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Abstract: In the present manuscript, the preparation of spherical activated carbons (SACs) with
suitable adsorption properties and high mechanical strength is reported, taking advantage of the
retention of the spherical shape by the raw precursors. An easy procedure (carbonization followed by
CO2 activation) has been applied over a selection of three natural seeds, with a well-defined spherical
shape and thermal stability: Rhamnus alaternus (RA), Osyris lanceolate (OL), and Canna indica (CI).
After the carbonization-activation procedures, RA and CI, maintained their original spherical shapes
and integrity, although a reduction in diameter around 48% and 25%, respectively, was observed.
The porosity of the resulting SACs could be tuned as function of the activation temperature and time,
leading to a spherical activated carbon with surface area up to 1600 m2/g and mechanical strength
similar to those of commercial activated carbons.

Keywords: spherical seeds; spherical activated carbons; activation; microporosity; mechanical properties

1. Introduction

Spherical activated carbons (SACs) are very interesting materials, which are attracting great
attention because of their outstanding physical properties, such as wear resistance, mechanical strength,
good adsorption performance, purity, low ash content, smooth surface, good fluidity, good packaging,
low pressure drop, high bulk density, high micropore volume and tunable pore size distribution [1–5].
All these features make SACs suitable for various applications like blood purification, catalysts support,
chemical protective clothing [2,6,7], in adsorption processes; both in gas phase (e.g., toluene, CO2,
CH4 and H2) [5,8–10] and solution (e.g., phenol) [11], as supercapacitors [12,13], in medicine for poison
adsorption in living organisms [14], as catalyst supports for hydrogenation reactions [15,16], etc.

SACs can be prepared using several methods: by polymerization reactions [17], by agglomeration
from mixtures of resin and activated carbon [18] or by hydrothermal synthesis [19–23].
All these methods imply the use of expensive or synthetic precursors (such as aerogels [17],
divinylbenzene-derived polymers [24] and urea/formaldehyde resin [25]). However, nowadays
it is common to look for cheaper precursors, such as coals [4], lignocellulosic materials [19–21] and
carbohydrates [22,26–29].

Herein we present the preparation of SACs with high mechanical strength and tunable porosity
from spherical seeds using an easy, cheap and a well-known method. This simple route allows the
valorization of inexpensive and available biomass precursors, such as not edible seeds, to convert
them in potentially useful and valuable materials like SACs. In particular, we focused our interest

Materials 2018, 11, 770; doi:10.3390/ma11050770 www.mdpi.com/journal/materials1
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on the selected seeds that combine simultaneous spherical shape and thermal stability, and cover
a wide range of diameters (from 1 to 7 mm). It should be highlighted that the size of the final
materials would depend on the size of the used precursor. Among the tested spherical seeds, which
accomplish these requirements (Table 1), the study was focused on three of them: Rhamnus alaternus
(RA), Osyris lanceolate (OL), and Canna indica (CI) (Figure 1).

Table 1. Common and scientific names of the selected spherical seeds and their diameters.

Common Name Scientific Name Mean Diameter (mm)

Poppy Papaver rhoeas 1

Amaranth Amaranthus
hypochondriacus 1

Millet Panicum miliaceum 2
Mustard Sinapis alba 3

Black pepper Piper nigrum 4
False pepper Schinus molle 4

Palm Phoenix dactylifera 5
Indian shot Canna indica 5

African sandalwood Osyris lanceolate 5
Phoenicean juniper Juniperus phoenicea 6

Mediterranean buckthorn Rhamnus alaternus 7
Prickly juniper Juniperus oxycedrus 7

Rhamnus alaternus 
(RA) 

Osyris lanceolate 
(OL) 

Canna indica 
(CI) 

Plants 

Natural seeds 

Carbonized 
materials 

SACs 

Figure 1. Natural seeds used as precursors for SACs preparation, together with the carbonized and
activated spherical materials prepared from them.
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2. Materials and Methods

2.1. Methodology

2.1.1. Carbonization Process

All the seeds were initially dried in an oven at 110 ◦C for 3 h. For the carbonization process, 2 g of such
dried seeds were heated up to 850 ◦C, held for 2 h, in a horizontal furnace with N2 flow of 300 mL/min,
and a heating rate of 5 ◦C/min. The corresponding carbonization yields are summarized in Table 2.

Table 2. Mechanical strength (expressed as the percentage of the remaining mass after sieving, SRM%,
see Section 2.2.3.) of the natural seeds and carbonization yields, textural properties and mechanical
strength (SRM%) of the materials after carbonization.

Precursor SRM a (%) Yield b (%) VDR (N2) c (cm3/g) VDR (CO2) d (cm3/g) SRM e (%)

RA 99.1 30 0.01 0.18 98.8
OL 99.9 21 0.01 0.19 99.4
CI 99.0 22 0.02 0.20 98.7

a SRM, remaining mass after sieving the natural spherical seeds, as percentage. b Yield, yield of carbonization
process, as percentage. c VDR (N2), total micropore volume, obtained applying the Dubinin-Raduskevich method
to data of N2 adsorption isotherm at −196 ◦C. d VDR (CO2), narrow micropore volume, obtained applying the
Dubinin-Raduskevich method to data of CO2 adsorption isotherm at 0 ◦C. e SRM, remaining mass after sieving the
carbonized materials, as percentage.

2.1.2. Activation Process

Carbonized seeds were activated using CO2 in order to develop their porosity, using a CO2 flow
of 80 mL/min. To study the effect of temperature and time on the activation process, the samples were
heated at 5 ◦C/min up to different temperatures: 800, 850, or 880 ◦C, and such temperatures were
maintained for various fixed times, as described in Table 3.

Table 3. Activation conditions, activation percentages, SRM values and textural properties of some
activated samples.

Precursor
T

(◦C)
t

(h)
Burn-off

(%)
SBET

a

(m2/g)
VDR (N2) b

(cm3/g)

VDR (CO2)
c (cm3/g)

Vmeso
d

(cm3/g)

SRM e

(%)
VN2–VCO2
g (cm3/g)

RA

800 10 6 492 0.20 0.25 0.03 NMf < 0
800 30 26 812 0.28 0.36 0.02 97.8 < 0
800 40 33 889 0.40 0.33 0.03 NMf 0.07
850 10 33 874 0.39 0.37 0.02 NMf 0.02

CI
800 5 33 856 0.39 0.35 0.05 94.9 0.04
880 3 89 1616 0.64 0.37 0.19 85.3 0.27

a SBET, BET surface area, obtained applying the BET method to data of N2 adsorption isotherm at −196 ◦C. b VDR
(N2), total micropore volume, obtained applying the Dubinin–Raduskevich method to data of N2 adsorption
isotherm at −196 ◦C. c VDR (CO2), narrow micropore volume, obtained applying the Dubinin–Raduskevich method
to data of CO2 adsorption isotherm at 0 ◦C. d Vmeso, mesopore volume, obtained from N2 adsorbed as liquid
at P/Po = 0.9 minus the adsorbed volume at P/P0 = 0.2 [30]. e SRM, remaining mass after sieving the activated
materials, as percentage. f NM: not measured. g VN2–VCO2, difference between VDR (N2) and VDR (CO2).

2.2. Characterization

2.2.1. Morphology

Morphology of the original, carbonized and activated samples was characterized by
Scanning Electron Microscopy (SEM) in a JSM-840 microscope (JEOL, Tokyo, Japan) with
a scintillator–photomultiplier type secondary electron detector.
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2.2.2. Surface Area and Pore Volumes

Textural characterization of precursors, carbonized and activated materials was performed using
N2 adsorption at −196 ◦C [31] and CO2 at 0 ◦C [32] in a volumetric Autosorb-6B apparatus from
Quantachrome. Before analysis, the samples were degassed at 250 ◦C for 4 h. The BET equation was
applied to the nitrogen adsorption isotherm in the low-pressure region (relative pressure between
0.05–0.25) to get the apparent BET surface area, SBET [30]. The Dubinin–Radushkevich equation
was applied to the nitrogen adsorption isotherm to determine the total micropore volume (VDR (N2)
corresponding to micropores of size below 2 nm) and to the carbon dioxide adsorption isotherms to
determine narrow micropore volume (VDR (CO2), corresponding to micropores of size below 0.7 nm) [33].
Mesopore volume, Vmeso, corresponding to pores between 2 and 20 nm, was estimated from N2 adsorbed
as liquid at P/P0 = 0.9 minus the volume adsorbed at P/P0 = 0.2 [30]. The difference between VDR (N2)
and VDR (CO2) was calculated as an estimation of the micropore size distribution [30,31].

2.2.3. Mechanical Properties

The mechanical strength, defined as SRM%, was estimated by a method developed in our
laboratory that consists of the evaluation of the sample mass remaining in a sieve after vigorous
shaking (Figure 2). Thus, for each test, a known quantity of material was put in a cylindrical vial
together with 15 stainless steel balls (Figure 2a). These vials were placed horizontally in a polymer
mold used as immobilizing support (Figure 2b), which was placed in an electromagnetic sieve shaker
CIPSA RP08 Ø200/203 for 20 min at power number 8 (equivalent to the shaking speed of 1.8 mm of
vibration amplitude per second) (Figure 2c). Then, the samples were sieved using a sieve (300 μm) and
the resulting residue (the sample not converted to dust in the sieving step) was weighed (Figure 2d).
The mechanical strength was expressed as the percentage of the remaining mass after sieving (SRM%).
The validation of this method was performed by analyzing the mechanical properties of several
commercial activated carbons (Table 4), and such values were used as reference to confirm that the
mechanical properties of our SACs are similar to those of their commercial counterparts. Note that the
SRM values for the selected commercial ACs are in the range between 72% and 97%. The analysis of
the mechanical properties was performed for the precursors, carbonized materials (Table 2) and for the
activated ones (Table 3).

Figure 2. Depiction of materials and procedure for the mechanical strength evaluation of the samples:
(a) a weighted sample was sieved using in 300 μm sieve and put in a vial; (b) 15 steel balls were also
incorporated in the vial, which was then placed in a polymer mold; (c) the molds were placed in the
sieve shaker during 20 min; (d) the sample was sieved again in a 300 μm sieve and the residue (the
sample not converted to dust in the sieving step) was collected and weighed to calculate the sample
remaining mass percentage (SRM%).
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Table 4. Textural properties and SRM values of some commercial activated carbons.

Name Commercial Name
Morphology

and Size
SBET

a

(m2/g)
VDR (N2)
b (cm3/g)

VDR (CO2) c

(cm3/g)
Vmeso

d

(cm3/g)
SRM (%)

CW Mead Westvaco, WVA1100 Granular
(10 × 25 mesh) 1796 0.72 0.34 0.42 72

CK Kureha Corporation carbon
from petroleum pith

Spherical
(0.75 μm) 1185 0.57 0.42 0.02 97

ROX NORIT® ROX Pellets (0.8 mm) 1354 0.60 0.40 0.07 92
a SBET, BET surface area, obtained applying the BET method to data of N2 adsorption isotherm at −196 ◦C. b VDR
(N2), total micropore volume, obtained applying the Dubinin-Raduskevich method to data of N2 adsorption
isotherm at −196 ◦C. c VDR (CO2), narrow micropore volume, obtained applying the Dubinin–Raduskevich method
to data of CO2 adsorption isotherm at 0 ◦C. d Vmeso, mesopore volume, obtained from N2 adsorbed as liquid at
P/P0 = 0.9 minus the adsorbed volume at P/Po = 0.2 [30].

3. Results

Figure 3 shows that the retention of the desired original spherical shape during the carbonization
process was achieved for these three seeds, though this step generally led to a decrease in the diameter
of the materials. Such variation depends on the type of seed: for RA the size was significantly reduced
(around 3 mm, which represents 40% reduction), while CI and OL were only slightly shortened (in both
cases about 1 mm, around 20%). This could be related with the intrinsic natural differences in the
composition of the seeds.

 RA OL CI 

Natural seeds 

 

 

 

Carbonized 
seeds 

SACs 

 

8.25 mm

7.61 mm

4.31 mm

4.64 mm 4.92 mm

5.07 mm

b c 

e f 

g h i 

d 

a 

Figure 3. SEM images of precursors, carbonized materials and final SACs. Experimental preparation
conditions of the materials: (a–c) dried at 110 ◦C for 3 h; (d–f) carbonized at 850 ◦C for 2 h in 300 mL/min
N2 flow; (g) activated at 800 ◦C for 30 h using 80 mL/min CO2 flow; (h) activated at 800 ◦C for 2 h in
80 mL/min CO2 flow; (i) activated at 800 ◦C for 5 h in 80 mL/min CO2 flow.

Table 2 reports carbonization yields and values of mechanical properties (SRM%) for CI, RA,
and OL carbonized seeds, together with SRM values for the precursors, as reference. It shows that:
(i) the carbonization yields ranged from 21 to 30%, which is in the range of typical values expected
for lignocellulosic materials [34]; (ii) micropore volumes determined by CO2 adsorption were larger
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than those measured by N2, indicating that the mean micropore sizes were below 0.7 nm [31], and (iii)
SRM values were higher than 98.7%, indicating that the samples possess high mechanical resistance.
Such porous texture, together with the mechanical properties, made these carbonized materials
potentially useful as spherical carbon molecular sieves.

The conditions of the activation process were also optimized in order to obtain similar burn-off
percentage (around 30%) and maintain the spherical morphology. Figure 3 shows that RA and CI seeds
retained their original shape after activation, and their sizes were minimally affected (around 0.5 mm
(8% reduction with respect to the size) before the activation, and 0.2 mm (5%), respectively). Only OL
seeds were broken after activation, and this occurred for all the explored activation conditions. Hence,
from OL only spherical carbonized materials could be prepared. It is important to mention that the
carbonized and activated materials from both RA and CI remained physically intact (without cracks)
and the same occurred for carbonized OL, whereas only the material obtained from OL, after the
activation process showed cracks, that can be visually distinguished.

With respect to the activation yields (Table 3), CI was the more reactive candidate, since a shorter
activation time was required to get 33% burn-off. For the RA precursor, as expected, the burn-off
percentage at constant temperature increases proportionally with the reaction time. Interestingly,
the desired activation percentage (33%) could also be achieved for RA using higher temperatures
(850 ◦C instead of 800 ◦C) and shorter times (10 h instead of 40 h).

Regarding the textural properties, Table 3 shows that, for RA seeds, although there exists a linear
relationship between the activation time and the burn-off percentage, no direct correlation was found
when analyzing the effect of the activation time on the porosity development. For this precursor,
the same burn-off percentage, 33%, and similar surface area values (about 880 m2/g) have been
obtained using different combinations of activation temperature and time. Low activation times
(10 and 30 h) led to materials with the mean micropore sizes below 0.7 nm, whereas the micropore size
was around that value for larger activation time and temperature.

Similar experimental conditions screening for CI precursor highlighted that higher adsorption
capacities can be developed from it, which reached 1616 m2/g when treating up to 880 ◦C for 3 h.
For the CI activated material with surface area above 1600 m2/g, the fact that total micropore volume
determined by N2 adsorption is much larger than that measured by CO2, is indicative of the average
pore size above 0.7–1 nm [30].

By comparing SRM values for natural and carbonized materials in Table 2, it can be observed
that natural precursors show slightly higher mechanical strength than the corresponding carbonized
spheres. Table 3 contains the SRM values for SACs, indicating that their mechanical properties are only
slightly reduced after the activation process. This is probably due to the high number of heteroatoms
linked to the carbon material, and eliminated during the activation [35]. However, SRM values are
in the range of 95% for samples with areas around 800 m2/g, and about 85% when the BET surface
area surpasses 1600 m2/g, which indicated that the samples generally display significant mechanical
properties that lie in the range of the selected common commercial references (CW, CK and ROX)
(Table 4 and Figure 4).
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1 2 3 4 5 6
60

70

80

90

100

CI (880 ºC, 
30 h, 89%)

CI (800 ºC, 
5 h, 33%)

RA (800 ºC, 
30 h, 26%)

ROXCK

 Commercial activated carbons
 SACs from seeds

SR
M

 (%
)

CW

Figure 4. SRM values for commercial activated carbons (black color) and for some activated seeds
prepared in this work (orange color).

4. Conclusions

In this work spherical activated carbons with high mechanical strength and well-developed
porosity were prepared while maintaining the spherical shape of the natural seeds, selected as carbon
precursors. The three reported candidates: RA, OL and CI, could be successfully converted into
spherical activated carbon materials using a well-known, simple and cheap method and, additionally,
CI and RA maintained their original spherical shapes and integrity all along the activation process,
avoiding breakage. Their diameter sizes were notably reduced after the carbonization step and
only slightly affected by the activation process. The mechanical properties for all the activated
materials were found to be similar to those of common commercial activated carbons with different
morphologies (granular, spherical and pellets). Interestingly, depending on the precursor and/or
on the activation conditions, significant differences in porosity development and micropore size
distributions were obtained, reaching specific surface areas up to 1600 m2/g. The interesting properties
of the prepared materials, together with their spherical morphology, make them interesting candidates
for many applications.
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Abstract: Zeolite X powder was synthesized using natural low-grade diatomite as the main source of
Si but only as a partial source of Al via a simple and green hydrothermal method. The microstructure
and surface properties of the obtained samples were characterized by powder X-ray diffraction
(XRD), scanning electron microscopy (SEM), wavelength dispersive X-ray fluorescence (XRF), calcium
ion exchange capacity (CEC), thermogravimetric-differential thermal (TG-DTA) analysis, and N2

adsorption-desorption technique. The influence of various synthesis factors, including aging time and
temperature, crystallization time and temperature, Na2O/SiO2 and H2O/Na2O ratio on the CEC of
zeolite, were systematically investigated. The as-synthesized zeolite X with binary meso-microporous
structure possessed remarkable thermal stability, high calcium ion exchange capacity of 248 mg/g
and large surface area of 453 m2/g. In addition, the calcium ion exchange capacity of zeolite X was
found to be mainly determined by the crystallization degree. In conclusion, the synthesized zeolite
X using diatomite as a cost-effective raw material in this study has great potential for industrial
application such as catalyst support and adsorbent.

Keywords: diatomite; zeolite X; hydrothermal method; calcium ion exchange capacity

1. Introduction

Zeolites are crystalline aluminosilicates built from TO4 tetrahedra (T = Si and Al) with excellent
properties of high surface area, uniform and precise microporosity, shape selectivity, high ion-exchange
capacity, strong Brønsted acidity and high thermal and hydrothermal stability [1]. Therefore, zeolites
have been widely used in many environmental and other industrial applications, such as ion
exchange [2–5], catalysts [6–9], membrane separations [10–12] and adsorbents [13–17].

The principle raw materials used for the synthesis of the zeolites are different sources of silica
and alumina, which are usually composed of sodium silicates, sodium aluminate, aluminum salts
or colloidal silica. However, traditional methods for synthesizing zeolites typically involve chemical
reagents as starting materials or crystallization from a gel or clear solution under hydrothermal
conditions, which have the disadvantages of high cost, excessive waste, and unfriendly nature to the
environment. Therefore, many attempts are underway for economical synthesis of zeolites. In general,
natural aluminosilicate and silicate minerals and industrial solid wastes have been explored as silica
and/or alumina source because they are cost-effective precursors and can lead to reduction of the
synthesis costs. Until now, There have been many studies on synthesizing zeolites from natural
minerals such as kaolinite [18–20], bentonite [19], feldspar [19,21] and other precursors [22–26].

Although zeolites have been synthesized from the solid wastes, such as fly ash [27–29], rice husk
ash [30] and coal gangue [22], the uncertainty in their supplies and the impurity in their components
may limit their practical application. Therefore, direct synthesis of zeolites from natural aluminosilicate
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and silicate minerals with abundant reserves in the earth has been pursued because of its great potential
in reducing the generation of hazardous wastes, saving energy, and possibly altering the properties of
the resulting zeolites [31]. However, most aluminosilicate minerals are inactive, which restricted their
practical application in the zeolite synthesis. Additionally, even after the thermal activation, only part
of the aluminum-oxygen bonds can be broken, which means that just part of the Al2O3 and a small
amount of SiO2 only can participate in the zeolite synthesis.

Diatomite is an interesting silica material because of its relatively low cost, large reserves and its
highly reactive amorphous state derived from silica skeletons of diatoms. Being silica rich, diatomite
serves as the silica source in the synthesis of zeolites, which is cost-effective. In addition, diatomite is
amorphous and highly reactive and therefore, unnecessary to transform it into a reactive state as done
with many crystalline minerals [18–21]. Furthermore, parts of secondary building units of minerals
could be preserved in the synthesis process. Therefore, it is necessary to explore detailed research on
the preparation and formation mechanisms of zeolites from diatomite.

