger than other common adsorbents, fast
kinetics, and great removal efficiency, achieving up to 100% under optimized conditions.

INTRODUCTION

During the exploration and production of oil and
gas, a large volume of wastewater (approximately
3:1 volume of water-to-product ratio), denominated
produced water (PW), is produced (Dickhout et
al., 2017). This byproduct is mainly composed of
formation water (from the oil zone) and seawater.
For this reason, PW contains a complex mixture of
organics and inorganics, which depends mainly on the
reservoir’s geochemistry, lifetime of the wells and the
type of hydrocarbon produced (Jiménez et al., 2018),
(De Figueredo etal., 2014). Generally, PW is composed

of dissolved oil, water, total dissolved solids (TDS-
salts), ammonia, boron, heavy metals and suspended
solids (Shpiner et al., 2009). The PW management
has become a great concern, as approximately 21
billion barrels of this waste are produced each year
in the US alone (Ottaviano et al., 2014). Thus, prior
to use, PW is conventionally treated by gas flotation,
adsorption, ultrafiltration and macro-porous polymer
extraction (MPPE) (Dickhout et al., 2017), (Shpiner
et al,, 2009), (Venkatesan and Wankat, 2017). for a
variety of applications, including irrigation, boiler
feedwater, and groundwater recharge (Alzahrani and
Mohammad, 2014), (Pica et al., 2017).
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PW can also be re-injected into the oil field in order to
maintain the internal pressure and displace the crude
oil in the reservoir. This procedure is important as the
production is significantly reduced due to the natural
decrease of the reservoir pressure in mature fields.
However, because of a high concentration of metallic
cations (such as Na+, K+, Ca?*, Mg? and Ba?") and
anions (mainly Cl-, SO* and CO?) this re-injected
water has a great potential to produce insoluble
precipitates (Venkatesan and Wankat, 2017). In
extreme cases, these precipitates can accumulate in
the rock formation, pipes or equipment, leading
to the formation of incrustations (Lima and Vilar,
2014), which substantially reduce the production
of petroleum and cause enormous damages to the
extraction process. Among those ions, Ba(II) is one of
the most abundant ions on produced water and also
presents a great tendency to generate lower solubility
compounds, especially barium sulfate. Thus, the
presence of barite is an extreme concern for the gas
and oil industry as it can lead to incrustations on the
inside diameter of pipes. A preventive treatment
based on the removal of barium might reduce
significantly the capital cost and invested operational
cost due to mitigating salt incrustation in the pipes.

Conventional treatments for the removal of metallic
ions from aqueous solutions normally involve
physical, chemical, and biological processes, based
essentially on chemical precipitation, coagulation,
ion exchange, and reverse osmosis (Mukherjee et al.,
2018). Nonetheless, disadvantages of most of these
processes include poor efficiency for large volumes of
metal- containing effluents, resulting in an inability
to comply with environmental requirements, as well
as high cost. Adsorptive techniques have shown
considerable promise for the removal of metals
from effluents, and enable the use of a variety of
alternative materials that are both highly efficient and
inexpensive, such as activated carbon, geopolymers,
biopolymers, metal oxides, and zeolites and their
derivatives (Dong et al., 2018; Fakhre and Ibrahim,
2018; Kaplan Ince and Ince, 2017; Siyal et al., 2018;
Tao et al., 2014).

Zeolites, such as zeolite Y, are hydrated
aluminosilicates of alkaline or alkaline earth
metals, with three-dimensional crystalline network
structures composed of tetrahedrons of the type
TO4 (T=Si, Al) whose vertices are linked by oxygen
atoms (Swiderska-Dabrowska and Schmidt, 2012),
(AbdulKareem et al., 2018). The interconnected
channels and cavities are of molecular dimensions
and contain charge compensation ions that possess
freedom of movement, enablingion exchange
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processes to occur (AbdulKareem et al., 2018). As a
result of their ion exchange capacity, zeolite minerals
have been widely used in the treatment of industrial
and domestic effluents, acid mine drainage water and
contaminated soilsand sediment (Buenafioetal.,2017;
Burlakovs et al., 2012; Koshy and Singh, 2016). The
adsorption capacity of zeolites is dependent on the
nature, chemical composition, pH, and temperature
of the solution, as well as the characteristics of the
exchangeable cations (Widiastuti et al., 2011). Other
advantages of zeolites are that they can be obtained
from very inexpensive raw materials, for example
rice husk ashes, making them a cheap and suitable
choice for a large variety of processes (Mukherjee et
al., 2018).