In the present work, we report on the synthesis of zeolite X from natural low-grade diatomite with high
crystallization degree under hydrothermal conditions. Additionally, the effect of factors such as aging time
and temperature, crystallization time and temperature, Na2O/SiO2 and H2O/Na2O ratio on the synthesis
of zeolite in the SiO2-Al2O3-Na2O-H2O system were systematically investigated. The crystallization degree
of the products was evaluated by XRD, SEM and CEC analysis. Meanwhile, the formation mechanism was
also explored and discussed.

2. Experimental

2.1. Materials

Diatomite (Dt) is obtained from Linjiang City, Jilin Province, China. Its main chemical composition
by wt % is: SiO2: 63.77%; Al2O3: 18.97%; Fe2O3: 1.48%; CaO: 0.48%; K2O: 0.16%; Na2O: 0.04%. It was
grounded to a size smaller than 30 mesh and dried at 105 ◦C. Commercial zeolites X were purchased
from Tianjin yuanli Reagent Co. (Tianjin yuanli, China). Sodium hydroxide, aluminum hydroxide
(nordstrandite) and the other chemicals used in the experiments were purchased from Xilong Reagent
Co. (Xilong, China). All chemicals were of analytical reagent grade and used without any further
purification. Deionized water was used throughout this study.

2.2. Preparation of Zeolite X

The synthesis of zeolites from diatomite includes three processes as follows: gel formation, aging
and crystallization. Initially, diatomite and Al(OH)3 were dispersed in NaOH solution under vigorous
magnetic stirring to form a homogeneous dispersion. The amount of diatomite and Al(OH)3 were
according to the 1.13 (molar ratio) of [Si/Al], and the amount of NaOH solution was according to the
molar ratios of [Na2O/SiO2] and [H2O/Na2O]. Subsequently, the slurry was subjected to aging for
0–120 min at 30–60 ◦C. Then, the mixed solution was put into a Teflon-lined stainless steel autoclave.
Finally, the container was closed and crystallized at 90–120 ◦C for 3–9 h. After that, the autoclave was
cooled to room temperature naturally, and the samples were removed from the reactor, filtered, and
washed with deionized water until the pH of the filtrate reached 6–7. Finally, the wet washed solids
were dried overnight at 105 ◦C before further measurement and characterization.

2.3. Characterization

X-ray diffraction (XRD) analysis were performed on a D8 advance X-ray diffractometer (Bruker,
Germany) equipped with Cu-Kα radiation (λ= 0.154056 nm) to identify the crystalline phase of the obtained
X zeolite products. The samples were scanned in the 2θ range of 5◦ to 50◦ with a 0.02◦ step at a scanning
speed of 4◦/min. The surface morphology of the samples was observed by S-4800 scanning electron
microscope (Hitachi, Japan). Nitrogen adsorption-desorption isotherms were measured at 77 K using an
ASAP 2020 instrument (Micromeritics, Norcross, GA, USA), after evacuation of the samples at 350 ◦C for
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4 h. The specific surface area (SBET) and microporous volume (Vmicro) were calculated using the BET
and t-plot methods, respectively. Pore size distribution curves were calculated by Barrett-Joyner-Halenda
(BJH) method. The crystallization behavior of zeolites as well as the thermal properties of the composites
was monitored and evaluated using a Mettler TGA/DSC 1 SF/1382 equipment (NETZSCH, Germany).
The TGA/DSC measurements were carried out in air flow with a heating rate of 5 ◦C/min from
25–900 ◦C. Chemical composition of the sample was determined using wavelength dispersive X-ray
fluorescence spectrometry (XRF, Shimadzu, Japan) on a Shimadzu XRF-1800 apparatus. Calcium ion
exchange capacity (CEC) was determined as follows [22]: Typically, 0.5 g of zeolite sample was poured
into 500 mL of 0.005 M CaCl2 solution and the mixture was shaken for 20 min at 35 ◦C. Then the filtrate
was analyzed by the addition of calconcarboxylic acid and EDTA to determine the CEC of the samples.

3. Results and Discussion

3.1. Starting Materials

The XRD pattern (a) and SEM images (b,c) of raw diatomite are shown in Figure 1. According to
the XRD pattern of diatomite, the broad reflection centered at 2θ = 15–30◦ was attributed to the
amorphous silica, and the peaks at 2θ = 20.08◦ and 26.65◦ were ascribed to quartz. In addition, the
peaks at 2θ = 11.88◦, 27.35◦ and 35◦–40◦ were characteristic to kaolinite-montmorillonite [32], which
were the main Al source. As shown in Figure 1b,c, the diatomite exhibits highly porous cylinder-like
or boat-like shape.

Figure 1. XRD pattern (a) and SEM images (b,c) of raw diatomite. Q = quartz; M = montmorillonite; K = kaolinite.

3.2. Effect of Crystallization

Crystallization conditions are important parameters that control the crystallization of zeolites.
The crystallization conditions could also change the autogenous pressure in the autoclave and may
alter the structure of the resulting zeolites. Then, a batch of experiments were carried out under
different crystallization temperatures and times, while the other preparation conditions including aging
temperature and time, Na2O/SiO2 and H2O/Na2O ratio were kept constant. Namely: 30 ◦C of aging
temperature, 60 min of aging time, 40 of H2O/Na2O ratio and 3.0 of Na2O/SiO2 ratio. The XRD patterns
of samples with different crystallization temperatures and times are shown in Figure 2a,b, respectively.
It can be seen from Figure 2a that the sample at a crystallization temperature of 90 ◦C showed only one
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strong diffraction peak at 2θ = 18.35◦, which can be attributed to aluminum hydroxide indicating that
diatomite was dissolved in the alkaline solution, but the silica did not react with aluminum hydroxide.
When the temperature was raised to 100 ◦C, typical diffraction peaks of X zeolite (JCPDS 38-0237) can be
seen at 2θ = 6.10◦, 9.97◦, 11.76◦, 15.39◦, 18.46◦, 20.12◦, 23.24◦, 26.58◦ and 30.86◦ suggesting that zeolite X
started to crystallize (Figure 2a). However, the diffraction peak of aluminum hydroxide can also be seen
at 2θ = 18.35◦, which suggested an incomplete reaction of aluminum hydroxide and silica from diatomite.
Highly crystalline single phase zeolite X was formed as the crystallization temperature was raised to
110 ◦C. When the reaction temperature was further raised to 120 ◦C, almost pure phase of zeolite X
was observed along with some zeolite A (JCPDS 43-0142). It indicated that the higher crystallization
temperature of 120 ◦C caused the transformation of some zeolite X into zeolite A. As shown in Figure 2b,
no zeolite X was obtained at crystallization time of 3 h at 110 ◦C. With the increase of crystallization
time, the crystallization degree of zeolite X was enhanced. However, longer reaction time caused the
transformation of zeolite X into zeolite A at 110 ◦C. Therefore, suitable crystallization temperature and
time are essential for the formation of high purity zeolite X.

Figure 2. XRD patterns showing the effect of (a) crystallization temperature at crystallization time of
5 h and (b) crystallization time at crystallization temperature of 110 ◦C on zeolite formation.

SEM images of samples obtained at different crystallization temperatures are shown in Figure 3.
When the crystallization temperature was 90 ◦C, the reactants formed spherical aggregates of ill-defined
particles. With the increase of crystallization temperature, the products gradually formed regular
crystals with smooth faces. However, the crystallization temperature at 110 ◦C formed better octahedral
crystal morphology along with uniform distribution of crystals (Figure 3e,f). In addition, amorphous
material was hardly noticeable in the SEM images of as-synthesized zeolite X suggesting the formation
of highly crystalline zeolite X. When the crystallization temperature was increased up to 120 ◦C, some
cubic crystals appeared (Figure 3g,h), which could be attributed to the formation of zeolite A.

The morphologies of the samples prepared at different crystallization times at 110 ◦C are shown in
Figure 4. When the crystallization time was 4 h, the synthesized products formed crystals with no distinct
faces, and the particles were not uniform. When the crystallization time reached 5 h, the synthesized
products formed regular crystals with smooth faces. When the crystallization time was up to 6 h, the
synthesized products do not show smooth faces. The morphologies as determined by SEM with different
crystallization temperatures and times are in accordance with the XRD results. When the crystallization
temperature and time were 110 ◦C and 5 h, the prepared samples showed higher crystallization degree.
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The influence of crystallization temperature and time on the CEC is presented in Figure 5a,b.
Increasing temperature of crystallization up to 110 ◦C increased the CEC but by further increasing the
temperature up to 130 ◦C, the CEC of prepared samples gradually decreased (Figure 5a). Furthermore, the
CEC of samples firstly increased with the increase of crystallization time and then gradually decreased
when the time was over 5 h (Figure 5b). Combined with the analysis of SEM and XRD, it is concluded that
the CEC increased because of the enhancement of crystallization degree of zeolite X.

Figure 3. SEM images of zeolites obtained with crystallization temperature at (a,b) 90 ◦C, (c,d) 100 ◦C,
(e,f) 110 ◦C and (g,h) 120 ◦C.
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Figure 4. SEM images of zeolites obtained with crystallization time at (a,b) 4 h, (c,d) 5 h and (e,f) 6 h at 110 ◦C.

Figure 5. Effect of (a) crystallization temperature and (b) crystallization time on CEC.

3.3. Effect of Aging

Aging also played an important role in the nucleation of amorphous gel. During this stage,
the structure and composition of the silica-alumina gel changed along with the aging conditions.
Meanwhile, the aluminosilicate species included in the gel phase were also transformed [33].
To investigate the effect of aging conditions on the structure of the products, a batch of experiments
under different aging temperatures and times were carried out by keeping the crystallization
temperature and time constant at 110 ◦C and 5 h, respectively, and the alkalinity of the base solutions
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at the initial values. The XRD patterns of samples prepared at different aging temperatures and times
are shown in Figure 6a,b, respectively. The XRD peaks of the prepared products at different aging
temperatures exhibited similar crystallinity of zeolite X (Figure 6a) indicating that aging temperature
within this range played only a minor role, if any in the formation of zeolite X. However, the synthetic
product without aging exhibited extremely weak diffraction peaks of zeolite X (Figure 6b). Also, there
was a sharp diffraction peak at 2θ = 18.35◦, which could be attributed to the unreacted aluminum
hydroxide. The diffraction peaks of the prepared products at different aging times exhibited the same
typical features of zeolite X with high crystallization degree. However, when the aging time was up to
60 and 120 min, some obvious diffraction peaks of zeolite A appeared indicating that the aging time
plays a significant role in the formation of zeolite prepared from diatomite.

Figure 6. XRD patterns showing the effect of (a) aging temperature at aging time of 60 min and
(b) aging time at aging temperature of 30 ◦C on zeolite formation after treatment at 110 ◦C and 5 h.

The CEC values of samples with different aging temperatures and times are displayed in
Figure 7a,b, respectively. As shown in Figure 7a, the CEC values of samples at different aging
temperatures fluctuated little. The CEC values firstly increased with the increase of aging time and
then gradually decreased when the time is over 30 min (Figure 7b). Hence, on the basis of XRD and
CEC analysis, samples with high crystallization degree possessed high CEC value.

Figure 7. Effect of (a) aging temperature and (b) aging time on CEC of zeolites prepared upon
hydrothermal treatment at 110 ◦C and 5 h.

17



Materials 2018, 11, 906

3.4. Effect of Alkalinity

Another important parameter that controls the nucleation and crystal growth of zeolite is the
alkalinity of the base solution, which includes H2O/Na2O and Na2O/SiO2 ratios [34]. Generally high
alkaline concentration of the system could accelerate the dissolution of silicon and aluminum
components in the precursor materials, which will shorten the induction period and nucleation time,
and then speed up the crystallization rate. To investigate the effect of alkalinity on the structure of the
products, a batch of experiments under different H2O/Na2O and Na2O/SiO2 ratios were carried out
with the crystallization temperature and time of 110 ◦C and 5 h and the aging temperature and time of
30 ◦C and 30 min. The XRD patterns of samples with different H2O/Na2O and Na2O/SiO2 ratios are
shown in Figure 8a,b, respectively. As the H2O/Na2O ratio increased, its crystallization degree was
enhanced (Figure 8a). When the H2O/Na2O ratios were 40 and 45, the crystallization degree reached the
maximum and there were also some zeolite A impurities. However, when the H2O/Na2O ratios were
45, a relatively sharp diffraction peak of aluminum hydroxide appeared (Figure 8a), which indicated
that diatomite and aluminum hydroxide did not react completely. When the H2O/Na2O ratio was up
to 50, there was only one sharp diffraction peak attributable to aluminum hydroxide. This reveals that
higher H2O/Na2O ratios may inhibit the formation of zeolite X from diatomite, probably because low
alkalinity reduces the dissolution of diatomite and results in a low conversion to zeolites. Figure 8b
shows that the crystallization degree at different Na2O/SiO2 ratio was relatively high, which indicated
that Na2O/SiO2 ratio within this range played minor effects in the formation of zeolite X.

Figure 8. XRD patterns showing the effect of (a) H2O/Na2O ratio and (b) Na2O/SiO2 ratio on zeolite
formation upon hydrothermal treatment at 110 ◦C and 5 h.

SEM images of samples with different Na2O/SiO2 ratios are presented in Figure 9. Figure 9 shows
that all samples with Na2O/SiO2 ratios of 1.3, 1.4 and 1.5 exhibited high crystallinity with smooth
faces. On the other hand, the sample with Na2O/SiO2 ratio of 1.4 exhibited better octahedral structure
and uniform distribution.
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Figure 9. SEM images of zeolites obtained at Na2O/SiO2 ratio of (a,b) 1.3, (c,d) 1.4 and (e,f) 1.5 upon
hydrothermal treatment at 110 ◦C and 5 h.

The influence of H2O/Na2O and Na2O/SiO2 ratios on the CEC is shown in Figure 10a,b. As shown
in Figure 10a, the increase of H2O/Na2O ratio resulted in the increase of the CEC. However, when
the H2O/Na2O ratio was higher than 40, its CEC gradually decreased. It can be attributed to
the low alkalinity, which reduces the dissolution of diatomite and results in a low conversion to
zeolites. As displayed in Figure 10b, the CEC at different Na2O/SiO2 ratios maintained a high value
and fluctuate only a little. It is obvious that higher crystallization degree led to higher CEC value.
Meanwhile, the calcium ion exchange capacity of the prepared zeolite X sample is 248 mg/g, which is
higher than that of commercial zeolites X (232 mg/g).

Figure 10. Effect of (a) H2O/Na2O ratio and (b) Na2O/SiO2 ratio on CEC upon hydrothermal treatment
at 110 ◦C and 5 h.

3.5. TG-DTA and XRF Analysis

The chemical composition of the synthesized X zeolite is presented in Table 1. The synthesized
X zeolite is composed of Si, Al, and Na. Meanwhile, the Si/Al ratio is 1.21, which agrees with the
theoretical value of 1.13 in the raw material. In addition, the contents of Si in the raw material and
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the synthesized X zeolite is 3.22 and 2.88 g, respectively, which is a highly efficient use of diatomite.
Thermal behavior of the obtained zeolite X sample was investigated using simultaneous TG/DTA
thermoanalytical techniques. Typical TG/DTA thermograms for the prepared zeolite X sample in the
temperature range of 25–900 ◦C are shown in Figure 11a. TG results showed that the synthesized
zeolite X products lost all its moisture (22 wt %) at temperatures lower than 350 ◦C. In general, this
kind of weight loss was due to the removal of water adsorbed on the zeolite surface and that present
in the zeolite channels. Furthermore, DTA curves showed that the endothermic peaks occurred at
lower temperatures (150 ◦C) of the synthesized zeolite X sample, which could be assigned to the loss
of adsorbed water. However, the exothermic peaks at the temperature of 820 ◦C could be attributed to
the framework collapse and crystallization of NaAlSiO4 (JCPDS 52-1342), which can be attributed to
the nepheline (Figure 11b). The TG-DTA analysis indicated that the synthesized X zeolite possessed
excellent thermal stability.

Figure 11. TG-DTA curves (a) of the prepared zeolite X sample at crystallization time and temperature,
aging time, and temperature, H2O/Na2O and Na2O/SiO2 ratio of 5 h and 110 ◦C, 30 min and 30 ◦C,
40 and 1.4 and XRD pattern (b) of the prepared zeolite X sample after calcinating at 820 ◦C.

Table 1. The composition of the prepared zeolite X sample at crystallization time and temperature,
aging time, and temperature, H2O/Na2O and Na2O/SiO2 ratio of 5 h and 110 ◦C, 30 min and 30 ◦C,
40 and 1.4.

Chemical Composition SiO2 Al2O3 Na2O Fe2O3 H2O n(Si/Al)

Optimal X zeolite 35.31 24.87 15.17 0.96 22.90 1.21

3.6. N2 Adsorption Performance

The N2 adsorption-desorption plot at 77 K for the prepared zeolite X is presented in Figure 12.
Figure 12 shows a type I isotherm with the presence of steep nitrogen uptake at very low relative
pressures (p/p0 = 0.03), which is attributed to the filling of micropores. Meanwhile, an obvious type
H4 hysteresis loop (from 0.45 to 0.99) was observed, corresponding to the filling of uniform slit-shaped
intercrystal mesopores, which was ascribed to the packing of zeolite crystals [35]. Thus, the zeolite X
synthesized from diatomite possessed binary meso-microporous structure. The textural properties
of the prepared zeolite X are summarized in Table 2. The specific surface area and total pore volume
were up to 453 m2/g and 0.2838 cm3/g, respectively.

Table 2. Textural properties of the zeolite X.

SBET (m2/g) Smicro (m2/g) Vtotal (cm3/g) Vmicro (cm3/g)

453 399 0.2838 0.1866
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Figure 12. Nitrogen adsorption/desorption isotherms at 77 K of as synthesized zeolite X.

A comparison of the X zeolites prepared from different Si and Al sources are summarized in
Table 3. The surface area of zeolite X prepared here is relatively high. Another comparison of different
methods in the preparation of zeolites with diatomite as Si source is presented in Table 4. It can be seen
from Table 4 that most methods need acid activation and calcination, which are not environmentally
friendly and of high-cost. In addition, these conventional methods also take a longer time to achieve
the transformation from minerals to zeolites. Therefore, the one-step hydrothermal method proposed
in this research is more environmentally friendly and cheaper.

Table 3. Comparison of different Si and Al sources on the surface areas of synthetic zeolite X.

Zeolite Si and Al Source BET Surface Area (m2/g) Refs.

X Fly ash 344 [36]
X Feldspar 472 [19]
X Bentonite 505 [19]
X Kaolinite 591 [19]
X Fly ash 404 [27]
X Fly ash and sodium aluminate 397 [37]
X Diatomite and aluminum hydroxide 453 This work

Table 4. Comparison of different methods in the preparation of zeolites with diatomite as Si source.

Zeolite Al Source Hydrothermal Time (h) Synthenic Method Refs.

Sodalite / / Microwave heating methods [38]
Y Al2(SO4)3 6–48 H2SO4 activation and hydrothermal methods [1]

ZSM-5 NaAlO2 40 Templation and hydrothermal methods [39]
P Aluminum hydroxide 6–24 Water-bathing methods [40]
P Paper sludge ash 24 Low-temperature methods [41]
X Aluminum hydroxide 5 Hydrothermal methods This work
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4. Conclusions

In this work, the zeolite X was obtained from diatomite via a simple hydrothermal method.
In addition, the optimum preparation conditions of zeolite X were 5 h of crystallization time, 110 ◦C
of crystallization temperature, 30 ◦C of aging temperature, 30 min of aging time, H2O/Na2O ratio of
40 and Na2O/SiO2 ratio of 1.4. The prepared pure zeolite X with binary meso-microporous structure
possessed remarkable thermal stability, high calcium ion exchange capacity of 248 mg/g and large
surface area of 453 m2/g. Furthermore, it is shown here that the calcium ion exchange capacity of
the samples is mainly determined by their crystallization degree and higher crystallization degree
means higher calcium ion exchange capacity. Compared with the traditional synthesis techniques, the
hydrothermal process developed here is simple, low-cost, and environmentally friendly. In addition,
the high purity of zeolite X using natural low-grade diatomite as raw material may be useful for
potential industrial application as catalyst support or adsorbent.
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Abstract: The anisotropic properties of clay-rich porous media have significant impact on
the directional dependence of fluids migration in environmental and engineering sciences.
This anisotropy, linked to the preferential orientation of flat anisometric clay minerals particles,
is studied here on the basis of the simulation of three-dimensional packings of non-interacting
disks, using a sequential deposition algorithm under a gravitational field. Simulations show that
the obtained porosities fall onto a single master curve when plotted against the anisotropy value.
This finding is consistent with results from sedimentation experiments using polytetrafluoroethylene
(PTFE) disks and subsequent extraction of particle anisotropy through X-ray microtomography.
Further geometrical analyses of computed porous media highlight that both particle orientation
and particle aggregation are responsible of the evolution of porosity as a function of anisotropy.
Moreover, morphological analysis of the porous media using chord length measurements shows that
the anisotropy of the pore and solid networks can be correlated with particle orientation. These results
indicate that computed porous media, mimicking the organization of clay minerals, can be used to
shed light on the anisotropic properties of fluid transfer in clay-based materials.

Keywords: clay minerals particles; orientational anisotropy; granular systems; disk packing; X-Ray
microtomography; mesoscale simulation

1. Introduction

The understanding of textural properties of natural porous media composed of clay minerals
is of prime importance, owing to the key role of these minerals in retention and mobility of various
resources (water, gas) and pollutants in natural environments such as soils and rocks [1–4] as well
as for industrial application such as clay liners in civil engineering [5–10]. Crystal structure of clay
minerals comprises one or two tetrahedral sheets (with mainly Si, Al) and one octahedral sheet (with
Al, Mg, Fe, Li, etc.). At the molecular scale, exchange capacities governing reactivity of clay minerals
result from negative charges created by isomorphic substitutions either in the tetrahedral and/or
octahedral sheets balanced by cations [11].

Owing to their low aspect ratio (particle thickness to length ratio) coupled with large surface
areas [12–15], clay minerals organization can be conveniently modelled with flat ellipsoids, disks,
or elliptic disk-shaped particles [16–19]. Textural properties and associated preferential orientation
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of clay particles have substantial influence on the pore network morphology, such as pore size,
tortuosity, and constrictivity impacting the directional dependence of fluid transfer [19–23]. In addition,
the orientation of particles is inherited from initial geological conditions and may be further affected
by compaction and shear forces [24–26].

Imaging techniques such as Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM) or tomography represent efficient methods to characterize the organization of
clay minerals particles [4,20,27–30] especially for the in situ analysis of size and shape of pores.
Given the multiscale nature of the clay-based materials, the spatial resolution needed to cover a wide
range of porosities is still difficult to reach, especially for the smallest pore sizes. Three-dimensional
(3D) particle packing simulation represents a powerful methodology for overcoming experimental
limitations. As far as swelling clay minerals (i.e., smectite) are concerned, previous numerical works
studied individual layers aggregation process by taking into account molecular interaction forces
to derive particle formation mechanism [17,31–33]. For other types of platy-shaped clay minerals,
thick particles are generally composed of a large number of firmly stacked individual layers. In such
a case, the contribution from cohesive forces between particles is reduced and existing numerical
works have mainly focused on the final organization of the porous medium and on the analysis of
the mutual arrangements of grains in the packing [18,34,35]. In this latter case, and based on the
sequential deposition algorithm from Coelho et al. [34], Ferrage et al. [18] recently showed that particle
simulations considering non-interacting flat elliptic disks were able to reproduce different parameters
measured on porous media composed of vermiculite particles, such as distribution of size, shape,
and orientation of particle [36]. Moreover, this work also showed that both porosity and the degree of
anisotropy in particle orientation have to be considered for anisometric particles.

In the present study, simulations of 3D disk packings with different anisotropy degrees are
computed to better understand the geometrical properties of granular systems made of anisometric
particles. While not attempting to reproduce the complexity of natural sedimentation processes,
these simulations remain a good model for the analysis of preferential orientation of packed clay
minerals particles. In the first section, the evolution of simulated porosity as a function of anisotropy is
analyzed and validated against experimental data, provided by X-ray microtomography. Validation of
simulations by experiments then allows, in the second section, the use of the computational results for
a more detailed analysis of geometrical properties of these anisotropic granular systems.

2. Materials and Methods

2.1. Simulation of 3D Disk Packings

The simulated 3D disk packings were obtained using a sequential deposition algorithm of
particles in a square simulation box of width w under a gravitational field [18,34]. As previously
mentioned [18,34], such type of simulation does not reproduce the sedimentation process, but rather
allows for generating grain packings with a wide range of anisotropic properties in particles
orientations. According to this algorithm, the bottom of the simulation box (at z = 0) is considered
rigid. Disks are introduced at the top of the box with a given initial angle. The particules then fall
down until one or several contact points are detected with either the bottom of the box or the bed
of settled particles. Once a contact is detected, the disk settles using the steepest descent method
based on the altitude minimization of the barycenter. The disk is thus allowed to slide and swivel
through a step-by-step process at a random amplitude between zero and a fixed maximum value.
After each motion attempt, the position of the particle is rejected if overlapping is detected or if no gain
in barycenter altitude is obtained. The present algorithm considers three cycles of 800 attempts for
each particle to reach minimum altitude. Between each cycle the maximum amplitudes of translation
and rotation are divided by 2 to limit the rejection of movement attempts when reaching the final
settled position. Further simulation details are given in [18].
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In this study, clay minerals particles are shown as flat rigid disks of diameter d = 2 μm and 0.2 μm
in thickness, leading to an aspect ratio (i.e., diameter/thickness) of 0.1. This shape is in agreement
with the aspect ratio of clay minerals particles experimentally measured by Reinholdt et al. [15] for
vermiculite (from 0.08 to 0.10) and by Hassan et al. [37] for illite (from 0.11 to 0.12) and kaolinite
(0.07). The width of the square simulation box was set at 8.5d to reach a representative elementary
volume as demonstrated by Ferrage et al. [18]. Each simulation contains 5500 particles to obtain a disk
packing large enough to extract a cubic sub-volume (8.5d in width). In order to obtain a wide range of
organizations in the final packings, the different simulations were performed considering contrasted
initial orientation of the particles (from 0 to 90◦) and contrasted maximum amplitude in motion during
settling (from d/7 to 5d and from 0 to 90◦ for slide and swivel movements, respectively).

The packings are analyzed in slices along the vertical z axis (thickness dz and volume w2dz)
allowing for displaying profiles of the porosity and of the orientation of particles. The porosity ε is
determined by summing the disk volumes of particles whose barycenter altitude rz are found in the
range z ≤ rz < z + dz. The orientational anisotropy of particles with barycenter comprised of the slice is
defined by the order parameter S [38–43]. A value of 0 describes isotropic systems whereas a value
of S=1 corresponds to perfectly oriented particles. This order parameter is calculated based on the
average of the second-order Legendre polynomial as follows:

S = 〈P2〉 =
〈

3 cos2 θ − 1
〉

/2, (1)

where θ represents the angle between the normal unit vector of the particle and the z axis of the
simulation box. As illustrated for the packing reported in Figure 1a, the ε and S parameters are
extracted after defining zmin and zmax values corresponding to altitudes delimiting a packing with
homogeneous ε and S profiles (Figure 1b). A denser and more oriented organization is systematically
observed below zmin associated with the rigid bottom of the simulation box, leading to particles lying
flat on the box surface. Furthermore, packings are more porous above zmax due to incomplete filling
of the particle bed with no effect on the orientation of particles. Thus, all values of ε and S given
hereafter were extracted in between carefully chosen zmin and zmax for each medium. An uncertainty
of ±0.02 was attributed to both parameters in this study.

Figure 1. Analysis of porosity and anisotropy in simulated disk packings. (a) Three-dimensional
packing and (b) associated porosity ε and order parameter S along the z direction. The overall porosity
and S values for the packings are calculated from the nearly homogeneous part of the profiles between
zmin and zmax.
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2.2. Experimental Disk Packings

2.2.1. Experimental Setup and Preparation of Disk Packings

Experiments were performed using Polytetrafluoroethylene (PTFE) disks of aspect ratio = 0.1 to
allow a detailed comparison between simulated and experimental data. The disks were designed with
a diameter of 1 cm (i.e., 1 mm thickness) as a good compromise between the machining precision on
the dimension of the PTFE disks and the resolution on X-ray microtomography images used for ε

and S measurements. About 10,000 disks were allowed to sediment in a poly(methyl methacrylate)
(PMMA) cylindrical column of 12 cm diameter (Figure 2a). This sedimentation column is composed of
two volumes separated by a drilled grill, both filled by the same fluid. While the top part contains
the disks, the bottom part allows for gently evacuating the fluids through a discharge valve without
perturbing the particle bed.

Figure 2. Experimental setup for packing of polytetrafluoroethylene (PTFE) disks. (a) Cylindrical
column for sedimentation of 10,000 disks in different fluids. Disks are settled in the volume located
above a flat drilled grill while evacuation of fluids is achieved through a discharge valve located at
the bottom of the column; (b) X-ray microtomography analysis and extraction of individual particle
orientation in a sub-volume of the experimental packing.

To obtain various overall packing organizations, different fluids with various density values
were considered in order to adjust the settling rate of particles. A total of 5 experimental disk
packings, hereafter referred to as DP1 to DP5, were obtained according to the setting parameters
reported in Table 1. DP1 to DP4 differ by the density of the fluids considered from almost 0 (air) to
2.15 (Na-polytungstate) while DP5 has a different particles drop-off strategy. Na-polytungstate is
highly soluble in water and thus allows for preparing a controlled density solution depending on its
concentration [44,45]. A density of 2.15 for the Na-polytungstate solution represents the maximum
value allowing sedimentation of PTFE disks (density of 2.16). Excepted for DP1 where particles were
gently deposited on top of the existing bed, for all other DPs, the column was first filled with the
selected fluid and the particles were let to settle from a high altitude (typically > 20 cm). From DP1 to
DP4 all particles were dropped individually to mimic the one-by-one deposition algorithm with a high
value for initial angle. DP5 was prepared as DP4 in a 2.15 density fluid but the particles were dropped
all at once, in an attempt to obtain a less anisotropic organization (Table 1). After sedimentation of
PTFE disks, liquids were eliminated through the discharge valve and DP3 to DP5 were rinsed 7 times
using distilled water to remove Na-polytungstate. Finally, the DPs were dried at room conditions
before X-ray microtomographic analysis.
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2.2.2. X-Ray Microtomography Analyses

The X-ray microtomographic acquisitions were performed on an EasyTom XL Duo from RX-solutions
(Chavanod, France). A sealed microfocus X-ray source L 12161-07 (Hamamatsu Photonics, Hamamatsu,
Japan) was used, coupled to a Varian PaxScan 2520DX detector flat panel with amorphous silicon and a
CsI conversion screen; 1920 × 1536 pixel matrix; pixel pitch of 127 μm; 16 bits of dynamic (Varian Medical
Systems, Palo Alto, CA, USA). The entire samples were scanned with a spatial resolution of 73.36 μm in a
helicoid mode (4320 projections in three turns) in order to reduce cone beam. Acquisition parameters were
set at 150 kV for tube voltage and 420 μA for tube current. A setting of 12.5 frames per second was used
with an averaging of 20 frames per projections. Filtration of the beam was performed using a 1 mm Al
filter. The scanning was realized with the large focus mode (i.e., a nominal focal spot size of 50 μm) for
a source-to-detector distance of 419 mm and a source-to-object distance of 242 mm. Data reconstruction
was achieved using the XAct software v1.1 (RX-solutions, Chavanod, France) with a classical filtered back
projection algorithm [46] to correct from beam hardening and ring artefacts. The segmentation of the
solid vs. void, porosity, and orientation measurements, as well as visual rendering, were performed on
a sub-volume (Figure 2b) using Avizo Software v.9.2 (FEI, Hillsboro, OR, USA) with an adapted image
processing methodology mostly based on mathematical morphology tools [47,48]. This latter processing
methodology is detailed in the Supplementary Material and accounts for a sequence of data treatments
(Figure S1), from the raw image to the segmentation of individual disk particles (Figure 2b).

Table 1. Settling conditions (density of fluid and particle drop-off procedure chosen) for disk packing
experiments and associated extraction of porosity ε and order parameter S (uncertainty of ±0.02).

Sample DP1 DP2 DP3 DP4 DP5

Fluid Air Water Na-polytungstate Na-polytungstate Na polytungstate
Density 10−3 1.00 2.10 2.15 2.15
Drop-off Individual Individual Individual Individual All at once

ε 0.48 0.47 0.49 0.54 0.51
S 0.96 0.97 0.91 0.90 0.84

3. Results and Discussion

3.1. Evolution of Simulated and Experimental Porosity with Packing Anisotropy

About 135 disk packings were simulated to cover the whole range of anisotropy, i.e., from S~0 to
S~1 (Figure 3a). This was achieved by tuning the degree of freedom in particle motions, based on the
input values given to initial angles and maximum amplitudes in swivel or slide motions for particles
(see Section 2.1 for the description of the algorithm or [18] for a systematic analysis on the influence of
individual parameters on the final packing). As an illustration, low initial angles combined with high
maximum amplitudes (i.e., high degree of freedom in particle motions) allow the particle to explore a
large number of positions and orientational configurations to minimize its barycenter altitude. This leads
to high S and low ε values whereas, on the contrary, more porous and isotropic packings are obtained
when limiting motion amplitudes with high initial angles. As shown in Figure 3a and irrespective of
the degrees of freedom given to the particles, all simulated data exhibit the same tendency of decreasing
porosity coupled with an increase of the orientational anisotropy (Figure 3a). A change of trend for ε
values at S > 0.9 is also noticed on this Figure 3a. Although marginal, the dispersion of ε values for a given
anisotropy S typically results from the role played by individual input parameters on the final packing
configurations. As an example, for low degree of freedom in particle motions, the disks can be trapped in
local minima leading to the formation of arches structures and to large porosities [49–51]. The whole set
of data points can be used to confirm the presence of a master curve correlating ε and S when using this
sequential deposition algorithm [18]. This master curve is highlighted in Figure 3b when selecting, from
the 135 samples, 15 packings with the lowest ε value for a given anisotropy S. Input parameters used to
obtain these reference packings are reported in Table 2.

29



Materials 2018, 11, 1972

For experimental packings, the extracted ε and S values are reported in Table 1. The high degree
of anisotropy obtained for all packings (0.84 < S < 0.97) can be assigned to two principal effects.
First, despite the efforts to control the contrast in density between the fluid and the PTFE disks, settling
particles were observed to exhibit a low angle value when entering in contact with the existing bed
of disks at the bottom of the fluid column. Second, once in contact, the settling PTFE disks were
noticed to easily slide on top of other particles, likely associated with the smooth surface of PTFE disks.
As pointed out from the simulated packings (Table 2), low degrees of anisotropy (typically for S < 0.80)
are strongly linked to the initial angle of deposition (typically above 80◦) and to the limited extent
of slide amplitude (≤d). These unreachable conditions in our experiments likely explain the limited
range obtained for S values (Table 1). Despite this limited extent of anisotropy variation, a negative
evolution with ε is noticed when increasing S (Figure 3b). Furthermore, an overall good agreement
is found when comparing experimental and simulated ε values for a given S. These relatively high ε

values obtained for both experimental and simulated packings are also consistent with experimental
data reported for platy-shaped or tubular clay minerals [43,52–55]. Note the tendency to have slightly
lower experimental ε values for porous media prepared in Na-polytungstate fluids (DP3 to DP5)
compared to simulations, however. The slightly denser packings obtained experimentally can be first
assigned to the fact that PTFE disks were observed to form aggregates through face-to-face contact once
immerged in the fluid (DP5) and/or when settling on the bed of particles (DP3 to DP5). As illustrated
for DP5, the difference between the experimental ε value and that expected to lie on the master curve
issued from packing simulations, is of ~0.05 (Figure 3b). This aggregation effect is similar to the
sedimentation of disks with higher aspect ratios. As shown by Ferrage et al. [18], an increase of aspect
ratio from 0.1 to 0.2 leads to a decrease of ~0.15 in ε value for S~0.8. Likewise, the work of Ebrahimi
et al. [17], using a different algorithm clearly evidenced a significant decrease of porosity coupled with
an increase of aggregation. Moreover, X-ray tomographic imagery is a blurry approximation of a true
material configuration [56]. Indeed, the structures detectability in tomographic images mainly depends
on the inherent resolution limitations of the system and on the partial volume effect (i.e., the value of a
voxel covering multiple materials correspond to an average attenuation). Thereby, the smallest pores, such
as those located near face-to-face contact of particles in very anisotropic media, are extremely difficult to
segment. As a result, a marginal fraction of the smallest pores is omitted and thus slightly lowers the ε

value. Despite the marginal differences between experimental and simulated ε values (Figure 3b), the very
good agreement obtained for S ≥ 0.84 tends to validate the sequential deposition algorithm used here.

Figure 3. Evolution of porosity ε as a function of order parameter S for simulated disk packings. (a) The
135 disk packings obtained with different degree of freedom in particle motions. (b) Selection of 15 disk
packings (solid circles) and comparison with experimental porous media (solid red circles). The doted
curve highlighting the ε vs. S master curve is plotted as guideline.
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3.2. Comparison between Simulated and Experimental Orientation Distribution Functions

The comparison between experimental and simulated data performed above is limited to ε and S
values, which are bulk parameters of the porous media. For instance, different particle organizations
can in principle lead to the same macroscopic S values. Accordingly, the orientation distribution
function (ODF) of particles for experimental and simulated are analyzed and compared below.
Because the frame of the simulation box merges with that of the orientation tensor [18], the ODF
for disk-shaped particles can be defined here by the function f (θ, φ), where θ is angle between the
normal of the disk and the z axis of the simulation box and φ the polar azimuthal angle on the (xy)
plane of the simulation box. For uniaxial systems (cylindrical symmetry) such as those investigated
here the ODF is completely described by the function f (θ) defined as:

f (θ) ≥ 0 (2)

and ∫ π

0
f (θ) sin θdθ = 1 (3)

where sin θ accounts for the integration over all azimuthal φ angles for the solid angle correction [43,57,58].

Table 2. Algorithm parameters used to generate the selected 15 simulated disk packings. For each
medium, all particles are given an initial angle (in degree) and maximum amplitudes motions to swivel
(in degree) and to slide (relative to particle diameter d) during the settling process. The parameters S
and ε stand for the order parameter and the porosity, respectively (uncertainty of ±0.02). Npart. and
fpart. represent the mean number of particles and the fraction of particles in aggregates, respectively.

Initial Angle Max. Swivel Amplitude (◦) Max. Slide Amplitude (μm) S ε Npart. fpart.

82 11 d/6.4 0.00 0.73 2.28 0.34
87 22 d/7 0.10 0.70 2.33 0.42
87 25 d/2 0.20 0.67 2.42 0.47
85 40 d/7 0.31 0.66 2.48 0.51
89 50 d/7 0.42 0.64 2.55 0.56
82 60 d/2 0.52 0.62 2.69 0.59
85 85 d/3 0.60 0.60 2.80 0.65
85 80 d 0.69 0.59 2.85 0.63
60 60 d 0.81 0.57 2.91 0.69
47 28 d/3 0.84 0.58 2.90 0.67
40 40 d 0.89 0.55 3.06 0.73
25 45 d/2 0.92 0.54 3.09 0.74
18 55 d 0.94 0.53 3.16 0.76
10 70 4d 0.96 0.49 3.63 0.83
0 80 5d 0.98 0.45 3.91 0.87

Figure 4 reports f (θ)sin θ functions for different S values. For comparison with experimental
systems (S = 0.84; 0.90, and 0.96), simulated porous media with similar S values are selected from
Table 2 (S = 0.84; 0.89, and 0.96). For an isotropic packing (S = 0), f (θ)sin θ follows a sine behavior.
In the case where S tends to 1, f (θ)sin θ function displays a Dirac-shaped distribution. For similar
anisotropy value, it can be shown that the experimental and simulated data show very good agreement,
despite the limited number of extracted particles from the experiments (between 671 and 920 particles
for experimental media vs. between 3270 and 3955 for simulated packings). This agreement shows
that the sequential deposition algorithm used here provides, not only a satisfying reproduction
of bulk properties of the experimental porous media, but also, accounts for the details of local
particle organization.
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Figure 4. Comparison between simulated and experimental distributions of particle orientation
f (θ) sin θ with θ the angle between the normal unit vector of the particle and the z axis of the simulation
box. The selected experimental packings correspond to DP1, DP4, and DP5 (with S = 0.96, 0.90, and 0.84,
respectively, Table 1), whereas simulated packings were chosen in Table 2 for their similar S values
(with S = 0.96, 0.89, and 0.84).