Considering the rise of production and the rising
need for cost-benefit processes, the search for
preventive actions to the problems caused by
incrustations is of extreme importance. Thus, this
work aims to examine the potential of NH,-Y
zeolite as an adsorbent of barium ions in aqueous
solutions. In contrast to the widely studied zeolites
for heavy metal adsorption, relatively few papers
have reported an elaborated and systematic study
regarding the kinetic and equilibrium for adsorption
of barium in synthetic produced water using these
aluminosilicate materials. The adsorbent (NH,-Y
zeolite) was produced by an ion exchange process
of NaY zeolite and fully characterized by XRD,
FTIR, and thermogravimetric analyzes. During the
adsorption assays, various parameters were studied,
such as the adsorbate concentration, adsorbent
dosage, and the point of zero charge of the adsorbent
material. Finally, a systematic study regarding the
adsorption kinetics and adsorption isotherm was
performed using various regression models.

EXPERIMENTAL SECTION
Chemicals

All the chemicals used in this work were analytical
grade and used without further purification: NaY
zeolite was supplied by Union Carbide Corporation
ammonium chloride (NH,Cl, Merck), barium nitrate
(Ba(NO,),, Sigma-Aldrich), sodium hydroxide
(NaOH, Sigma-Aldrich), sodium chloride (NaCl,
Sigma-Aldrich), and hydrochloric acid (HCI, Vetec).
All solutions were prepared using Milli-Q ultrapure
water (resistivity around 18.2 MQ.cm at 25°C)

Adsorbent preparation and characterization

NaY zeolite was subjected to an ion exchange process
in which the sodium cations (Na+) compensating
the charges of the structure were substituted by
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ammonium ions (NH,+), provided using an aqueous
solution of 1 mol ‘L' ammonium chloride, according
to the procedure described by Pedrosa et al. (2006)
(Garrido Pedrosa et al., 2006). Infrared spectroscopy
analysis of the NH - Y zeolite was performed using a
Varian 640 IR spectrophotometer coupled to an ATR
system (36 x 36, resolution 4 cm™, range 4000-500
cm?). X-ray diffraction analyses employed a Rigaku
Ultima Plus RINT 2000/ PC diffractometer, operated
in continuous scanning mode (2° min?), at room
temperature (25°C). A CuKa (\=1.5406 A) radiation
source was used, with a 20 interval of 5° to 45°.
Thermogravimetric measurements employed a TA
Instruments Model SDT 2960 analyzer, operated at
a heating rate of 10°C min™, under a flow of nitrogen
(10 mL min™). Portions (approximately 8 mg) of the
samples were placed into alumina sample holders.

Ba(II) ion solutions

Stock solutions of 1000 mg/L™ Ba(Il) were prepared
from Ba(NQ,), using ultrapure water. The solutions
were diluted as required to obtain working solutions
in the range 10-800 mg/L-1 of Ba(ll), and the initial
pH was adjusted to 7.0 by addition of 0.01 mol L
HCI or NaOH. Fresh dilutions were made prior to
each adsorption experiment.

Point of zero charge

The point of zero charge was determined using
solutions of 0.10 mol L NaCl at different pH values
in the range 4-9, adjusted using 0.10 mol L' HCI
or NaOH. A 50 mg quantity of the NH,-Y zeolite
was mixed with 50 mL of NaCl solution, in amber
flasks, and the mixture was agitated at 150 rpm in a
refrigerated benchtop incubator (Cientec CT-712R),
for 24 hours at ambient temperature. The final pH
was measured, and a graph was plotted of pH versus
the initial pH. The experiments were performed in
duplicate.

Adsorption experiment methodology

The adsorption capacity was determined through
batch sorption experiments, where a known amount
of the adsorbent was mixed with 50 mL of an aqueous
Ba(Il) ion solution with known concentration. The
experiments were carried out by shaking the flasks
at 150 rpm for different periods of time using the
benchtop incubator. The quantity of Ba(Il) adsorbed
was calculated using the following expression:

(CO—C,.)xV

m

0= 1)

Where, Q is the amount of metal ions adsorbed on
the NH,-Y zeolite at time t (mg/g™), CO and Cf are the
initial and final liquid-phase concentrations of metal
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ions (mg/L?"), V is the volume of the aqueous phase
(L), and m is the dry weight of the adsorbent (g). The
percentage adsorption of metal ions was calculated
as follows: 2

%:MXIOO @)
CO

Where, CO and Cf are the initial and final metal
ion concentrations, respectively. The kinetic and
equilibrium models were fitted by the non-linear
technique, and the standard deviation (SD) and the
chi-squared value (x?) were calculated to prepare
(Tables 1-3).

Effect of the absorbent amount
To determine the optimal adsorbent dosage which

Table 1. Adsorption capacity of some material for removal
of Ba(Il) ions reported in the literature.

Adsorption
Adsorbent capacity Reference
(mg/g”)
Hydrous ceric oxide 0.051 (Slﬁlggﬁggnsc)l
Expanded perlite 2.486 (Mel;e(l)rlnl;e tal,
(Kaveeshwar
PSBAC 3.33 et al,, 2018)
. (Ghaemi et al.,
Dolomite powder 3.958 2011)
(Kayvani fard
MXene 93 et al., 2017)
. (Majidnia and
PVA-alginate beads 19.45 Idris, 2015)
] (L. Chavez
Ca-montmorillonite 36.74 et al,, 2010)
MIL-101-Cr-SO,H 70.5 (Peng et al., 2016)
Fungus-titanite bio- 120 (Xu et al., 2014)
nanocomposites
MOF-808-50, 131.1 (Peng et al., 2016)
NH,-Y zeolite 101.5 Present study

Table 2. Values of the parameters of different kinetic
models applied to the adsorption of barium by NH,-Y
zeolite.
Barium concentration (mg L-l)
Kinetic

mode] = Yarameters 44, 300 500
R2 0422 0498 = 0473
o :fgfgér Qe 9831 9374 | 1002
K1 0307 019 0290
Pseudo- R2 0916 0926 0927
second Qe 9904 9556 = 101.0
order 12 0016 0005 0013
nAV 0181 0233 0173
Avrami KAV 3392 | 1499 | 3364
Qe 9940 = 9657 = 1015
R2 0982 = 0988 0997



2227

Table 3. Parameter values of the different isotherm models
applied to desorption of barium by the NH -Y zeolite.

BARBOSA ET AL.

Isotherms Parameters Value
Qo 140.6

KL 0.275

Langmuir R2 0.864
SD 0.014

XZ (1 0'5) 2.000

nF 11.05

KL 84.26

Freundlich R2 0.979
SD 0.003

X (10) 2.660

nLF 0.482

Q.. 154.9

Langmuir- KLE 0.382
Freundlich R2 0.963
SD 0.011

X (10) 7.120

nS 0.306

Q.. 179.2

KS 0.650

Sips R2 0.995
SD 0.004

X (10) 8.140

aRP 1.509

B 0.928

Redlich- KRP 1421
Peterson R2 0.989
SD 0.007

X (107) 1.860

presents a maximum removal of barium from
aqueous solutions, different amounts of NH,-Y
zeolite ranging from 5 to 100 mg/were tested. All the
batch experiments were performed by adding 50 mL
of a 30 mg/L* aqueous Ba(Il) solutions at pH=7. The
flasks were shaken at 150 rpm in a water bath at room
temperature (25°C). After 24 hours, the samples were
filtered, and the metal concentration was determined
using flame atomic absorption (Varian AA240FS).

Kinetic studies

50 mg/of zeolite NH,-Y were added to each 50 mL
volume of Ba(Il) solution. The initial concentrations
of barium solution tested were 100, 300, and 500 mg/

L7, and the experiments were carried out at 25 °C in
a constant temperature shaker bath. The samples
were then collected at different time intervals and
filtered using 0.25 um pore size Millipore filters. The
concentration remaining in the supernatant solution
was determined as described previously.

Equilibrium studies

Equilibrium experiments were carried out using
conical flasks containing 50 mg/of natural zeolite
with 50 mL of Ba(Il) solutions at concentrations in
the range of 100-800 mg/L". The flasks were shaken
at 150 rpm in the water bath, at a temperature of 25
°C. After 14 hours, the samples were filtered, and the
metal concentration in the supernatant solution was
determined using flame atomic absorption (Varian
AA240FS).

Adsorption isotherms

The Langmuir, Freundlich, Redlich-Peterson,
Langmuir-Freundlich, and Sips adsorption isotherm
models are often employed to predict batch mode
adsorptive processes, with non-linear regression
used to determine the various model parameters.