3.3. Evolution of Geometrical Properties of Simulated Porous Media with Anisotropy

In the following, the 15 simulated porous media (Table 2) are used to get additional information on
the evolution of the geometrical properties of the pore network and the solid phase with S parameter.
This morphological analysis, based bellow on chord length distribution and particle aggregation,
is expected to provide a comprehensive understanding of the underlying mechanism at the origin
of the observed master curve of ε vs. S and in particular to the change of porosity trend above S~0.9
(Figure 3b). Note that all attempts to apply the same morphological analysis for experimental systems
were unsuccessful. This was assigned to the difficulty to detect the smallest pores at the interface
between two particles, thus leading to erroneous chord length distribution analyses.

A chord length analysis provides a morphological description of the solid-pore interface [18,59–62].
Chords are line segments at the pore-solid interface, for any direction r, lying entirely in the pore
or solid phase. For the pore phase, the pore chord distribution fp(r) is defined such as fp(r)dr is the
probability of finding a chord in the pore phase of a length between r and r + dr and by:

∫ ∞

0
fp(r)dr = 1. (4)

Based on both the pore chord distribution fp(r) and the solid chord distribution fs(r), the mean
chord length for both pore and solid phases along r (lp,r and ls,r, respectively) are determined from the
first momentum of the distribution function as follows:

lp,r =
∫ ∞

0
r fp(r)dr, (5)

ls,r =
∫ ∞

0
r fs(r)dr, (6)

where lp,r and ls,r can be considered to account for the mean sizes of pores and the solid phase along the
same direction, respectively. Calculations of pore and solid chord length distributions are performed
using 3D voxelized image (5123 resolution) for the 15 porous media reported in Table 2.

The mean chord lengths for the solid phase of the 15 simulated porous media (Table 2) is reported
for the three main directions x, y, and z as a function of the order parameter S in Figure 5a. Mean chords
lengths along the x and y directions (ls,x and ls,y) are identical, thus confirming the transverse isotropy
in simulated packings.
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Figure 5. Evolution of geometrical parameters of the simulated porous media as a function of order
parameter S. Mean chord length for the solid phase in the three main directions x, y, and z (i.e., ls,x, ls,y,
and ls,z, respectively) (a), porosity ε (b), and mean number of particles Npart. and fraction of particles
fpart. in aggregates (c). Vertical dotted line is a guideline for the change noticed at S > 0.9.

For S = 0, the isotropic organization of the packing is corroborated by the equal values for ls,x, ls,y
and ls,z. Figure 5a also reveals that the increase in particle anisotropy leads to a progressive decrease
of ls,z values and a gradual increase of ls,x and ls,y values. This evolution is fully consistent with
the gradual alignment of particles axes and dimensions with that of the simulation box. Indeed ls,z
dimension decreases toward a value close to d/10 (with d the disk diameter), i.e., the thickness of
individual disk. Similarly, both ls,x and ls,y dimensions increase to approach the theoretical mean
transverse dimension of the disk at ~0.63d. Moreover, note that ls,z values slightly increase with S
when S > 0.9 (Figure 5a). This behavior seems to correlate with the abrupt decrease of porosity with S
increasing for S > 0.9 (Figure 5b). Such concomitant increase in ls,z dimensions and decrease in ε values
for S > 0.9 could potentially be interpreted by aggregation of particles, defined here by an increased
number of face-to-face contact between their flat surfaces leading to an increase of their apparent
thickness. The analysis of particle aggregation is thus performed in order to assess its potential
influence on the change of porosity for high S values. This analysis is performed in a similar fashion as
done by Ebrahimi et al. [17,31,32] for the characterization of aggregation of individual nanometer-sized
clay layers. The consideration that two particles belong to the same aggregate is based here on three
criterions. The first criterion is that the scalar product between the normal vectors associated to the
two particles should be larger than 0.95. This ensures the pseudo-parallelism of the two particles
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surfaces. The second criterion is that the segment formed by the projection of the barycenter position
of the first particle onto the surface of the second disk should be shorter than the thickness of the disk.
Accordingly, the two particles should first neighbor, while allowing a certain degree of non-parallelism.
The third and last criterion is that the distance segment between the two barycenter of the two particles,
projected to the surface of one particle, should be shorter than the disk radius. This last criterion
allows for a relative lateral displacement between two neighboring particles. While the first criterion is
similar to Ebrahimi et al. [17,31,32], these latter authors considered only a second criterion related to
the distance between the two particles barycenter. In the case of aggregation of individual clay layers,
the consideration of these two criterions leads to the formation of cylindrically stacks of particles with
limited lateral misfits, which is fully consistent with the involved cohesive forces [17,31,32]. In the case
of aggregation of clay minerals particles constituted by large number of individual layers, contribution
from cohesive forces between particles is lowered (or neglected in the present numerical approach),
and the aggregates display larger degree of lateral displacements as repeatedly observed here in X-ray
microtomographic images.

The evolution of particle aggregation with S parameter, calculated according to the
aforementioned methodology for the 15 simulated porous media, is illustrated in Figure 5c. The mean
number of particles in the stack, Npart. is calculated from the histograms of stack sizes (Table 2).
These histograms are found to systematically follow a lognormal-shaped thickness distribution,
consistent with different numerical or experimental studies [15,31,32]. In addition, the relative fraction
of particles involved in a stack, fpart. is also indicated (Figure 5c; Table 2). As seen in Figure 5c and
illustrated for selected porous media in Figure 6, both Npart. and fpart. parameters display a rather
monotonic evolution for S < 0.9 and then a significant rise for very anisotropic media. This behavior
fully supports the hypothesis that aggregation is of the origin of the abrupt decrease of porosity with
an increase of S when S > 0.9 (Figure 5b).

Figure 6. Illustration of particle aggregation for selected simulated packings. A given colour is
assigned to all particles from the same aggregate. Translucent particles correspond to disks not
involved in aggregates.
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If particle orientation and aggregation can be used to interpret the evolution of ε with S, analysis
of chord distribution can also be used to derive quantitative indicators of the anisotropy of the solid
and pore phases. This can be done by calculating ratios between mean chord length along the z and xy
directions as:

Rp = lp,z/lp,xy, (7)

Rs = ls,z/ls,xy. (8)

Evolution of Rp and Rs parameters with S parameter reported in Figure 7 evidences that anisotropy
in the pore or solid phase are fairly similar. These anisotropy indicators range from nearly 1 when
S = 0 to ~0.2 for the most anisotropic medium and show a surprising linear correlation with S (Figure 7).
This finding suggests that extraction of S parameter, easily derived from experimental techniques
such as diffraction methods [36,41,43,63–65], can potentially be used to extract information regarding
anisotropy in the pore network, this latter being difficult to obtain experimentally.

Figure 7. Evolution of ratios between mean chord length between the z and xy directions for both the
solid and pore phases (Rs and Rp, respectively) as a function the order parameter S.

4. Conclusions

Simulation of 3D disk packings is an efficient approach to deepen our understanding of the role
played by anisotropy in orientation of flat particles on the geometrical properties of the whole porous
medium. This is particularly relevant in the case of compacted anisometric particles which can display
a wide range of S values [18,41,43].

In this study, non-interacting disk packing simulations confirmed the close relationship between
porosity and anisotropy through the ε vs. S master curve. Although limited to very anisotropic systems
(for S > 0.8), experiments also validated the obtained correlation. Additional analyses of evolution
of geometrical parameters with anisotropy of the porous media demonstrated that the significant
decrease of porosity for S > 0.9 was associated to both particle orientation and particle aggregation.
Interestingly this aggregation is noticed here even though no interaction forces are considered in
between particles during the simulation of settling process.

Morphological analyses of the porous media through chord length measurements show that Rp

and Rs parameters fall onto a linear correlation with the order parameter S. This relation is particularly
relevant for correlating the orientational properties of particles easily accessible experimentally with
anisotropy in the pore network. In this regard, the logical perspective of this work is to analyze the
influence of S parameter on the anisotropy of diffusional properties of water in the porous medium.
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Supplementary Materials: This Supplementary Material details the processing methodology used in this
article to segment individual disk particles from raw X-ray microtomographic images. It is available online at
http://www.mdpi.com/1996-1944/11/10/1972/s1, Figure S1: Processing methodology for porosity measurement
and extraction of individual particle orientation (see text for details): (a) Non-local mean image (central vertical
section in the sub-volume), (b) gradient image, (c) segmentation result of porosity vs. disks, (d) erosion of c,
(e) distance map of d, (f) segmentation of e, (g) subtraction off from d, (h) erosion with a diskoid structuring
element, (i) labelled markers, (j) watershed transformation of the gradient image b using the markers in i, (k) final
result after manual correction of markers and quantitative filtration, (l) 3D rendering of the final result.
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Abstract: Wastewater from the oil industry is a major problem for aqueous environments due to its
complexity and estimated volume of approximately 250 million barrels per day. The combination of
these petroleum pollutants creates risks to human health, and their removal from the environment
is considered a major problem in the world today. Thus, this work has the objective of studying
the treatment of this type of effluent through the adsorption method using the following exchange
materials: cationic, anionic, their combination by a sequential method, and a composite material.
Zeolite A, a layered double hydroxide (LDH), and the new composite material formed by zeolite A
and LDH structures were synthesized for this study. All were used for the simultaneous treatment
of cations and anions in a complex sample such as water produced from petroleum production.
The composite demonstrated an excellent ability to simultaneously remove cations and anions.
The results obtained after the different treatment modes of the effluent using different materials
varied from 85% to 100% for the removal of cations and from 56% to 99.7% for the removal of anions.

Keywords: water produced; adsorbent materials; composite

1. Introduction

The regular operations of the oil and gas industry are characterized by a large amount of water
injected to facilitate the recovery of oil. This water is brought to the surface along with hydrocarbons
(oil and gas), salt and other solutes, and it is commonly known as “produced water” [1]. The liquid
waste stream produced by the oil industry is estimated to be approximately 250 million barrels per
day, and the water to oil ratio is at least 3:1. The complex composition of the produced water (PW)
is variable and depends on the natural geological characteristics of the location. Its properties can
vary, as it contains several soluble mineral ions and is often of an acidic nature [2]. Some constituents
of concern in PW are salts (expressed as salinity), total dissolved solids, oil and grease content,
natural inorganic and organic compounds (e.g., chemicals that cause hardness and scaling such as
calcium, magnesium, sulphates and barium) and the chemical additives used in drilling, fracturing
and well operation, which may have some toxic properties (e.g., biocides and corrosion inhibitors) [3].
The inorganic minerals, which are present as dissolved salts, dissolved in the PW are strongly related
to the geochemical characteristics of the well, and they are the cations Na+, K+, Ca2+, Mg2+, Ba2+, Sr2+,
and Fe2+ as well as the anions Cl−, SO4

2−, CO3
2−, and HCO3

−, which affect the PW chemistry in
terms of the buffering capacity, salinity and potential for scaling [4]. The toxic metals commonly found
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in PW are cadmium, chromium, copper, lead, mercury, nickel, silver and zinc, and they are mainly of
natural origin [4].

Wastewater from the petroleum industry is a major problem for aqueous environments.
The combination of these petroleum pollutants creates risks to human health [5]. Their removal from
the environment is considered a major problem in today’s world [6]. The reuse or recycling of water has
become mandatory, especially in countries with water concerns. Many countries have implemented
more stringent regulations for the permitted limits of oil and gas (O and G) that can be discharged into
the produced water, ranging from 10 mg L−1, according to China’s Ministry of Environment, up to
the maximum limit of 42 mg L−1, regulated by the United States Environmental Protection Agency
(USEPA) [7]. In Brazil, in environmental legislation, the maximum value allowed is up to a 20 mg L−1

value defined through CONAMA-National Environment Council, with resolutions no. 357 (CONAMA
357/2005) [8] and no. 430 (CONAMA 430/2011) [9], which establishes the conditions and standards
for the discharge of effluents by determining the maximum limits of concentrations of the parameters.
New regulations have promoted the development of ecological and economic disposal methods [10].
This can be seen as an opportunity to treat the water produced and provide a viable source of water,
which is beneficial in many applications, for which the quality of drinking water is not necessary
while avoiding serious environmental damage. Thus, this work has the objective of PW treatment by
adsorption method using a composite material that can be capable of removing simultaneously cations
and anions.

It is well known that zeolites can remove cations and layered double hydroxides (LDHs) can
remove anions. So these materials can be used for PW treatment. In this study, a composite made by
zeolite A and LDH was synthesized and used for PW treatment. Previous studies have performed the
synthesis of a zeolite A and LDH composite. Yamada et al. [11] coated a sample of zeolite A with LDH
through the dripping of a mixture of solutions of magnesium chloride and aluminium chloride but
did not study its application. Another study was carried out in order to synthesize a zeolite A and
LDH (Mg/Fe) composite using the acid residue of the copper and kaolin processing process for the
combined synthesis of zeolite A and LDH. The synthesis occurred in the following two steps: synthesis
of LDH by co-precipitation and then the addition of metakaolin for the synthesis of zeolite A [12].

In this study, zeolite A, LDH, and a new composite material formed by zeolite A and LDH (Mg/Al)
structures were synthesized separately. The synthesis process of the composite was carried out at room
temperature in a shorter synthesis time than in the literature [11,12], with the excellent formation of the
crystals. In addition to the new synthesis processes, this study used for the first time the synthesized
materials for the simultaneous removal of cations and anions in wastewater produced from petroleum,
which is considered a highly complex removal process. Zeolite A is characterized by the presence
of molecular-sized pores and cavities, which are occupied, due to charge compensation, by cations
and water molecules. These ions are not covalently bound to the structure, which makes the zeolites
excellent cation exchangers [13–15]. LDH is an anionic clay with positive layers of di- and trivalent
metal and ions and anions in the interlayer region present to neutralize this charge. The freedom of
these intercalary anions causes the LDH to have the capacity of an anion exchanger [16,17]. Thus,
the composite material is ideal for the reutilization of produced water by the simultaneous removal of
the cations and anions present.

2. Materials and Methods

2.1. Synthesis and Characterization of the Materials

For the preparation of the composite based on zeolite A and LDH, two synthetic methodologies
were used sequentially. The first methodology was based on the synthesis of IZA for zeolite A [18],
and the second methodology was based on the procedure proposed by Climent and co-workers [19],
with changes including seeking an LDH with an Mg/Al = 3 ratio. A sample of pure zeolite A and
another of LDH were also prepared for comparison with the synthesized composite.
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The preparation of the composite consists of two fundamental steps. In the first step, a gel was
prepared with the following composition: 0.098 mol SiO2, 0.049 mol Al2O3, 0.157 mol Na2O and
6.285 mol H2O. To prepare the gel, 1.266 g of NaOH (Sigma Aldrich) was added to 100 g of Milli-Q
H2O, and after complete dissolution, the solution is divided into two equal volume fractions, called V1
and V2. In the first fraction V1, 9.100 g of sodium aluminate (50%–56% Al2O3 40%–45% Na2O) was
added until dissolution. In the second fraction V2, 13.225 g of deionized H2O plus 6.000 g of NaOH
and 5.900 g of SiO2 (Aerosil 200 Degussa) were added. After the homogenization of both fractions,
fraction V1 was rapidly added to fraction V2. After stirring the system for approximately 30 min,
the prepared gel was placed in Teflon autoclaves, where it was kept in a hot block for 4 h at 100 ◦C.

During the crystallization of the gel, a solution of Mg(NO3)2·6H2O at 0.225 mol·L−1 was prepared
with Al(NO3)2·9H2O at 0.075 mol·L−1 in a final volume of 200 mL (solution A). A 0.4 mol·L−1 NaOH
solution was also prepared with 0.2 mol L−1 Na2CO3 to a final volume of 400 mL (solution B).

For the second step, the gel obtained in the first step was transferred to a stirred glass beaker,
in which solution (A) containing the magnesium and aluminium nitrates and solution (B) containing
the sodium carbonate and sodium hydroxide were dripped in simultaneously. The dripping occurred
slowly under agitation on the synthesis gel at a constant temperature of 60 ◦C. At the end of the
addition of solutions A and B, the mixture was stirred for 3 h at 60 ◦C for ageing. After this time,
the solid obtained was separated by filtration and washed with distilled water until pH = 7, and it was
finally dried at room temperature. The material produced was denominated ZAHD composite and
was also calcined in air with a 3 ◦C/min heating ramp at 400 ◦C for 3 h. The composite before and
after being calcined was then characterized.

The prepared composite material was characterized by differential thermal and thermogravimetric
analysis (DTG, DTA) under a dynamic nitrogen atmosphere with a flow rate of 20 mL min−1 at a
heating rate of 10 ◦C·min−1 from 30 and 800 ◦C using a mass of approximately 10 mg deposited in
a platinum sample port. The DTG curves were obtained by calculating the first derivative of the
TG curves.

The samples synthesized in this work were characterized by a Bruker D2 Phaser diffractometer
(Billerica, MA, USA) using Cu radiation (λ = 1.54 Å) with a step size of 0.02◦, a current of 10 mA, and a
voltage of 30 kV. A Lynxeye detector (192 channels), divergent 0.6 mm slit, 0.1 s time, and 1 mm anti-air
scattering screen was used.

In the Chemical analysis, the samples were characterized in a Bruker S2 Ranger apparatus
(Billerica, MA, USA), using P power radiation, a Ag power of 50 W, a maximum voltage of 50 kV,
a maximum current of 2 mA, and a XFlash®Silicon Drift Detector (Billerica, MA, USA), with the results
were normalized to 100%.

The samples were analysed using a ZEISS brand electronic scanning electron microscope
(Oberkochen, German), an Auriga model FEG (field emission gun) type emitter, with a voltage
of 20 kV, a chemical analysis detector using energy dispersion spectroscopy (EDS, Bruker, Billerica,
MA< USA) and a XFlash®410-M detector (Bruker, Billerica, MA< USA).

The specific area analysis and N2 adsorption isotherm were obtained by the physical adsorption
of nitrogen on the material by the Brunanuer-Emmett-Teller method (BET). This method is based on
the determination of the volume of N2 adsorbed at various relative pressures at the temperature of
liquid nitrogen, at pressures of up to 2 atm and at relative pressures (p/p0) of less than 0.3 atm. For the
performance of this test, a specific area metre, a Micromeritcs brand ASAP 2020 (Altalnta, GA, USA),
was used. The data were taken from the nitrogen sorption isotherms at 77 K to determine the specific
surface area (SBET and Gurvich rule for the total pore volume, VTP).
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2.2. Treatment of Water Produced from Petroleum

The treatment of the water produced from oil (from the RN CE Operation Unit) was performed
using 50 mL of the solution in contact with a mass of 0.30 g of each material. The samples were placed
in 150 mL Erlenmeyer flasks and subjected to a stirring orbital shaker table operating at 200 rpm for
periods equal to 4 h. At the end of this time, the samples were filtered and analysed by IC and ICP-OES.

The first treatment was with LDH and then with zeolite A, while in the second treatment, the order
was reversed with zeolite A being used before LDH. In the last treatment, the composite was used.

Cation and anion concentrations were determined by liquid chromatography (IC) and by
inductively coupled plasma optical emission spectrometry (ICP OES). The analyses were performed
in triplicate.

The produced water sample was analysed by inductively coupled plasma optical emission
spectrometry (ICP OES). The equipment used was an iCAP 6300 Duo model (Thermo Fisher Scientific,
Massachusetts, USA) with axial and radial views and a simultaneous CID (charge injection device)
Detector. Commercial argon with a purity of 99.996% (White Martins-Praxair) was used along with the
following parameters: power source RF at 1150 W, nebulizer gas flow at 0.75 L min−1, auxiliary gas
flow at 0.5 L min−1, and stabilization time of 15 s.

The sample of water produced was also analysed by ion chromatography (IC) using an ICS-2000
DIONEX ion chromatograph (Sunnyvale, CA, USA), with an in situ eluent generator, conductivity
detector and electrochemical suppression as well as an AS40 DIONEX autosampler. The analytical
column and guard column used were an IonPAC AS19 2 × 250 mm and an IonPAC AG19 2 × 50 mm,
respectively, both from DIONEX.

3. Results

3.1. Synthesis and Characterization

Figure 1 shows the diffractograms and the structure scheme of the following materials: LDH,
zeolite A and zeolite A/LDH composite (ZAHD).

Only the LDH phase is present in the diffractogram of Figure 1, where the characteristic reflections
are observed at 2θ = 11.34◦, 22.88◦, 34.35◦, 38.73◦ and 45.73◦, with the value of d(003) = 7.8 Å being
due to the presence of carbonate between the lamellae [20,21]. The sample of zeolite A (Figure 1) is
pure zeolite A and presents all of the characteristic reflections of this phase, with it then being used as
a standard [22]. The diffractogram of the composite (Figure 1) shows characteristic reflections of the
LDH and zeolite A compounds, corresponding to the new composite (ZAHD).

Figure 1 shows a scheme of the materials structures and the proposed structure of the composite,
that is zeolite A crystals covered by LDH layers (see also SEM results in Figure 3).

A thermogravimetric analysis of the composite was performed with the objective of observing
the changes in relation to the loss of mass occurring upon heating. The TG/DTG curves and mass loss
percentages for each event are shown in Figure 2.

To confirm the formation of the composite, high resolution scanning electron microscopy (SEM)
analyses were performed. LDH, zeolite A and ZAHD composite samples were analysed, and the
images are presented in Figure 3.

The micrographs of zeolite A and LDH are in agreement with the literature according to
Reference [19]. The zeolite A presents a morphology of cubic crystals with defined edges [23]. For the
LDH, a morphology showing a series of hexagonally squamous particles is indicated. In the synthesis
of the composite, from the enlargement, it can be observed that it has a well-defined morphology
resembling cubic crystals, but its surface has a smooth homogeneous layer, leaving these crystals
without a defined format but totally covered.
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(a) 

(b) 

(c) 

Figure 1. Diffractograms of the structure scheme of the synthesized materials: (a) LDH, (b) zeolite A,
and (c) ZAHD composite.

Figure 2. Thermogravimetric and TG/DTG curves of the ZAHD composite.
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Figure 3. Micrograph of the composite ZAHD (a,b) material compared to zeolite A (c) and LDH (d).

Table 1 presents the FRX results for the three studied materials: zeolite A, LDH, and the
composite (ZAHD).

Table 1. FRX results in % for the synthesized materials.

Material Al2O3 MgO SiO2 Na2O Si/Al Mg/Al

Zeolite A 35.50 1.5 45.35 16.9 1.10 0.05
LDH 37.97 58.21 0 3.06 0 1.9

ZAHD 34.71 20.9 33.96 10.0 0.83 0.77

The chemical composition for zeolite A is in agreement with that observed for this material in
the literature [24].

The Mg/Al ratio for the LDH was 1.9 and that value was lower than expected (3.0) The Mg/Al
ratio for the composite was 0.77, while the Si/Al ratio was equal to 0.83.

In the determinations of the specific surface areas, the nitrogen adsorption/desorption technique
was used at 77 K, the isotherms for the synthesized materials are presented in Figure 4.

Figure 4 shows that the LDH isotherm is of type II, which is characteristic of non-porous
materials. This occurs because the lamella dimensions are larger than the relative size of the nitrogen
molecule [25,26]. The zeolite A isotherm shown in Figure 4 is classified as being type I, presenting a
low specific area due to the size of its micropores [27]. In Figure 4, the composite isotherm is type
IV, which is characteristic of porous and lamellar materials. Mathematical models can be applied to
determine the specific surface area and total pore volume. Table 2 shows the results obtained.
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Figure 4. N2 isotherms of the synthesized samples: LDH, zeolite A, and ZAHD composite.

Table 2. Textural results for the synthesized materials.

Material SBET (m2/g) VTP (cm3/g)/0.98

Zeolite A 5 0.01
LDH 113 0.60

ZAHD 57 0.21

The BET surface area value and micropore volume calculated for the composite are lower than
those obtained for the pure LDH, and this is justified by the fact that a large amount of the composite
is formed by zeolite A.

3.2. Treatment of a Sample of Water Produced from Petroleum

Knowing the properties of the LDH, zeolite A and the composite material, in this work the
treatment of samples of petroleum produced water with different concentrations of cations and anions
was carried out. Table 3 shows these results. The first treatments were using only Zeolite A and LDH;
then two treatments performed sequentially form LDH/zeolite A, and the reverse order forms zeolite
A/LDH, with the last sample used being the composite. Figure 5 shows the ICP-OES results in relation
to the removal of cations for the different treatments employed.

Table 3. Adsorption results for the synthesized materials.

Parameters
Initial Concentration

on PW (mg/L)
ZEO

(mg/L)
LDH

(mg/L)
LDH/ZEO

(mg/L)
ZEO/LDH

(mg/L)
COMPOSITE

(mg/L)

Al 3.913 0 3.930 0.078 0 0
Cd 0.448 0 0.446 0 0 0.059
Cu 0.385 0 0.384 0 0 0
Mn 2.319 0.070 2.322 0.105 0.075 0.740
Ni 0.482 0 0.484 0 0 0.131
Pb 0.437 0 0.435 0 0 0
Zn 2.407 0 0.404 0 0 0.058

Chloride 203.971 200.345 32.965 25.276 28.965 29.138
Bromide 18.656 18.530 3.572 2.982 3.572 8.09

nitrite 13.97 14.02 2.980 2.947 2.98 6.15
nitrate 60.757 60.573 10.239 9.908 7.239 13.731

phosphate 18.304 18.132 2.080 2.019 2.08 0.07
sulphate 19.027 19.123 14.247 10.406 10.647 5.679
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Figure 5. Variations of the concentrations of Al, Cd, Cu, Mn, Ni, Pb and Zn ions in water produced
during treatment in the different treatments and analysed by ICP-OES.

The initial concentrations of Al, Cd, Cu, Mn, Ni, Pb and Zn ions without the presence or action of
adsorbents were 3.913 mg L−1, 0.448 mg L−1, 0.385 mg L−1, 2.319 mg L−1, 0.482 mg L−1, 0.437 mg L−1

and 2.407 mg L−1. The removal percentages obtained in the treatment performed by the composite
were 99.2%, 95%, 100%, 85%, 100%, 100% and 98.8% for Al, Cd, Cu, Mn, Ni, Pb and Zn, respectively.

Chloride, bromide, nitrite, nitrate, phosphate and sulphate concentrations present in water
produced during treatment with the different treatments, as analysed by IC, are presented in Figure 6.

Figure 6. Chloride, bromide, nitrite, nitrate, phosphate and sulphate ion concentrations present in
water produced during treatment with the different treatments, as analysed by IC.

The initial concentrations of chloride, bromide, nitrite, nitrate, phosphate and sulphate without
the presence or action of adsorbents were 203.971 mg L−1, 18.656 mg L−1, 13.97 mg L−1, 60.757 mg L−1,
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18.304 mg L−1 and 19.027 mg L−1. The removal rates obtained by the composite treatment were 85.7%,
57%, 56%, 77.4%, 99.7% and 70.1% for the chloride, bromide, nitrite, nitrate, phosphate and sulphate
ions, respectively.

4. Discussion

Comparing the X-ray diffraction results of the LDH and zeolite A samples with the ZAHD
composite sample, it is observed that the reflections present coincide with the two phases mentioned
above. It is observed that the intensities of the reflections related to the zeolite A are less intense than
the standard material, which may be related to the later stage of formation of the LDH phase, where an
alkaline system is used. In the formation of the composite, the crystals of zeolite A are surrounded
by the layered double hydroxide. This may also cause the reflections of the zeolite to be less intense.
In contrast from the study conducted by Yamada et al. (2006) [11], the reflections of LDH can be clearly
identified, especially reflections corresponding to the 003 and 006 planes.

In the thermogravimetric analysis, two mass losses with three events were observed, which can
be observed in Figure 2. The first loss of mass occurred between 30–100 ◦C and was 5.07%, which was
attributed to the removal of poorly adsorbed water due to the low temperature. The second mass
loss occurring between 100–200 ◦C represented 15.41% of the total mass. The temperature at which
this event occurs suggests that the loss is due to the removal of the interlamellar water due to the
presence of LDH and the poorly adsorbed water in the zeolite structure. A third mass loss occurred at
approximately 200–400 ◦C (where the maximum loss occurs), which is within the correct temperature
range for dehydroxylation and decarbonation. So this temperature (400 ◦C) was used for calcination.
This is the largest mass loss, accounting for 20.09% of the total mass lost [28]. It is common that the
higher mass loss during the thermal decomposition of a present LDH results from the simultaneous
dehydroxylation and removal of anhydrous interlayers of [29].

In the micrographs shown in Figure 3, it is observed that the LDH particles are inclined to strongly
agglomerate together. The thickness of the squamous particles is very small, only a few nanometres,
which has already been observed in other studies [11,12,30]. In our study, due to the composite
synthetic process being carried out from the crystallized material but still dispersed in the aqueous
synthetic matrix (mother water), a thicker layer was formed around the crystals of zeolite A.

The Si/Al and Mg/Al ratio data presented for the composite in Table 1 are lower than those
obtained for zeolite A and LDH, respectively. This value is down because it is estimated using the
amount of total aluminium, i.e., the amount present in zeolite A and HDL. The amount of NaO2

present is lower in the composite compared to pure zeolite A, which may indicate that a portion of the
Na present in the zeolite structure may have been replaced by Mg.

The formation of the composite is supported by the adsorption data, where we can observe that
the specific surface area obtained was in between those of LDH and zeolite A (Table 2). The value
of 113 m2·g−1 for LDH may be related to the synthetic temperature employed. Lower temperatures
favour the formation of LDH-type materials with higher specific surface areas [31].

These materials, Zeolite A, LDH and composite; are materials with charge deficiency. So the
mechanism that will occur in the adsorption process will be the exchanging of cations and anions. So,
in the case of zeolites, the molar ratio Al/Si is important, because the Al will give a negative charge
to the framework, so with more aluminium, more cationic exchange capacity the material will have.
And in the case of LDH, the Al gives a positive charge to the framework, so with more Al, more anionic
exchange capacity the material will have.

In the produced water (PW) treated only with zeolite A (0.3 g for 4 h), approximately all of the
cations are removed (~100%), and the anions were not removed. When the PW was treated only with
LDH (3 g for 4 h), approximately 80% to 90% of anions were removed (the only sulphate was ~25%),
and the cations were not removed (Table 3). Thus, to simultaneously remove cations and anions from
the PW, it will be necessary to employ both materials, LDH and zeolite A. The result showed that the
sequential treatments have the same results, independent of the order in which they were used (60 to
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100% for anions and 80% to 100% for cations). In these treatments, 0.3 g of each material was used for
4 h, and thus, the total used was 0.6 g for 8 h. When the composite was used, it was 0.6 g for 4 h, and it
demonstrated the same capacity for removing cations and anions as the sequential treatment. Thus,
the composite material is efficient for removing cations and anions from PW simultaneously and can
do so in only 4 h. Another advantage of the composite material is that this material has a morphology
and particle sizes more homogeneous than the use of zeolite A and LDH separately, sequentially or
mixed. This fact can help to avoid diffusion problems.

5. Conclusions

In this study, the syntheses of zeolite A, layered double hydroxide (LDH), and a composite
material based on zeolite A and layered double hydroxide, called composite (ZAHD), were successfully
performed at room temperature in only 7 h.

The materials zeolite A, LDH and the composite (ZAHD) were used for the simultaneous treatment
of cations and anions in a complex sample of water produced from petroleum, and it was observed from
the results that all of the materials have very good adsorption capacities. The results obtained after the
different treatment modes of the effluent in different materials varied from 80 to 100% for the removal
of cations and from 60% to 100% for the removal of anions. These values are extremely satisfactory
considering the complexity of the effluent produced from petroleum, and since the concentrations of
cations and anions are in the range of mg L−1 to μg L−1, treatment is even more difficult.
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Abstract: In this study, both AlFe composite pillaring agents and AlFe pillared clays (AlFe-PILC) were
synthesized via a facile process developed by our group, after which mixed Cr and Ce precursors
were impregnated on AlFe-PILC. Catalytic combustion of organic pollutant chlorobenzene (CB) on
CrCe/AlFe-PILC catalysts were systematically studied. AlFe-PILC displayed very high thermal
stability and large BET surface area (SBET). After 4 h of calcination at 550 ◦C, the basal spacing
(d001) and SBET of AlFe-PILC was still maintained at 1.91 nm and 318 m2/g, respectively. Large
SBET and d001-value, along with the strong interaction between the carrier and active components,
improved the adsorption/desorption of CB and O2. When the desorption temperatures of CB and
O2 got closer to the CB combustion temperature, the CB conversion could be increased to a higher
level. CB combustion on CrCe/AlFe-PILC catalyst was determined using a Langmuir–Hinshelwood
mechanism. Adsorption/desorption/oxidation properties were critical to design highly efficient
catalysts for CB degradation. Besides, CrCe/AlFe-PILC also displayed good durability for CB
combustion, whether in a humid environment or in the presence of volatile organic compound (VOC),
making the catalyst an excellent material for eliminating chlorinated VOCs.

Keywords: AlFe-pillared clay; CrCeOx; chlorobenzene; catalytic combustion; temperature-
programmed reaction

1. Introduction

Chlorinated volatile organic compounds (CVOCs) are considered to be very harmful to the
environment, not only a direct harm on human health but also destroy the ozone layer [1,2].
Today, the major industrial processes for CVOCs elimination involve direct combustion at very high
temperatures (above 850 ◦C). This is a fairly expensive process and produces highly toxic byproducts
or intermediates by incomplete combustion, such as dioxins, Cl2, and CO [2,3]. The low operating
temperatures (<500 ◦C) and high selectivity into harmless product, make catalytic combustion an
attractive option [4–6].

Due to the high toxicity of dioxins and the need for laboratory safety, model reagents, such as
chlorobenzene (CB), are used to predict destruction behavior of dioxins on different catalysts [7,8].
Vanadia-based catalysts [9,10], precious metals (Pt, Pd, Ru) supported on zeolites [11,12], and various
oxides [13,14] are employed for the catalytic combustion process. However, these catalysts often
have some disadvantages of relative low catalytic performance, rapid deactivation caused by coking
or chlorine poisoning, high price, and the formation of polychlorinated benzene [14]. Transition
metal oxide catalysts including cobalt, copper, manganese, and chromium oxides can not only resist
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deactivation caused by chlorine poisoning but also enhance catalytic activities by the modification with
rare earth elements [15,16]. Doping ceria into transition metals oxides could improve redox property
of metal oxides, increase the mobility of oxygen and the rate of chlorine removal or transfer, thereby
enhancing their catalytic properties and reaction stability during CVOCs combustion [17]. The catalytic
behavior is associated with the interaction between the catalyst and the reactant, thus, understanding
the relationship between adsorption/desorption and combustion of CVOCs over the catalysts becomes
very important. The information can not only explain their own catalytic characteristics, but also
provide insights into catalytic macroscopic behaviors [18–20].

Catalytic combustion is a typical gas–solid, two-phase reaction, which mostly occurs on the surface
of catalysts. The advantage of heterogeneous catalysis is that the catalyst does not need to be separated,
so the process can be operated in uninterrupted flow. Nevertheless, if there is a need to separate
the catalyst, it can be done in a much simpler way than a homogeneous catalyst. Heterogeneous
catalysts have been well applied in many fields such as heterogeneous Suzuki cross-coupling reaction
catalyzed by magnetically recyclable nanocatalyst [21], modulated large-pore mesoporous silica
as an efficient base catalyst for a Henry reaction [22], and magnetically separable and sustainable
nanostructured catalysts for heterogeneous reduction of nitroaromatics [23–25]. The disadvantage of
heterogeneous catalysis is that the catalyst can only use the catalytic active points on its surface, which
is slightly inefficient, but can be improved by increasing the specific surface area (SBET). Therefore,
the active components are usually dispersed on the carrier with large SBET. In a catalytic combustion
reaction, the carrier can not only support the dispersed active components, but also increase the
stability, selectivity, and activity of catalysts. The support can also reduce the use of high-priced active
components, thereby reducing the cost of the catalyst. Common metal oxide catalyst carriers include
γ-Al2O3, TiO2, SiO2, ZrO2, or their complexes. Molecular sieve supported catalysts also show good
catalytic combustion activity. The molecular sieve carriers studied include ZSM-5, β-molecular sieve,
SBA-15, MCM-41, and so on.

Natural clay is a hydrated aluminosilicate, which can be designed by crosslinking or pillaring,
which leads to the formation of a class of material known as pillared clays (PILCs). Moreover, because
of its wide distribution, abundant reserves, and low price, it has its own advantages in replacing
existing catalyst carriers. PILCs have large SBET, uniform pore size distribution, and high thermal
stability. They are good catalytic materials and carriers. A popular research topic in recent years is
synthesizing PILCs supported catalysts for VOCs catalytic combustion reactions [26–28], whereas
the application for CVOCs combustion is rare and the structure-activity relationship was not clear.
It has been reported in the literature that SBET, pore volume (Vp), and thermal stability of PILC can
be improved by the synthesis composite pillaring agents, and these mixed pillaring agents has been
widely used in the past 30 years [29]. At present, many kinds of mixed pillaring agents have been
synthesized, with aluminum pillaring agents being one of the components. However, defects in the
preparation process still exist. Therefore, there is an urgent need to optimize involved unit operations
and simplify procedures, especially to reduce the amounts of NaOH and AlCl3 solutions.

The present work intends to simplify the synthesis steps, using a high-temperature hydrothermal
one-step method, to prepare AlFe composite pillaring agents, and then synthesize AlFe-PILC [30].
Compared with Na-Mt, AlFe-PILC had good structural characteristics, such as larger SBET and
Vp, so it had the potential for use as a catalytic support. How to improve the efficiency of low
temperature catalytic combustion of CB and improve the stability of the catalysts are the key problems
to be solved in the current catalytic combustion process. This paper intends to use AlFe-PILC as
a carrier to prepare CrCeOx catalysts, and to study their application in the catalytic combustion
reaction of CB, aiming at forming achievements in advanced catalytic materials and their applications.
The adsorption/desorption properties and catalytic performance of CB were systematically studied in
order to get a clear map about the structure–activity relationship for the catalytic reaction and explore
its potential for further industrial application.
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2. Experimental Section

2.1. AlFe-PILC and Catalyst Preparation

The starting material was the sodium form of montmorillonite (Na-Mt) (>100 mesh, Hengsheng
Trading Co., Ltd., Baotou, China). AlFe pillaring agents were prepared with Locron L (Clariant,
Switzerland, Al2(OH)5Cl·2-3H2O) and ferric nitrate solution. The following preparation of AlFe
pillaring (the molar ratio of Al/Fe is 5) and AlFe-PILC using the similar method detailed in our
previous research [30].

Cr/Na-Mt, CrCe(5:1)/Na-Mt, Ce/AlFe-PILC, Cr/AlFe-PILC, and CrCe/AlFe-PILC were
synthesized by impregnating a Cr and Ce nitrate solution onto the equal volumes of supports (Na-Mt
and AlFe-PILC) overnight, followed sequentially by drying and calcination at 500 ◦C for 2 h. Cr, Ce, or
CrCe loading for each catalyst was 10 wt.%, and Cr/Ce molar ratios were adjusted to 2.5:1, 5:1, 7.5:1,
and 10:1, respectively. All the reagents were analytically pure, and obtained by Shanghai Chemical
Reagent Factory (Shanghai, China).

2.2. Characterization

The samples were characterized using X-ray diffraction (XRD) (PANalytical, Almelo, Netherlands)
for d001 value and phase composition. The SBET, mesopore area (Ames), Vp, micropore volume (Vmic),
and pore size distribution of the samples were determined via N2 adsorption isotherms using a
TristarII 3020 apparatus (Micromeritics Company, Atlanta, GA, USA). High-resolution transmission
electron microscopy (HRTEM) on a JEM-2100F (JEOL, Valley, Japan) was employed to get the catalyst
morphology and particle size. The chemical compositions of the catalysts were determined with
energy dispersive X-ray spectroscopy (EDS) using an Oxford INCA instrument (Oxford Instruments,
Warrington, UK). All the characterization methods for the samples have been reported and detailed in
our previous research [30–32].