Monolayer adsorption can be described by the
simple model proposed by Langmuir. This model
was first developed to describe the adsorption
of gases on solid surfaces and has subsequently
been applied to liquid phase systems where the
adsorbate is present in solution (Hao et al., 2017). It
corresponds to a condition where the surface of the
solid is completely covered by a monolayer of the
adsorbed species, without any interactions between
the adsorbed molecules, with each active site of the
surface accommodating a single adsorbed entity. The
Langmuir model can be described by:

K,.c,
1+K, ¢,

Q.=o™ @)

Where, Ceq is the concentration of the adsorbate at
equilibrium (mg/L", or mol ‘L*), Q™™ is the maximum
achievable capacity, and KL is the Langmuir constant.
In physical terms, Q ™ represents the concentration
of the species adsorbed on the surface when complete
coverage by a monolayer has been achieved.

In certain circumstances, the best theoretical
representation for liquid phase adsorption data
obtained experimentally can be provided by the
Freundlich model. This model describes adsorption
of a monolayer, with lateral interactions between the
adsorbed molecules, and a heterogeneous energy
distribution amongst the adsorption sites (Hao et al.,
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2017), (Saruchi and Kumar, 2016). The Freundlich
model can be described by:

Q. =K, Cim @)

Where, KF is the Freundlich constant related to the
adsorption capacity (mg//g")V/™ or (mg/ /L)),
and nF is the Freundlich exponent (dimensionless).
Ceq is the concentration of adsorbate at equilibrium
(mg/L" ormol L).

The Langmuir-Freundlich isotherm is based on the
Langmuir and Freundlich models but employs a
greater number of parameters and can provide an
improved description of experimental data (Jeppu
and Clement, 2012). Considering that at equilibrium
therate of adsorptionis equal to the rate of desorption,
the model can be expressed by:

Qo i) ®)
1+(K c )

L eq

Where, Qemax is the maximum attainable capacity
(mg//g* or mol/g?'), Ceq is the concentration of
adsorbate at equilibrium (mg/L" or mol L!), and nLF
is a parameter reflecting adsorption heterogeneity.
A value of nLF equal to 1 indicates that adsorption
occurs as a monolayer, described by the Langmuir
isotherm, while values of nLF different to 1 reflect
multilayer adsorption, described by the Freundlich
isotherm.

The Sips isotherm is a combination of the Langmuir
and Freundlich models and can provide a better
description of adsorption on heterogeneous surfaces
(Saruchi and Kumar, 2016). It can be described by:

K,.C®

— (6)
1+K,.C,

Qe — Q:nax

Where Qemax is the maximum adsorption capacity
for formation of a monolayer, KS is the Sips constant,
which is related to the energy of adsorption and is
similar to the parameter KL of the Langmuir model.
The factor nS is similar to the exponent in the
Freundlichmodel.

The Redlich-Peterson isotherm model describes an
equilibrium isotherm using an empirical equation:

K., c

Q =—>=F <
e B
I+ ag,cl,

)

Where, KRP and aRP are the Redlich-Peterson
constants, with the units L g! and mg/L",
respectively, and (3 is the dimensionless Redlich-
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Peterson exponent, whose value lies between 0 and 1
(Subramanyam and Das, 2014).

Adsorption kinetics

The adsorption rate can be determined using
a pseudo-first order rate expression originally
developed by Lagergren for adsorption in liquid-
solid systems, based on the adsorption capacity of
the solid. Lagergren assumed that the rate of removal
of the adsorbate with time is directly proportional
to the difference between the concentration and the
saturationconcentration, and to the number of active
sites on the solid. The non-linear form of this kinetic
model is given by:

Q=0 (1-exp™") ®)
Where Qt and Qteq are the quantities of adsorbate
(mg/g") adsorbed after a given time t(min) and at
equilibrium, respectively, k1 (min™) is the pseudo-
first order rate constant, and t(min) is the time of

contact between the adsorbent and the adsorbate
(Lin and Wang, 2009).

Another widely used adsorption kinetics model is
the pseudo-second-order model developed by Ho et
al. (Lin and Wang, 2009). The non-linear form of the
model can be expressed as:

_K(Q) e

= 9
1+£,.Q,.1) ©)

Q

Where Qt and Qteq are the quantities of metal
(mg/g") adsorbed after a given time t (min) and at
equilibrium, respectively, k2 is the pseudo-second-
order constant (mg/g"' min”), and t is the time of
contact between the adsorbent and the adsorbate.