2.3. Catalytic Performance Tests and Temperature-Programmed Reactions

The activity of the catalysts was evaluated in a WFS-3010 microreactor (Xianquan, Tianjin, China).
The degradation products were detected by mass spectrometry (MS, QGA, Hiden, U.K.). No byproduct
other than H2O, CO2, and HCl was detected. Thus, the conversion was calculated based on CB
consumption [31]. To further study the “mixture effect” of the feed gases, 1% (v/v) water vapor and
100 ppm toluene were also introduced. Besides, the durability of CrCe (5:1)/AlFe-PILC for the catalytic
combustion of CB was investigated at a CB concentration of 500 ppm and gas hourly space velocity
(GHSV) of 25,000 h−1.

H2 temperature-programmed reduction (H2-TPR) was conducted on a CHEMBET-3000
instrument (Quantachrome, Boynton Beach, FL, USA) to evaluate the reducibility of the catalysts.
The sample (50 mg) was pre-treated in air at 300 ◦C for 0.5 h, and then the temperature was reduced to
100 ◦C. The flow rate of the reductive gas (5 vol.% H2/Ar, purified by deoxidizer and silica gel) was
40 mL/min, and the reaction temperature was elevated by 7.5 ◦C/min. The H2 uptake was determined
using a thermal conductivity detector (TCD) detector (Shimadzu, GC-14C, Kyoto, Japan), and the H2O
produced was absorbed using 5 Å zeolite [32].

Temperature-programmed desorption (TPD) and temperature-programmed surface reaction
(TPSR) measurement were carried out in the same equipment as the catalytic performance tests to
determine the adsorption capacity and the relationship between desorption performance and catalytic
combustion properties [30,32]. Prior to the measurement, 350 mg catalyst was pre-treated in Ar (99.99%)
at 300 ◦C for 30 min, then the temperature was decreased to 50 ◦C. Adsorption gas (40 mL/min) was
a mixture of Ar (99.99%) and CB (about 500 ppm). The quantitative amounts were estimated by
integrating the desorption curve. After the adsorption reached an equilibrium (CB concentration in
the effluent gas was monitored using Gas Chromatography-Mass Spectrometry (GC-MS), the catalysts
were purged by Ar (99.99%) for a period of time at 50 ◦C until CB concentration to constant. Then,
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the desorption and catalytic properties of the catalysts were measured from 50 to 500 ◦C with a heating
rate of 7.5 ◦C/ min in 20 vol.%O2/80 vol.%Ar (without CB). The reactants and products (such as CB
(m/z =112), CO2 (44), H2O (18), Cl2 (71), and HCl (36.5) were analyzed with an on-line MS apparatus.

O2 temperature-programmed desorption (O2-TPD) was also performed using the same apparatus.
The catalyst (350 mg) was firstly treated in 10 vol.%O2/90 vol.%Ar at 300 ◦C for 0.5 h. After the
temperature was slowly cooled down to room temperature, followed by an Ar purge (40 mL/min)
for 30 min, the sample was heated from 50 to 900 ◦C with a heating rate of 7.5 ◦C/min in Ar flow.
The signal of desorbed oxygen was monitored by the MS.

3. Results and Discussion

3.1. Material Textural Properties

3.1.1. XRD Analysis

Figure 1 presented the XRD patterns (2θ: 10–80◦) of the Cr/Ce catalysts supported by Na-Mt
and AlFe-PILC. The diffraction peaks belonging to cristobalite and quartz appear at 19.8◦ and 26.7◦

(2θ), respectively [33]. Cristobalite and quartz are two of the main components of montmorillonite.
They have the characteristics of high temperature resistance, which can ensure the stability of the
catalysts in a high temperature gas–solid continuous reaction. Therefore, they play an important
role in catalyst components. The diffraction peaks of Fe2O3 appeared in all the AlFe-PILC based
catalysts because the amount of Fe2O3 increased after AlFe pillaring process. The diffraction peaks of
CeO2 appeared in Ce/AlFe-PILC catalyst. Compared with Cr/Na-Mt, the diffraction peak intensity
of Cr2O3 in Cr/AlFe-PILC clearly decreased, and the result showed that the dispersion of Cr2O3

particles on AlFe-PILC was greatly improved. After adding Ce, the diffraction intensity of Cr2O3 for
CrCe(5:1)/AlFe-PILC further decreased. On the one hand, the addition of Ce was beneficial to the
dispersion of Cr2O3, and on the other hand, it may have been due to the reduction of Cr2O3 content.
Notably, the CeO2 diffraction peaks were not found in CrCe(5:1)/AlFe-PILC, possibly because the
small amount of CeO2 was highly dispersed on AlFe-PILC.

Figure 1. XRD patterns of the catalysts: (a) Cr/Na-Mt, (b) Ce/AlFe-PILC, (c) Cr/AlFe-PILC,
and (d) CrCe(5:1)/AlFe-PILC.
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3.1.2. N2 Adsorption/Desorption

Table 1 summarizes the textural properties of samples. SBET and Ames of Na-Mt were only 51 and
41 m2/g, and the values of Vp and Vmic were 0.076 and 0.0043 cm3/g, respectively. AlFe-PILC’s SBET
and Vp reached 318 m2/g and 0.195 cm3/g, respectively, indicating that the formed composite AlFe
polycation was relatively large and thus the clay layers were further stripped to form more porous
structures. The Vmic of AlFe-PILC was 0.077 cm3/g, and it was about 39.5% in Vp. Compared with the
Na-Mt and AlFe-PILC support, the supported Cr or CrCe catalysts exhibited lower SBET and Vp values,
indicating that some of the Cr and Ce ions migrated into the pores and clay layers, and thus blocked
some of the pores. It was worth noting that a large number of micro-mesoporosity in AlFe-PILC
support was favorable for good dispersion of active species and rapid diffusion of reactants, thus
significantly enhanced their catalytic activity of various reactions.

Table 1. Characteristics of the samples: values of surface area and pore volume.

Samples SBET (m2/g) Ames
a (m2/g) Vp

b (cm3/g) Vmic
c (cm3/g)

Na-Mt 51 41 0.076 0.0043
CrCe(5:1)/Na-Mt 22 22 0.058 -

AlFe-PILC 318 168 0.195 0.077
Cr/AlFe-PILC 221 71 0.165 0.066

CrCe(5:1)/AlFe-PILC 13 82 0.156 0.026
a Calculated from BJH method. b Total pore volume estimated at P/P0 (relative pressure) = 0.99. c Calculated from
the t-plot method.

In Figure 2a, N2 adsorption/desorption isotherms for all the materials were type IV, while its type
H3 adsorption–desorption hysteresis appeared at P/P0 above 0.45, indicating that the material had a
mesoporous structure and the pores in the material were slit pores formed by layer-like structures.
The adsorption amount of Na-Mt was low; however, AlFe-PILC had a pronounced increase in
adsorption because more pores were formed by AlFe polyoxycations. The addition of Cr2O3 and
CeO2 to Na-Mt and AlFe-PILC decreased N2 adsorption capacity and thus pore volume, indicating the
doped cations entered and/or blocked the pores of Na-Mt and AlFe-PILC. In Figure 2b, the average
mesoporous diameters of AlFe-PILC materials were distributed in a narrow range of 3.96 nm and were
wider than the pore-diameter distribution range of Na-Mt (3.10 nm), confirming the pore size was
increased after pillaring. The average pore size of CrCe(5:1)/AlFe-PILC was in a narrow region of
approximately 3.65 nm. The stability of AlFe-PILC support was good and the mesoporous structure
was not destroyed.
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Figure 2. Characteristics of the samples: (a) N2 adsorption/desorption isotherms, and (b) pore-size distributions.

3.1.3. HRTEM Analysis

Figure 3 shows HRTEM picture and the EDS spectra of CrCe(5:1)/AlFe-PILC. It can be seen that
CrCe(5:1)/AlFe-PILC had a layered structure and the active particles (5–10 nm in size) were uniformly
distributed throughout the support, and the layered structure of AlFe-PILC was not damaged after
loading active ingredients. Al, Fe, Cr, Ce, O, and other elements were identified in the EDS spectra,
which confirmed that the active species (Cr and Ce) were successfully loaded on the surface of
AlFe-PILC. The results indicated that AlFe-PILC was a good support for highly dispersed active
species. All these properties were conducive to improving the catalytic degradation of CB.

Figure 3. Cont.
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Figure 3. HRTEM picture and the EDS spectra of CrCe(5:1)/AlFe-PILC.

3.2. Catalytic Performance Test

3.2.1. CB Combustion and Durability Test

Figure 4 presents the conversions of CB combustion on various catalysts. In Figure 4a, Cr/Na-Mt
exhibited poor performance and did not fully convert CB until 460 ◦C. Cr/AlFe-PILC caused complete
degradation of CB at 320 ◦C, about 140 ◦C lower than the degradation temperature of CB required for
Cr/Na-Mt. The conversion of Ce/AlFe-PILC was negligibly low, and it was 87%, even at a reaction
temperature of 500 ◦C. Ceria doping significantly improved the catalytic activities of Cr/Na-Mt and
Cr/AlFe-PILC. In addition, the molar ratios of Cr/Ce (2.5, 5, 7.5, and 10) had an effect on the catalytic
performance of CrCe/AlFe-PILC (Figure 4b). The catalysts exhibited a lower performance when the
Cr/Ce ratio was less than 5, possibly indicating Cr2O3 was the active species and CeO2 acted as an
assistant. The catalyst performance decreased when the Cr/Ce molar ratio was larger than 5, possibly
because less oxygen vacancies existed with a relatively lower amount of CeO2. Therefore, the content
of CeO2 was one of the key factors to improving the performance of CrCe/AlFe-PILC. In particular,
CrCe(5:1)/AlFe-PILC had the highest catalytic performance and could completely degrade CB at about
290 ◦C. No Cl2 or other byproducts were detected, showing that the catalyst had good selectivity for
HCl without producing secondary pollution.

Figure 5 shows the curves of CB over CrCe(5:1)/AlFe-PILC in the continuous reaction process.
There was no significant drop for catalytic activities within 1000 h tests, suggesting that the
CrCe(5:1)/AlFe-PILC catalyst was durable. Moreover, this catalyst also displayed good catalytic
performances in the presence of 100 ppm toluene or 1% water vapor, further indicating its high
potential for industrial application.
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Figure 4. (a) CB conversions vs. temperature over Cr/Na-Mt, CrCe(5:1)/Na-Mt, Ce/AlFe-PILC,
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Figure 5. Lifetime test performed for CrCe(5:1)/AlFe-PILC at 280 ◦C. CB concentration: 500 ppm; gas
hourly space velocity (GHSV): 25,000 h−1; catalyst amount: 350 mg.
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3.2.2. Effect of CB Concentration and Gas Hourly Space Velocity

Figure 6 presents the effect of CB inlet concentrations on the catalytic performance of
CrCe(5:1)/AlFe-PILC. The change of its inlet concentration had a great influence on CB conversion
from 500 to 2500 ppm. Furthermore, when the inlet concentration was in the range of 500 to 1500 ppm,
CB conversion increased appreciably. This was primarily because low concentration CB only provided
a small amount for chemisorbed CB on catalyst active sites and could act as the controlling factor of
the reaction. However, as the concentration of CB continued to increase, CB conversion decreased until
it was completely prohibited, which may be related to chemisorbed oxygen on the catalyst active sites
becoming the reaction controlling factor [34]. The result indicated that CB degradation combustion
proceeds via a Langmuir–Hinshelwood (L-H) mechanism, and this catalyst could be used for removing
CB waste gases with a wide range of concentrations.
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Figure 6. The effect of inlet concentration on CB catalytic combustion over CrCe(5:1)/AlFe-PILC. CB
concentration: 500–2500 ppm; GHSV: 25,000 h−1; catalyst amount: 350 mg.

Figure 7 shows the effect of GHSV on the CB catalytic combustion activities over
CrCe(5:1)/AlFe-PILC. GHSV is the gas hourly space velocity. To calculate this parameter, the flow rate
of feed gas (involved inert and main components) can be adjusted. Then, GHSV is the ratio of gas
flow rate in standard conditions to the volume of the catalyst. Increasing GHSV slightly decreased the
catalytic performance, indicating that this catalyst was highly effective for CB destruction in different
reaction conditions. The catalyst active sites were already fully occupied, even with the lowest GHSV
used in this work, and more reactant molecules provided by high GHSV could not be chemisorbed
and reacted. Thus, high temperature was required to obtain the same conversion with high GHSV.
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Figure 7. CB conversions vs. temperature over CrCe(5:1)/AlFe-PILC under the conditions of CB
concentration at 500 ppm and GHSV at 25,000–40,000 h−1.

3.3. Temperature-Programmed Reaction Studies

3.3.1. H2-TPR Analysis

H2-TPR profiles of the catalysts are shown in Figure 8. The reduction of Fe2O3 species was obvious
in all the catalysts (γ peak), which was from the relatively high contents of Fe2O3 (4.45% in the original
clay) [35,36]. Compared with the γ peak area from Cr/Na-Mt, the areas from Cr/AlFe-PILC and
CrCe(5:1)/AlFe-PILC increased, revealing that more iron oxide species were formed as Fe2O3 pillars
in AlFe pillaring. In the case of Ce/Na-Mt, it was beneficial for the reduction of surface and bulk CeO2

to have two reduction peaks at 541 and 745 ◦C. There were two reduction peaks below 650 ◦C in the
Na-Mt and AlFe-PILC-supported Cr catalysts, which indicated that peaks α1 and α2 were the reduction
peaks of the surface and inside Cr2O3, respectively. For CrCe(5:1)/AlFe-PILC, peaks α1 and α2 were
divided into two or three peaks, which suggested the better-dispersed Cr2O3 on the AlFe-PILC support.
Compared with Cr/Na-Mt, the reduction peaks of CrCe(5:1)/AlFe-PILC systematically shifted to lower
temperatures, indicating CeO2 improved the reducibility of Cr2O3 by increasing Cr2O3 dispersion and
lattice oxygen mobility. The peak β2 of CrCe(5:1)/AlFe-PILC at 588 ◦C was the reduction peak of bulk
CeO2, and the peak of surface CeO2 overlapped with peak α2. The CeO2 reduction peak was shifted
toward lower temperatures compared with that from Ce/Na-Mt. This shift occurred because Cr2O3

underwent a stronger oxidation process and could be more easily reduced, allowing it to interact with
CeO2 to produce a reduction peak at a lower temperature. It suggested that the interaction between
Cr2O3 and CeO2 species weakened the Ce-O bond and promoted the reduction of CeO2. The α peak
temperatures followed: Cr/Na-Mt > Cr/AlFe-PILC > CrCe(5:1)/AlFe-PILC. The results indicated that
the interaction between Cr2O3 and CeO2 species could improve the mobility of oxygen species in the
catalysts, thus improving the reduction of both Cr2O3 and CeO2 species.
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Figure 8. H2-TPR spectra: (a) Ce/Na-Mt, (b) Cr/Na-Mt, (c) Cr/AlFe-PILC, and (d) CrCe(5:1)/AlFe-PILC.

3.3.2. TPD and TPSR Analysis

The adsorption/desorption of CB, catalytic combustion behavior, and the evolution of the main
products (CO2, H2O, and HCl) over the catalysts were investigated using CB-TPD/TPSR techniques
(Figure 9). As it was mentioned previously, the CB combustion on CrCe(5:1)/AlFe-PILC catalyst
proceeded via an L-H mechanism, where the adsorption of reactants on the catalyst active sites was a
critical step. In Figure 9a, CrCe(5:1)/Na-Mt and CrCe(5:1)/AlFe-PILC showed different CB adsorption
capacities. The CB absorption capacities of CrCe(5:1)/AlFe-PILC (44.8 μmol/g) was obviously stronger
than CrCe(5:1)/Na-Mt (7.9 μmol/g) by integrating over the absorption spectra. The above results
fully proved that clay materials with larger SBET, Vp, and d001-value favor CB adsorption. In Figure 9b,
the temperature of CB desorption peaked for CrCe(5:1)/Na-Mt and CrCe(5:1)/AlFe-PILC were 145 ◦C
and 198 ◦C, respectively, indicating that the interaction of CB and CrCe(5:1)/AlFe-PILC was stronger
than with CrCe(5:1)/Na-Mt. Therefore, CB could remain inside the pores or outside the surface of
CrCe(5:1)/AlFe-PILC for a longer time, being conducive to the adsorption and catalytic degradation
of CB. The results indicated that improved structure and the strong interaction between CrCe mixed
oxides with AlFe-PILC enhanced the adsorption of CB.
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Figure 9. Performance of CB adsorption/desorption and catalytic combustion over CrCe(5:1)/Na-Mt
and CrCe(5:1)/AlFe-PILC. (a) CB adsorption of CrCe(5:1)/Na-Mt and CrCe(5:1)/AlFe-PILC; (b) CB
desorption of CrCe(5:1)/Na-Mt and CrCe(5:1)/AlFe-PILC; (c) CB desorption/catalytic combustion of
CrCe(5:1)/Na-Mt; (d) CB desorption/catalytic combustion of CrCe(5:1)/AlFe-PILC.

As shown in Figure 9c,d, CB desorption was accompanied with CB combustion under O2/Ar,
and the adsorbed CB species reacted with lattice O from CrCeOx to form CO2, H2O, and HCl. CB
was completely reacted over CrCe(5:1)/AlFe-PILC at about 300 ◦C, while it needed about 440 ◦C on
CrCe(5:1)/Na-Mt. CO2, H2O, and HCl were detected, but CO and Cl2 were not detected, indicating
that the catalysts in the study had high selectivity to HCl and CO2 formation. It was notable
that the peak temperature of the products for CrCe(5:1)/Na-Mt was at 413 ◦C, which was much
higher than that of CB desorption peak temperature (145 ◦C). However, the peak temperature of
product for CrCe(5:1)/AlFe-PILC was at 275 ◦C, which was close to that of CB desorption (198 ◦C).
This phenomenon can explain why CrCe(5:1)/AlFe-PILC had the highest CB degradation activities
compared to other catalysts in this work. The larger overlapped region between CB desorption and
catalytic combustion, the better the catalytic performance. Therefore, tuning the CB adsorption and
catalytic properties was a key to designing an efficient catalyst for CB catalytic combustion.

In order to find out the relationship between the oxygen species absorbed on the catalyst surface
and the catalytic properties, O2-TPD were investigated from 50 to 900 ◦C. The O2-TPD plots for Cr and
CrCe metal oxide catalysts consisted of oxygen desorption regions shown in Figure 10. There were
three types of desorption peaks, the α desorption peak, the β desorption peak, and the γ desorption
peak. Furthermore, these three peaks could be assigned to superoxide ion O2

−, peroxide ion O2
2−/O−,

and lattice oxygen ion O2−, respectively [37,38]. Increasing the temperature is beneficial to increase
the rate of desorption and transformation of superoxide species into O2

2−, O−, and Olattice
2− [39].

It can be seen that the α and β desorption peaks follow: CrCe(5:1)/AlFe-PILC < Cr/AlFe-PILC <
CrCe(5:1)/Na-Mt < Cr/Na-Mt, which was in good agreement with the aforementioned catalytic
performance of CB combustion. It was worth mentioning that the total amount of surface-active
oxygen species, in terms of the sum of α and β desorption areas, follows the same sequence of the
peaks. It can be observed from the γ desorption peak that adding CeO2 increased the desorption area
of lattice oxygen ion O2− compared with the non-doped catalyst. Thus CrCe(5:1)/AlFe-PILC exhibited
the highest oxidation performance since electrophilic Oads (O2

−, O2
2−, O−) played a critical role in the

complete oxidation of organic compounds [40].
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Figure 10. O2-TPD profiles of Cr/Na-Mt, CrCe(5:1)/Na-Mt, Cr/AlFe-PILC, and CrCe(5:1)/AlFe-PILC.