Most previous studies of adsorption kinetics have
used only the pseudo-first-order and second order
models. However, consideration should also be
given to additional parameters such as changes in
the adsorption rate as a function of initial adsorbate
concentration, and the time of contact between
adsorbent and adsorbate, as well as the use of
fractional order kinetic models (Lopes et al., 2003).
An alternative kinetic model taking account of
these factors was proposed by Lopes et al., using an
adaptation of the exponential function of Avrami
(Lopes et al., 2003). The non-linear form of the
Avrami kinetic model is expressed as follows:

Q=0 (1-exp ™) (10)
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RESULTS AND DISCUSSION

Adsorbent characterization

In this work, Ba(Il) ions were adsorbed onto a NH,-
faujasite-type zeolite by a simple ion exchanged
method. But, prior to the adsorption essays, the
adsorbent NH,-Y zeolite, was characterized by XRD,
FTIR, and TGA. The diffraction spectra pattern of the
NH,-Y zeolite is shown in Fig. 1a. The main peaks at
20=6.24°, 10.05°, 15.61°, 18.24°, 20.40°, 23.72°, 27.10°,
and 31.26°, which are related to (111), (220), (331),
(511), (440), (533) and (642) planes, respectively, are
in agreement with previous findings, (Tao et al.,
2014), (Hosseinpour et al., 2009),(Su et al., 2004). A
comparison of the peaks with literature data and with
a JCPDS database standard (n° 73-2310) indicated
that the structure of the sample material was
consistent with that of high purity faujasite. After
the adsorption of Ba(Il) ions, it was not observed
any change in the XRD pattern, suggesting that the
zeolite crystallinity is not affected by the exchange
procedure, as observed in Fig. 1a.

Fig. 1b shows the FTIR spectrum of NH,-Y zeolite.
The main bands were present in the 1250-
950 cm™ and 790-650 cm™, which can be assigned
to the asymmetrical («~OTO+«) and symmetrical
(«~OTO+«) stretching modes, respectively (Isernia,
2013). The peak at 3600 cm™ could be attributed either
to the combination of symmetrical and asymmetrical
vibrations of the OH of the water molecule or to
vibrations of water molecules located in two different
positions within the zeolite cavities (Xu et al., 2006).
In the latter case, the water molecules are associated
with the cations, with the hydroxyl hydrogen linked
to the oxygen ions of the zeolite structure. The peak
at 1635 cm™ could be explained by the interaction of
OH with the oxygen of the zeolite structure, while
the peak at 994 cm™ could be attributed to vibrational
asymmetrical stretching of the T-O of the zeolite
TO, tetrahedrons (T=Si, Al). The peaks centered at
780 and 1143 cm™ are associated with vibration of
the Si-O bond (Isernia, 2013). Additionally, it was
found for NH,-Y zeolite characteristic peaks at 1444,
3236 and 3380 cm™ related to the bending mode of
ammonium ions, the weakly H-bonded NH, and
the N-H stretching vibration of unperturbed NH
groups, respectively (Perra et al.,, 2014), (Zecchina
et al., 1997). After the adsorption process, it is clean
that the intensity of these peaks decreases as a
consequence of the ion exchange of NH,+ by Ba(II)
ions.

Also, thermogravimetric studies were performed to
analyze the thermal decomposition behavior of the
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adsorbent as a function of temperature. Thermal
decomposition of the NH,-Y zeolite resulted in the
release of ammonia ions, leaving residual protons
that, in turn, became active as compensation cations
within the structure. Measurement of the extent
of loss of ammonium ions from the structure,
according to temperature, can provide information
on the sites where the ammonium ions are located.
The thermogravimetric curve obtained for the
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Fig. 1 Adsorbent characterization: (a) XRD and (b) FTIR of
NH,-Y zeolite after and before the adsorption studies with
Ba(ll) ions, and (c) TGA of NH -Y zeolite.
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zeolite (Fig. 1c) revealed three main phases of
decomposition. A 19% mass loss at temperatures
up to around 180°C corresponded to dehydration
of the zeolite, while further mass loss up to around
360°C was related to the loss of coordinated water
and decomposition of the ammonium ion. Above
600°C there was a small mass decrease, of about
2%, related to dehydroxylation (Kresnawahjuesa et
al., 2002). The total measured mass loss was 27.5%,
and the residual zeolite mass (72.5% of the original
mass) was very close to the values obtained for other
materials based on the NH -Y zeolite (Su et al., 2004).