4. Conclusions

In this paper, AlFe-PILC supported CrCe mixed oxides are synthesized and used for
adsorption/desorption and catalytic combustion of CB. A series of characterization methods were
used to investigate the structure and redox properties of these materials, including HRTEM-EDS,
H2-TPR, TPD/TPSR, and O2-TPD. Comparing the results of the SBET, Vp, and d001-value, AlFe-PILC
performed better than Na-Mt. Without doubt, AlFe-PILC synthesized in this study constituted a class
of porous materials with excellent properties. A large number of micro-mesoporosity and Ce was
added to the AlFe-PILC to optimize its structure and improve the dispersion of Cr2O3 particles on the
AlFe-PILC. XRD analysis and HRTEM images clearly revealed the stable layered structure with the
d001 value ≈1.91 nm and well-dispersed active species in AlFe-PILC. The addition of Ce and optimized
structure of support greatly improved the oxidative property of Cr2O3. CB-TPD experiments reveal
that the optimized structure coupled with the strong interaction between CrCe metal oxides and
AlFe-PILC enhanced CB adsorption capacity and adsorption strength. CB-TPSR results showed that
the larger the overlapped region between CB desorption and the catalytic combustion, the better
the catalytic performance. In particular, CrCe(5:1)/AlFe-PILC show an excellent catalytic property,
and stability was due to the lower temperature of completely degraded CB (approximately 290 ◦C) and
the conversion remained stable for 1000 h. CB catalytic combustion on CrCe/AlFe-PILC catalyst was
via a Langmuir–Hinshelwood mechanism, and adjusting adsorption/desorption properties was one
of the most important factors for designing efficient catalysts. CrCe/AlFe-PILC also exhibited good
durability for CB destruction, both in the humid condition and in the presence of toluene; therefore,
this catalyst deserves wide attention and it is a potential prospect for industrial application.
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Abstract: Lignite is an important natural resource with the application potential covering present
and future energy systems, including conventional power plants and gasification systems. Lignite is
also a valuable precursor for the production of porous materials of tailored properties for various
environmental applications, including the removal of contaminants from gaseous or liquid media.
Although the lignite-based activated carbons are commercially available, various approaches to
produce carbon materials of desired properties are still being reported, covering temperature,
partial oxidation and chemical activation effects on surface and structural properties of these materials.
Limited data is, however, available on the effects of pressure as the activation parameter in shaping the
porous structure of carbonaceous materials, in particularly lignite-derived. In the study presented the
combined effect of carbon dioxide activation and pressure in the range of 1–3 MPa at the temperature
of 800 ◦C on the development of porous structure of lignite chars was reported. The study was also
focused on poor-quality resources valorization by using a relatively low calorific value, low volatiles
and high ash content lignite as a carbon material precursor. The results showed that the application of
pressure in carbon dioxide-activation process at 800 ◦C results in generation of chars of comparable
or higher specific surface area than the carbon materials previously received with demineralization
and carbon dioxide activation of lignite. They also proved that the combined pressure and carbon
dioxide activation may be effectively applied in conversion of low quality lignite into valuable
porous materials.

Keywords: lignite; porous structure; carbon dioxide; activation; pressure

1. Introduction

Lignite is a considerable element of world coal resources [1]. As such, it is not only an important
energy resource applied currently in conventional power plants but also a fuel particularly suitable
for gasification and co-gasification systems for its higher reactivity when compared to bituminous
coals [2–4]. Lignite is also a valuable parent material for the production of porous materials of
tailored properties for various industrial applications [5–8]. The majority of them concerns sorption
processes in the removal of contaminants, e.g., phenol, mercury, sulphur oxides, copper, and organic
compounds from gaseous or liquid media [9–14]. Although the lignite-based activated carbons are
commercially available, various approaches to produce carbon materials of desired properties are
still being reported. The vast literature is available on the application of the temperature and various
oxidizing agents [5,7,11–17] as well as acidic or basic treatment [7,10,18–20] in shaping the surface
and structural properties of lignite-derived carbon materials. Limited data is, however, available on
the effects of pressure as the activation parameter in shaping the porous structure of carbonaceous
materials [21–23], in particularly lignite [24–26]. A few studies considering the development of porous
structure of bituminous coals under carbon dioxide atmosphere [27,28] or inert gas [24,29,30] and
elevated pressure are available. Porous structure development of chars is also considered in the

Materials 2019, 12, 1326; doi:10.3390/ma12081326 www.mdpi.com/journal/materials71



Materials 2019, 12, 1326

literature in terms of lignite suitability and chars reactivity in gasification process, in particularly with
the incorporation of carbon dioxide in a valorization cycle as a gasification process reactant [20,31–34].
Previous studies showed that the values of surface area of bituminous coal chars developed under
carbon dioxide atmosphere in general drop with process pressure [27,28]. Swelling properties have been
reported to influence the porous structure of coal chars under inert gas atmosphere and pressurized
conditions, and although this effect is enhanced with increased coal rank, it also depends on volatiles and
specific petrographic components content [24,29] and vary with pressure values [5,30]. The amounts of
particular mineral components, differing in rates of expansion, e.g., kaolinite, quartz, pyrite, and calcite
affect the porous structure development of lignite chars at increased temperature. The mineral matter in
bituminous coal-derived chars was also reported to be severely affected qualitatively and quantitatively
when treated with carbon dioxide at 900 ◦C. The inorganic amorphous phase was decomposed and the
reduced mineral forms were oxidized and reacted with aluminosilicates forming calcium and iron
minerals [35].

The combined effect of carbon dioxide activation and pressure on the development of porous
structure of lignite chars has not been reported so far. Therefore, the experimental study on the
application of pressure in the range of 1–3 MPa in carbon dioxide-activation of lignite chars was
performed and its results are presented in this paper. The lignite of relatively low calorific value and
high ash content was selected as a precursor which makes the study valid also in the context of poor
quality resources valorization.

2. Materials and Methods

The lignite of relatively low calorific value, high ash and sulfur content, provided by Polish
opencast mine from Szczercow deposit, was selected as the chars precursor. Lignite of Szczercow
deposit is characterized by high huminite maceral group content, of approx. 82% vol., including
densinite share of 44% vol. and atrinite content of 23% vol. The liptinite and intertinite contents
are of 7 and 4% vol. Highly porous macerals, like textinite, ulminite and atrinite amount in total to
approximately 37% vol. [33]. The mineral matter content is approximately 8% vol. with the dominance
of clay minerals. The proximate and ultimate analyses of lignite tested were performed in an accredited
laboratory in compliance with the relevant standards and are given in Table 1.

Table 1. Physical and chemical properties of lignite sample tested.

Parameter, Unit Value

Proximate analysis -
Total moisture 1, % w/w 12.97

Ash 1, % w/w 23.07
Volatiles 1, % w/w 37.53

Fixed carbon 2, % w/w 26.43
Ultimate analysis -

Sulfur 3, % w/w 2.84
Carbon 4, % w/w 42.63

Hydrogen 4, % w/w 3.21
Nitrogen 4, % w/w 0.34
Oxygen 2, % w/w 15.37

Heating value -
Higher heating value 5, kJ/kg 16,602
Lower heating value 5, kJ/kg 15,585

1 PN-G-04560:1998 with the use of automatic thermogravimetric analyzers LECO (St. Joseph, MI, USA): TGA 701
and MAC 500; 2 PN-G-04516:1998 calculated by difference; 3 PN-G-0484:2001 with the use of an automatic
analyzer TruSpec S by LECO; 4 PN-G-04571:1998 with the use of an automatic analyzer TruSpec CHN by LECO;
5 PN-G-04513:1981 with the use of LECO calorimeters: AC-600 and AC-350.
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Lignite sample of 1 g was heated in a high-pressure thermogravimetric analyzer (Rubotherm
GmbH, Bochum, Germany) with the heating rate of 20 ◦C/min in an argon atmosphere to the final
process temperature of 800 ◦C (see Figure 1) and pressurized to the final process pressure of 1, 2 or
3 MPa, respectively. When the final process temperature and pressure were reached carbon dioxide
was introduced to the reactor with a flow rate of 100 mL/min for 120 min.

process gas
sampling

vent

gas inlets Gas Cooling
& Treatment System

purge
gas

raw
process
gas

Gas Dosing System

vent

cooling water
High Pressure

Thermogravimetric 
Analyserreaction

gas

treated process gas

Figure 1. Schematic diagram of the system for carbon materials preparation at high temperature and
pressure and with the use of carbon dioxide activation.

The resulting carbon materials were outgassed at 120 ◦C overnight and analyzed in terms of their
porous structure parameters with the application of a gas sorption analyzer Autosorb iQ (Quantachrome
Instruments, Boynton Beach, FL, USA). Based on the nitrogen sorption isotherm data acquired at
−196 ◦C, the specific surface area and pore size distribution were determined with the application of
the multi-point BET method [36] and the Density Functional Theory (DFT) [37], respectively. The total
pore volume was quantified as the volume at the relative pressure of 0.99. The narrow micropore area
and volume were further analyzed on the basis of the carbon dioxide isotherm at 0 ◦C and the Monte
Carlo (MC) method [38]. The surface properties of the resulting carbon materials were also explored
with the use of a scanning electron microscope SU-3500N (Hitachi High-technologies Corporation,
Tokyo, Japan).

3. Results and Discussion

The porous structure of carbon materials produced from low quality lignite at the temperature of
800 ◦C and under the pressure of 1–3 MPa with a carbon dioxide activation step was complex and
composed of micro- and mesopores. High uptake at low relative pressures, which may be seen in
Figure 2, presenting the exemplary nitrogen isotherm for lignite chars tested, is indicative of micropores
present in the porous structure of lignite chars. The occurrence of a hysteresis loop proves that the
material is also rich in mesopores and its profile reveals the irregular, slit-like shape of pores [39].
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Figure 2. Nitrogen isotherm (−196 ◦C) for lignite chars produced at 800 ◦C, under 2 MPa and with
carbon dioxide activation.

The results of the porous structure parameters of carbon materials produced under the pressure
of 1–3 MPa and at atmospheric pressure, for comparison purposes, are given in Table 2. It may be
seen that the rise in pressure resulted in an increased specific surface area values. The highest increase,
of 9%, was observed with the change in the process pressure from the atmospheric to 1 MPa. Further
increase in pressure in the range 1–3 MPa gave the rise in the specific surface area of 6–7% per 1 MPa.

Table 2. Properties of porous structure of lignite chars determined with the use of nitrogen sorption
isotherm at −196 ◦C and carbon dioxide sorption isotherm at 0 ◦C.

Sample
No.

Pressure under CO2

Atmosphere, MPa
Multi-Point
BET, m2/g

Average Pore
Diameter, nm

Total Pore
Volume, cm3/g

MC Volume,
cm3/g

MC Area,
m2/g

1 0.1 197 7.46 0.368 0.058 177
2 1 215 6.81 0.366 0.065 206
3 2 227 6.41 0.365 0.066 207
4 3 244 6.57 0.400 0.068 212

The average pore diameter showed a decrease with pressure in the range 0.1–2 MPa (see Table 2).
The difference in values of the average pore size of carbon materials produced under 2 and 3 MPa
was within the experimental error. It implies that the pressure-enhanced development of smaller
pores resulting from the devolatilization, moisture release and partial oxidation of carbon with carbon
dioxide under the pressure of up to 2 MPa was counteracted with merging of pores in larger structures
under the pressure of 3 MPa. A similar trend was also observed previously for lignite [25,26] and
bituminous coal [22,26], as well as biomass chars [21,26] with no carbon dioxide activation, although the
limiting values of pressure varied between 2 and 3 MPa for various parent materials. The differences
in the values of the total pore volume for chars activated with carbon dioxide under the pressure of
0.1–2 MPa were within the experimental error. However, under the highest pressure tested, of 3 MPa,
an increase of approximately 8% in the total pore volume was observed (see Table 2).

The pore size distribution (PSD) data showed an increase in a pore volume with pressure applied
mainly because of increasing volume of mesopores of a diameter over 5 nm in lignite chars with
carbonization pressure from 0.1 to 3 MPa (see Figure 3a). The pore volume of small micropores
(diameter below 1 nm) determined based on the nitrogen isotherm increased with a change in the
pressure from atmospheric to elevated, and was comparable for chars generated under 1–3 MPa.
The variation in process pressure seemed to have no measurable effect on the development of 1–2 nm
micropore volume with the carbon dioxide activation at 800 ◦C, which may be related to closure of
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these micropores or their merging in larger structures at higher pressures. The latter seems to be
also demonstrated by the increasing share of mesopores of a diameter over 5 nm. These pores had
a dominant role in the increase in the total DFT pore volume with pressure which amounted to 4,
11 and 17% with pressure rise from atmospheric to 1, 2, and 3 MPa, respectively. The dominant share
of micropores in shaping the pore area is also visible (see Figure 3b) as well as the positive effect of
pressure applied on the development of the smallest pores (of a diameter below 1 nm) and the total
DFT area of pores (Figure 3b). Under 3 MPa the share of mesopores of a diameter over 2 nm in the
pore area also slightly increased which again may be indicative of merging of pores in larger structures
under the highest pressure tested. The total DFT area of pores increased with change of the process
pressure from atmospheric to 1, 2 and 3 MPa of 15%, 18% and 24%, respectively.

Figure 3. Distribution of: (a) pore volume and (b) area based on DFT method and nitrogen isotherm
(−196 ◦C) for lignite chars produced at 800 ◦C, under 0.1–3 MPa and with carbon dioxide activation.

The area and volume of narrow micropores (diameter range of 0.45–1.5 nm), determined based on
the carbon dioxide sorption isotherm, showed a clear increase with a change in process conditions
from atmospheric to pressurized (Table 2). This was caused mainly by an enhanced development of
pores of a diameter 0.65–0.85 nm (see Figure 4). No meaningful difference was however observed
with further changes in pressure from 1 to 3 MPa in terms of narrow microporosity, except for a slight
increase in the volume of pores of a diameter in the range of 0.85–1.05 nm under 3 MPa, giving a slight
rise to the total MC pore volume, which may be the effect of structural rearrangements under the
maximum pressure tested.

Figure 4. Narrow microporosity determined based on the carbon dioxide isotherm (0 ◦C) for lignite
chars produced at 800 ◦C, under 0.1–3 MPa and with carbon dioxide activation: (a) Micropore volume,
and (b) micropore area.
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The activation with carbon dioxide under the increased pressure seems to be resulting in an
increased average pore diameter and the total pore volume, as well as a slightly lower specific surface
area when compared to values observed previously for lignite-derived materials with pressure, as the
only activation agent in carbonization step at 1000 ◦C [25] or carbon dioxide as the only activation
agent at 900 ◦C [8]. These effects are clearly also related to the temperature and composition of
a parent material since in the studies with CO2-only activation at 750–900 ◦C [5] similar values,
of 0.336–0.365 cm3/g to the reported in this study were observed, but for a lignite of a considerable
higher volatiles content (48%) and significantly lower ash content (5%), which made it more suitable
as a porous material precursor. This proves that the increased pressure and high temperature may
be successfully applied instead of partial CO2-oxidation for production of lignite-derived chars of
well-developed surface area and relatively low average pore diameter.

The application of pressure in carbon dioxide activation process at 800 ◦C enabled production of
chars of only slightly lower specific surface area than the ones received with demineralization and
carbon dioxide activation step of lignite of a considerably lower ash content (8–9%) than in the study
presented here, which implies that pressure may be also considered as an alternative to chemical
activation [20]. The total pore volume reported for lignite chars produced with pressure and carbon
dioxide activation within the study presented here doubled the values observed for lignite chars of
the volatiles content as high as 50% at 800 ◦C, with chemical demineralization and carbon dioxide
activation [11].

These results show that the combined pressure and carbon dioxide activation may be effectively
applied in utilization of poor quality parent materials (low volatiles, high ash content) for porous
materials development. They also prove that the combination of pressure and carbon dioxide activation
results in the development of porous structure of lignite-derived materials of a comparable specific
surface area and of a similar or higher total pore volume than observed for complex demineralization,
chemical activation and carbon dioxide treatment of the respective parent materials.

As it can be seen from the SEM (define) images presented in Figure 5, the surface of char particles
generated under 0.1 and 1 MPa was visibly smoother (Figure 5a,b) than of chars produced under the
elevated pressure of 2 and 3 MPa (Figure 5c,d). However, even for the chars generated under 1 MPa a
clear difference may be noticed, consisting in a less dense texture and a more complex structure with
some cracks and roughness, when compared to chars developed under atmospheric pressure, resulting
from volatiles release and lignite carbonization under carbon dioxide atmosphere. This is in line with
the variations in the average pore diameter of chars as described above, as well as increased specific
surface area and micropore area with pressure applied (Table 2). The chars developed under 2 and
3 MPa (Figure 5c,d, left) have a more pumice-like structure than a plate-like structure characteristic for
chars developed under atmospheric pressure and 1 MPa (Figure 5a,b, left). The chars produced under
2 and 3 MPa (Figure 5c,d, right) showed also visibly more expanded cavities and larger cracks than
chars generated under lower pressures. They are likely to be composed of a considerable amount of
micropores and smaller mesopores of irregular shape as demonstrated also by the nitrogen isotherms
shape and DFT data (Figure 2). This means that the elevated pressure resulted in an enhanced porosity
of chars under the experimental conditions applied, though there may also have occurred some
rearrangements in the porous structure resulting from thermal annealing observed previously for
carbon dioxide treatment of bituminous coal chars at the temperature of 800–900 ◦C [34].
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(a)

(b)

(c)

(d)

Figure 5. SEM images of lignite chars generated under carbon dioxide atmosphere at 800 ◦C and under
the pressure of: (a) 0.1 MPa, (b) 1 MPa, (c) 2 MPa and (d) 3 MPa.
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4. Conclusions

On the basis of the experimental study performed and presented within the paper the following
conclusions may be drawn:

1. The elevated pressure and high temperature may be successfully applied instead of partial carbon
dioxide oxidation for production of lignite-derived chars of well-developed surface area and
relatively low average pore diameter.

2. Application of pressure in carbon dioxide-activation process at 800 ◦C results in generation of
chars comparable or superior in terms of the specific surface area when compared to carbon
materials received with demineralization and carbon dioxide activation of lignite, which implies
that pressure may be considered as an alternative to demineralization preceding the carbon
dioxide activation.

3. The combined pressure and carbon dioxide activation may be effectively applied in conversion of
poor quality lignite into porous materials.
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Abstract: CO is a toxic gas discharged as a byproduct in tail gases from different industrial flue gases,
which needs to be taken care of urgently. In this study, a CuCl/AC adsorbent was made by a facile
route of physically mixing CuCl2 and Cu(HCOO)2 powder with activated carbon (AC), followed by
heating at 533 K under vacuum. The samples were characterized by X-ray powder diffraction (XRD),
inductively coupled plasma optical emission spectrometry (ICP-OES), N2 adsorption/desorption,
and scanning electron microscopy (SEM). It was shown that Cu(II) can be completely reduced to Cu(I),
and the monolayer dispersion threshold of CuCl on AC support is 4 mmol·g−1 AC. The adsorption
isotherms of CO, CO2, CH4, and N2 on CuCl/AC adsorbents were measured by the volumetric
method, and the CO/CO2, CO/CH4, and CO/N2 selectivities of the adsorbents were predicted using
ideal adsorbed solution theory (IAST). The obtained adsorbent displayed a high CO adsorption
capacity, high CO/N2, CO/CH4, and CO/CO2 selectivities, excellent ad/desorption cycle performance,
rapid adsorption rate, and appropriate isosteric heat of adsorption, which made it a promising
adsorbent for CO separation and purification.

Keywords: CuCl/AC adsorbent; CO adsorption; monolayer dispersion; isosteric heat; adsorption
isotherms

1. Introduction

With the rapid development of C−1 chemistry recently in the chemical industry, carbon monoxide
(CO) as a significant resource has been widely applied to prepare a large variety of chemical products,
such as formic acid, acetic acid, oxalic acid ester, carbonic acid two methyl ester, anhydride, etc. [1,2].
Most of these preparations need high-purity CO. The main methods of producing CO are the steam
reforming of natural gas and coal gasification [3]. In addition, a significant amount of CO is discharged
as a byproduct in tail gases from different industrial flue gases including carbon black tail gas, silicon
carbide furnace gas, yellow phosphorus tail gas, coke oven gas, blast furnace gas, etc. [4–6]. From both
processes, the obtained CO is mixed with N2, H2, CH4, CO2, and vapor. CO is toxic to humans because
it combines with hemoglobin in the blood to form carboxy-hemoglobin hindering the transportation
and release of oxygen in the blood, which leads to death [7]. Moreover, even a trace amount of CO
can poison the noble catalysts, such as the proton-exchange membrane fuel cells, which restrict the
CO content below 0.2 ppm to protect the platinum electrocatalyst [8,9]. Thus, the separation and
purification of CO from different gas mixtures have significance both industrially and environmentally.