Point of Zero Charge (PHPZC)

The surface of solid adsorbent particles can present
both positive and negative charges. The relative
surface density of each type of charge depends on
the pH of the medium, and the residual liquid charge
is governed by the balance between the quantities of
positive, negative, and neutral sites present on the
surface. The pH value at which the liquid charge
at the surface is zero is known as the point of zero
charge (pHPZC), where the material exhibits a
neutral net electrical charge in the solution (Bakatula
et al., 2018). The experimental curve obtained for the
determination of pHPZC is shown in Fig. 2, from
which an isoelectric point value of 6.07 was obtained.
It means thatat pH > 6.07, NH-Y zeolite is negatively
charged, while below this pH the surface charge was
positive. The positive sign of this adsorbent at pH
values below 6.07 is due to the presence of nitrogen
groups which are highly protonated. Thus, all the
subsequent experiments were performed at pH ~
7 because the produced water generally presents
a neutral pH and, at this pH value, NH,-Y zeolite
presents a negatively charged surface, which could
help the adsorption of Ba(lI) ions.

25

204
154
1.0

= 051 ’

.00

pH -pH

0.5
-1.04
1.5

o
'20 T T T T T T T T T T
4 5 6 7 8 9

Fig. 2 Determination of the point of zero charge (pHPZC)
for NH,-Y zeolite.
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Influence of mass on adsorption of barium by the
NH,-Y Zeolite

The first adsorption parameter studied in this work
was the adsorbent dosage, which represents the
adsorption capacity of an adsorbent material for a
certain initial concentration of the adsorbate under
a given set of operating conditions. For this study,
batch experiments were performed with the NH,-Y
zeolite dose of 5, 15, 25, 50, 75 and 100 mg/per 50
mL of an aqueous Ba(Il) test solution. The effect of
the adsorbent amount on the adsorption efficiency is
shown in Fig. 3. An increase of the zeolite amount
results in a significant increase in the percentage of
removal of barium, from 38.8 t0 99.9% for masses of 5
and 100 mg/, respectively. Similar observations have
been reported previously for a range of adsorbents
and adsorbates and can be explained, at least in part,
by the higher availability of active adsorption sites,
and consequently a greater contact surface (Cheng
et al, 2017). The percentage removal achieved
using 50 mg/ of

NH,-Y zeolite was similar to that obtained using 100
mg/, once the removal rate was constant above 50
mg/. Thus, in the following adsorption assays, the
amount of the adsorbent was set to 50 mg/for all the
experiments.

Kinetics of adsorption of barium by the NH Y
Zeolite

After studying the optimal adsorbent dosage, kinetics
assays were performed. It is important to point out
that relatively high concentrations of barium (100-500
mg/ L") were used in the present work, compared to
the amounts used in several previous studies (Fard et
al., 2017; Ghaemi et al., 2011; Zhang et al., 2001). This
was only possible because the adsorbent showed a
high adsorption capacity, removing almost 100%
of the barium during the first 10 minutes of contact
when concentrations below 100 mg/L* were used.
(Fig. 4) shows the effect of contact time on removal
efficiency for Ba (II) using 50 mg/of NH,-Y zeolite
at room temperature (25£0.1°C). As observed, the
adsorption capacity increases very quickly with time
until a constant value was reached and, thereafter,
no further subsequent adsorption is observed. This
equilibrium condition was reached after 240 and 600
minutes at the lowest and highest concentrations,
respectively. The maximum adsorption capacity
also increased at higher adsorbate concentrations.
It is likely that as the concentration increases,
adsorbate molecules or ions progressively occupy
preferential adsorbent sites, and that there is a
greater likelihood of collisions occurring between the
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Fig. 3 Influence of mass on adsorption of barium ions by the NH,-Y zeolite (pH ~7, 30 mg L, 150 rpm, 298 + 0.5 K).
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Fig. 4 Influence of concentration and contact time on

adsorption of barium by the NH4—Y zeolite, at 25°C using
barium concentrations: (a) 100, (b) 300, and (c) 500 mg L .

adsorbate species and the surface of the adsorbent
(Amuda et al.,, 2007). The maximum adsorption
capacity for removal of barium was found when
the concentration of the Ba(Il) ions was 500 mg/L",
which corresponded to an uptake capacity of 101.5
mg/g'. As observed in Table 1, the adsorption
capacity of NH,-Y zeolite is expressively larger than
most of the other adsorbents for Ba(Il) ions reported
previously, including activated carbons, hydrous
metal oxides, polymers, titanium carbide nanosheets
and montmorillonite clay (Fard et al., 2017; Ghaemi
et al., 2011; Kaveeshwar et al., 2018; L. Chavez et al.,
2010; Majidnia and Idris, 2015; Meisam et al., 2011;
Mishra and Singh, 1995; Peng et al., 2016; Xu et al.,
2014). It is worth to mention that the concentration
of barium in produced water depends on various
factors, including geological factors, and it can reach
from 1.3 up to 650 mg/L" (Fakhru'l-Razi et al., 2009).
Thus, comparing to the other adsorbents, NH,-Y
zeolite is clearly a highly attractive material for the
removal of those ions from produced water.
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Fig. 5 Comparison of the fit of different isotherm models
applied to the adsorption of barium by the NH -Y zeolite.
T: 303 K; CO: 100, 300, and 500 mg L-; time: 660 min.

Thekinetics of the adsorption process of barium by the
zeolite was first investigated using the pseudo-first
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Fig. 6 Equilibrium isotherms for the adsorption of barium
by the NH,-Y zeolite.

order, pseudo-second order, and Avrami equations.
Calculated parameters of these

kinetics models and the validation results are shown
in Table 2. Non-linear analysis of the kinetic models
showed that the Avrami’s model provided the
best fit to the experimental data, with the highest
correlations at all concentrations (Fig. 5). These
results are similar to those reported by others (Farag
et al.,, 2018). According to this model, the Avrami
model exponent of time (nAv), which is related to
the change in mechanism of adsorption, i.e., it could
be related to the adsorption kinetic orders, presented
a fractional order of around 0.181, 0.233 and 0.173
when the initial concentration of Ba(Il) ions was 100,
300 and 500 mg/L", respectively.

Equilibrium isotherms applied to the adsorption of
barium by the NH,-Y Zeolite

To fully understand the adsorption equilibrium
process, non-linear isotherm models were fitted to
the experimental data using the following regression
models:  Langmuir,  Freundlich, = Langmuir-
Freundlich, Redlich-Peterson, and Sips. Non-linear
fits include an attempt at minimizing the error
distribution between the predicted isotherm and
the experimental data. The calculated parameters
obtained through these non-linear regressions are
usually more relevant than linear fits as they use
the original equations and they are not limited to
model theories.(Nagy et al.,, n.d.) Fig. 6 shows the
adsorption isotherms obtained after 660 minutes
of stirring, where Ce (mg/L") corresponds to the
equilibrium concentration of the metal in the liquid
phase, and Qe (mg/g") is the adsorption capacity of
the adsorbent.

Table 3 lists all the adjustment parameters obtained
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for these non-linear regression models. Based on
the R? value as well as the standard deviation and
x? values, it is clean that at room temperature (25°C)
Sips model presented a higher convergence with
experimental data when compared to the other non-
linear regression models. As observed in Table 3,
the Freundlich heterogeneity factor (nS) value was
0.306. According to this model, when nS equals unity
(nS=1), the Sips isotherm can be simply described by
a Langmuir isotherm, predicting a homogeneous
adsorption (Nethaji et al., 2013). Otherwise, other
values of nS imply a heterogeneous surface. Thus,
the value found here suggests that NH,-Y zeolite
presents a heterogeneous surface.

CONCLUSION

Overall, the results showed the potential of
NH,-Y zeolite as an adsorbent for barium ions in
aqueous solutions. Firstly, NH,-Y zeolite was fully
characterized by FTIR, XRD, and TGA, which
showed the presence of a highly pure faujasite with
NH, groups. The adsorption essays showed that the
process occurs depending on the initial concentration
of barium, adsorbent dosage and contact time.
NH,-Y zeolite has shown an adsorption capacity of
101.5 mg/ g™, which is significantly larger than other
common adsorbents, fast kinetics, and great removal
efficiency, achieving up to 100% under optimized
conditions. A complete and systematic study
regarding the adsorption kinetics and the adsorption
isotherms was performed using various models. The
best fits to the experimental data were provided by
the Avrami exponential kinetic model and by the
Sips adsorption isotherm model.
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