Among the proven technologies for CO separation and purification, adsorption processes, such
as pressure swing adsorption (PSA) and temperature swing adsorption (TSA) have the advantages
of convenient operation, low energy consumption, low operating cost, etc., and have been widely
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used in CO separation [10–14]. Adsorbent plays a crucial role in the adsorption based gas separation
process, it has been found that many porous materials, such as activated carbons [15,16], zeolites [17,18],
and metal-organic frameworks (MOFs) [19,20], have adsorption capacities to a certain extent. However,
it is difficult to separate and purify CO from gas mixtures by using these materials directly since
their adsorption capacity and selectivities are low. Cu(I) adsorbents for CO separation have received
extensive attention for their high CO adsorption capacity and high selectivity, since CO molecules can
form a π-complexation bond with Cu(I) ions on the adsorbent, which are stronger than the interaction
caused by van der Waals forces [21–26]. More importantly, π-complexation bonds are still weak
enough to be broken by normal engineering operations, such as increasing temperature or reducing
pressure, and the adsorbed CO can be easily desorbed, which makes it a suitable adsorbent in PSA
and TSA systems [23]. Two approaches are used for making Cu(I) adsorbents. In the first process,
Cu(I) adsorbents are prepared by impregnating Cu(II) salts into a porous support including zeolites,
activated carbons (ACs) and MOFs, etc. [20,25,27], and then reducing Cu(II) to Cu(I) using reducing
gases, such as H2 or CO. However, it is difficult to control the reduction degree, and Cu(II) is easily
over reduced to Cu. In the second process, Cu(I) adsorbents are prepared by direct dispersion and
impregnation of CuCl. Hirai et al. [28,29] and Tamon et al. [30] obtained Cu(I)/AC adsorbents by
using dispersing reagents, such as concentrated hydrochloric acid or organic solvents, to disperse
CuCl onto the AC surfaces, and then drying at 403 K in N2. Xie et al. [31] prepared CuCl/zeolite
adsorbents by dispersing CuCl powder spontaneously onto the surfaces of zeolites at 623 K in an inert
atmosphere, which displayed high adsorption capacity and selectivity for CO. When using CuCl as a
starting material, the adsorbent preparation has to be carefully performed in a dry inert atmosphere,
to prohibit the oxidation and hydrolysis of Cu(I). In our previous work, we successfully obtained
Cu(I) π-complexation adsorbents with an aqueous solution of equimolar CuCl2 and Cu(HCOO)2 as
starting materials by the traditional impregnation method followed by activating at the temperature of
583 K [32].

Herein, the purpose of this work is to develop CO adsorbent using a solid-state auto
reduction–dispersion method with CuCl2 and Cu(HCOO)2 as the initial material. Then, X-ray
powder diffraction (XRD), inductively coupled plasma optical emission spectrometry (ICP-OES), N2

adsorption/desorption and scanning electron microscopy (SEM) were employed to characterize the
samples. Pure component CO, CO2, N2, and CH4 adsorption isotherms on the adsorbents were
measured in a volumetric method. The CO/CO2, CO/CH4, and CO/N2 selectivities of the adsorbents
were predicted by using ideal adsorbed solution theory (IAST). The adsorption isotherms were fitted
with the Langmuir–Freundlich model, and the corresponding heats of adsorption were calculated.
The cyclic CO adsorption on adsorbent was performed to evaluate its repeated availability during the
adsorption and desorption cycles. Furthermore, the CO adsorption rate on adsorbent was discussed
and reported.

2. Materials and Methods

2.1. Materials

Copper formate tetrahydrate (Cu(HCOO)2·4H2O, 98%) and cupric chloride dihydrate
(CuCl2·2H2O, 99%) were purchased from Alfa Aesar Chemical Co. Ltd.(Ward Hill, MA, USA).
Activated carbon (AC) was purchased from Chengde Jingda Activated Carbon Manufacturing Co. Ltd.
(Chengde, China).

2.2. Preparation of CuCl/AC Adsorbents

CuCl/AC adsorbents were synthesized following two steps. First, the AC was physically mixed
with CuCl2 and Cu(HCOO)2 powder to obtain CuCl/AC adsorbent precursors. Then, the obtained
precursors were dried at 373 K and activated in a tube furnace at 533 K for 4 h under vacuum.
The obtained precursors and CuCl/AC adsorbents were marked as Cu(II)-x/AC and Cu(I)-x/AC
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(x = 2, 3, 4, 5, 6), in which the loading of copper is 2, 3, 4, 5, and 6 mmol·g−1 AC, respectively.
The as-synthesized CuCl/AC adsorbents were stored in vacuum dry storage in a desiccator.

2.3. Adsorbent Characterization

Powder X-ray diffraction (XRD) patterns of the samples were recorded by a Shimadzu LabX
XRD-6000 system (Kyoto, Japan) in the 2θ range of 5 to 35◦ using CuKα1 (λ=1.54056 Å) radiation
operated at 40 kV and 30 mA. The pore volume and surface area of the samples were calculated from N2

adsorption/desorption isotherms measured on a surface area and pore size analyzer (QUADRASORB
SI, Quantachrome Inc., Boynton Beach, FL, USA) after activating the samples at 393 K for 4 h under
vacuum. The specific surface areas (SBET) were determined using the BET (Brunauer–Emmett–Teller)
method under relative pressure in the range of 0.01 to 0.20. The adsorbed amount of N2 at p/p0 = 0.98
was employed to calculate the total pore volume (VTotal). Scanning electron microscope (SEM, Hitachi
S4800, Hitachi Ltd., Tokyo Japan) was used to observe the samples’ morphology. Cu contents were
measured by inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo-ICAP6300,
Thermo Fisher Scientific Co., Ltd., Waltham, MA, USA).

2.4. Adsorption Measurements

Before the adsorption measurements, the samples were degassed under vacuum while heating
up to 393 K for 4 h. The CO, CO2, CH4, and N2 adsorption isotherms were measured at the
temperature required using a static volumetric apparatus (NOVE1000e, Quantachrome Inc., Boynton
Beach, FL, USA). During the adsorption measurements, the temperature was maintained by circulating
ethanediol-water from a bath with setting temperature. The adsorption capacity was determined from
the adsorption isotherm measured at 298 K. Ultrahigh purity grade CO (99.99%), CO2 (99.999%), CH4

(99.99%), and N2 (99.999%) were used without any purification.

3. Results and Discussion

3.1. Characterization of Samples

The XRD patterns of the copper loaded AC samples before and after activation are presented in
Figure 1. Before activation, the diffraction peaks of Cu(HCOO)2 and CuCl2 [33,34] can be observed in
the Cu(II)-x/AC samples, and the reflection intensities increased with the increase of copper loading.
After activation, the diffraction peaks of CuCl2 and Cu(HCOO)2 disappeared, and the Cu(I)-5/AC
sample displayed only a relatively weak peak (2θ = 28.5◦) of CuCl [35], suggesting that Cu(HCOO)2

and CuCl2 were transformed into CuCl after activation. Meanwhile, the absence of CuCl diffraction
peak on Cu(I)-2/AC, Cu(I)-3/AC, and Cu(I)-4/AC samples might be due to the well dispersion of CuCl
on the AC surface beyond the detection limit of XRD [36]. By further increasing the copper loading to
5 and 6 mmol·g−1, the appearance of the characteristic peak of CuCl implies that the crystal size of
CuCl on the AC surface increased with the increase of CuCl loading, which was able to be detected by
XRD with the CuCl loading higher than 5 mmol·g−1.

Figure 2a,b show the representative SEM images of the copper loaded AC samples before and after
activation. It can be clearly observed that the particles of copper species present on the AC surface for
the Cu(II)-4/AC. However, the particles on the AC surface disappeared after activation, which implies
that the activation process contributes to the CuCl dispersion on the AC surface. Figure 2c,d show
selected-area and the element mapping analyses of Cu(I)-4/AC. It revealed that the copper particles are
uniformly dispersed on the AC surface. The good dispersion of CuCl on Cu(I)-4/AC observed by SEM
agreed well with the XRD results in Figure 1.
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Figure 1. X-ray powder diffraction (XRD) patterns of activated carbon (AC), Cu (II)-x/AC (a) and
Cu(I)-x/AC (b).

      

Figure 2. Scanning electron microscopy (SEM) images of Cu(II)-4/AC (a), Cu(I)-4/AC (b), and selected-area
element mapping analyses of Cu(I)-4/AC (c,d).

Figure 3 shows the N2 adsorption/desorption isotherms of the Cu(I)-x/AC samples at 77 K. The N2

adsorption gradually decreased with increasing CuCl loading. Table 1 lists the textural parameters of
AC and Cu(I)-x/AC. It can be observed that the total pore volume (VTotal) and BET surface area (SBET)
gradually decreased with the increase of CuCl loading, indicating that CuCl had been loaded into
the pores of the parent AC. As the CuCl loading increased, more and more surface within the pores
were occupied by CuCl, which may result in a further decrease of VTotal and SBET. As CuCl was well
dispersed on the surface of AC when the CuCl loading was below 4 mmol/g, the average pore sizes
decreased with the increase of CuCl loading. Smaller pores were filled with the further increase of the
CuCl loading. Therefore, the increased average pore size resulted from the percentage increase of the
available larger pores in AC, which is similar to the observation by Ramli et al. [37].
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Figure 3. N2 adsorption/desorption isotherms of Cu(I)-x/AC.

Table 1. The parameters of pore structure, loading and utilization coefficient of CuCl for Cu(I)-x/activated
carbon (AC).

Samples
SBET

(m2/g)
VTotal

(cm3/g)
da

(nm)
N-Cub

(wt %)

Cuc

(wt %)
η

(%)

AC 1082 0.571 2.11 / / /
Cu(I)-2/AC 804 0.372 1.85 10.7 10.2 72.5
Cu(I)-3/AC 644 0.294 1.83 14.8 14.1 69.0
Cu(I)-4/AC 505 0.223 1.76 18.3 17.5 68.9
Cu(I)-5/AC 395 0.182 1.84 21.3 20.0 58.0
Cu(I)-6/AC 331 0.156 1.89 24.0 22.5 43.6

a average pore diameter of adsorbent; b calculated from starting material; c obtained by ICP-OES.

It can be observed from Figure 4 that the CO adsorption capacity of CuCl/AC increased with CuCl
loading in the range of 0 to 4 mmol·g−1. The maximum value of adsorption capacity was 45.4 cm3·g−1.
With the continuous increase of the CuCl loading, the CO adsorption capacity of CuCl/AC with the
copper loading of 5 mmol·g−1 was almost the same as that with 4 mmol·g−1. The decrease of CO
adsorption occurred with further increasing the copper loading to 6 mmol·g−1. This phenomenon
can be ascribed to the following reason. The more copper loaded, the more active sites of CuCl/AC
adsorbents present, which would enhance CO adsorption. However, the increase of copper loading
also resulted in a decrease of surface area for CuCl/AC adsorbents, as shown in Table 1. As a result,
the increase of the adsorbed amount from the increased active sites and the decrease of adsorbed
amount from the decrease of surface area were in a dynamic balance in the copper loading range of 4 to
5 mmol·g−1. When the copper loading reached 6 mmol·g−1, on the one hand, the amount of adsorbed
CO decreased because the decrease of surface area; on the other hand, the Cu(I) started to agglomerate
on AC surface with considerable copper loading, resulting in the low utilization of active sites.

Figure 4. CO adsorption isotherms on AC and Cu(I)-x/AC at 298 K.
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In addition, Table 1 lists the measured Cu contents with ICP-OES, which are closely approximate to
the values in the raw material. The utilization coefficient of surface CuCl is described from the equation:

η =
qCO

nCuCl
× 100%

where η is the utilization coefficient of CuCl, qCO is the actual CO adsorption capacity at 298 K
and 100 kPa, nCuCl is the mole of CuCl per gram CuCl/AC adsorbent. According to this equation,
the utilization coefficients were calculated and presented in Table 1. It can be seen that the utilization
coefficient decreased with the increasing of CuCl loading, which means that the high CuCl loading on
AC could not guarantee high utilization of CuCl, since not all Cu(I) species can be utilized.

3.2. Adsorption Selectivities of CO to CO2, CH4, and N2

Figure 5a gives the adsorption isotherms of pure CO, CO2, CH4, and N2 on Cu(I)-4/AC in
the pressure range of 0 to 100 kPa. The adsorption of CO2, CH4, and N2 on Cu(I)-4/AC increased
almost linearly with pressure, while the adsorption isotherm of CO on Cu(I)-4/AC presented a type-I
isotherm [38], that is the CO adsorption increased sharply with pressure at a low pressure range,
implying the adsorption of relatively strong CO-Cu(I) π-complexation, which is propitious to separate
CO from CO/CO2/CH4/N2 mixed gas.

Figure 5. Adsorption isotherms of CO, CO2, CH4, and N2 on Cu(I)-4/AC and Langmuir–Freundlich
(L-F) fitting lines (a), and ideal adsorbed solution theory (IAST)-predicted adsorption selectivities (b).

The Langmuir–Freundlich (L-F) model and IAST were employed together to calculate the CO/CO2,
CO/CH4, and CO/N2 selectivities with the equimolar CO/CO2, CO/CH4, and CO/N2 mixture. The L-F
model can be expressed as

q = qm
bp1/n

1 + bp1/n

where q is the adsorbed amount, p is the pressure and qm is the saturation adsorbed amount, b is the
adsorption affinity and n is the corresponding deviation from the Langmuir isotherm.

First, the adsorption isotherm of pure CO, CO2, CH4, and N2 were fitted by the L-F model [38].
After that, the CO/CO2, CO/CH4, and CO/N2 selectivities were predicted by IAST theory [39,40].
Finally, the relevant selectivities curves along with the increase of pressure were obtained. Figure 5b
shows that the CO/CO2, CO/CH4, and CO/N2 selectivities decrease gradually with increasing pressure.
Nevertheless, the CO/CO2, CO/CH4, and CO/N2 selectivities on Cu(I)-4/AC were still up to 2.6, 8.0,
and 34.3 at 100 kPa, respectively, which suggests that it has the potential for the effective separation of
CO from the gas mixtures. Table 2 lists the benchmark materials for CO adsorption. Cu(I) adsorbents
have higher adsorption capacity than the conventional porous adsorbent. The Cu(I)-4/AC adsorbent
prepared in this study has relatively high CO/CO2 selectivity among the selected adsorbents.
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Table 2. Comparisons with adsorbents in the literature.

Adsorbent Refs. Ta(K)
qb

100 (cm3·g−1) Selectivities

CO CO2 CH4 N2 CO/CO2 CO/CH4 CO/N2

5A [1] 298 26.9
13x [1,12] 298 13.5 102 8.9 5.0 0.1 1.5 2.7

BPL AC [14] 298 4.4 24.4 8.5 0.2 0.5
AC [13] 303 11.5 58 24.8 7.4 0.2 0.5 1.6

CuCl(5)/Y [22] 303 66.9 24.1 6.7 1.0 2.8 10.0 66.9
Cu(I)/AC [32] 298 56.0 46.2 9.6 2.5 1.2 5.8 22.4

CuCl/NaY [31] 303 52.0 29.3 3.9 1.8 1.7 13.3 28.8
CuCl/13X [31] 303 84.9 53.1 1.6

Cu(I)-4/AC This work 298 45.4 25.2 8.4 2.1 2.6 3.0 34.3
a the temperature of adsorption measurements; b adsorbed amount of gases at 100 kPa.

3.3. Isosteric Heat of Adsorption

Isosteric heat of adsorption is a significant thermodynamic parameter to characterize the interaction
between the adsorbate and the adsorbent and to design a gas adsorption separation process, which can
be calculated by Clausius–Clapeyron equation [41] as

[
∂lnP
∂(1/T)

]
q
= −ΔHs

RT

where P is the pressure, R is the ideal gas constant, T is the experimental temperature, q is the adsorption
amount, and ΔHs is the isosteric heat of adsorption. In this work, the experimental isotherms and the
L-F model predicted isotherms of CO at different temperatures of 273 K, 293 K, and 298 K (as shown
in Figure 6) were used to calculate ΔHs of CO adsorption on AC and Cu(I)-4/AC. The conventional
Langmuir–Freundlich (L-F) adsorption model correlated the experimental results and the fitting
parameters, which are listed in Table 3. The experimental data fit well with L-F model, as can be seen by
the high values of R2 (the coefficient of the experimental data and the fitting data). ΔHs can be derived
from the slopes of the plots of lnP versus 1/T at given adsorption amounts, as shown in Figure 7.
It was shown that the isosteric heats of CO adsorption on Cu(I)-4/AC are remarkably much higher than
those on AC. The result indicates that the π-complexation interaction between CO and Cu(I) is stronger
than the van der Waals interaction of CO with the parent adsorbent. Usually, ΔHs is <20 kJ·mol−1 for
common physical adsorption and >80 kJ·mol−1 for chemical adsorption [42]. The values of ΔHs on
Cu(I)-4/AC maintained around 50 kJ·mol−1 in the whole pressure range, suggesting that the strength
of complex adsorption is between physisorption and chemisorption. Such isosteric heat is not only
propitious to adsorb CO, but also liable to desorb CO with a normal engineering operations (evidence
as shown in Figure 9).

 

ΔΗ

Figure 6. CO adsorption isotherms of AC and Cu(I)-4/AC at 273 K, 288 K, and 298 K.
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Table 3. Langmuir–Freundlich (L-F) fitting parameters of CO isotherms on AC and Cu(I)-4/AC.

T(K)
AC CuCl(I)-4/AC

qm b n R2 qm b n R2

298 10.22 1.82 × 10−3 0.688 0.994 51.87 0.0945 1.095 0.999
288 15.12 3.18 × 10−3 0.809 0.997 55.34 0.102 1.081 0.999
273 20.02 5.64 × 10−3 0.902 0.994 60.19 0.115 1.085 0.999

ΔΗ

Figure 7. Isosteric heats of AC and Cu(I)-4/AC as the function of the adsorbed amount of CO.

3.4. Adsorption Kinetics of CO

In addition, it is also crucial that the CO adsorption rate need to be quite rapid for potential
applications of CuCl/AC adsorbent in the adsorption-driven separation of CO from gas mixtures
containing CO, CO2, CH4, and N2. Typically, the requirement of the adsorption process in industrial
applications is shorter than 1 min [43]. Here, we studied the time-dependent adsorption of CO on
Cu(I)-4/AC adsorbent by releasing a small amount of CO and studying the adsorbed amount as a
function of time as shown in Figure 8. Cu(I)-4/AC showed a relatively rapid adsorption rate, which
reached 96% of the CO capacity within 25 s. The rapid CO adsorption rate suggests that Cu(I)-4/AC
can meet the requirements for industrial application of adsorbent to separate CO from gas mixtures
containing CO, CO2, CH4, and N2 in a PSA process.

 
Figure 8. Uptake kinetics for Cu(I)-4/AC at 298 K.

3.5. Cycle Adsorption of CO on Cu(I)/AC

In the actual processes of gas separation, an ideal adsorbent not only needs to have high
adsorption capacity and high selectivity but also needs to exhibit a stable cyclic adsorption performance
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in long-term adsorption/desorption cyclical operation. The pure CO cyclical adsorption/desorption
isotherm at 298 K was evaluated for six times (The degassing between each cycle was carried out at
353 K under vacuum). As shown in Figure 9, the maximum amount of CO adsorption was reduced by
about 1.3% after six cycles of adsorption and desorption, suggesting that the CO adsorption process
using CuCl/AC adsorbent is stable under the investigated conditions. Its stable adsorption behavior
indicates that the CuCl/AC has broad application prospects in selective adsorption of CO. It must
be noted that the parent gases for the separation of CO must be pretreated to remove moisture in
industrial processes, since the Cu(I) in the CuCl/AC can be oxidized to Cu(II) in the form of copper
chloride once in contact with water vapor and O2 (especially under light condition [44,45]), which then
cannot form complexation with CO.

 
Figure 9. Adsorption and desorption cycles for CO at 298 K on Cu(I)-4/AC (the degassing between
each cycle was carried out at 353 K under vacuum).

4. Conclusions

CuCl/AC adsorbents for the separation of CO have been successfully obtained using CuCl2 and
Cu(HCOO)2 as the initial material by a solid-state auto dispersion method. CuCl2 and Cu(HCOO)2 can
be transformed into highly dispersed CuCl with activation at 533 K under vacuum atmosphere. The CO
adsorption capacity increased with transformed CuCl loading until 4 mmol·g−1 and then decreased
afterward. The CO adsorption capacity of Cu(I)-4/AC achieved 45.4 cm3·g−1, and the CO/CO2, CO/CH4,
and CO/N2 selectivities were up to 2.6, 8.0, and 34.3 at 100 kPa, respectively. In addition, the isosteric
heat of adsorption on Cu(I)-4/AC was about 50 kJ·mol−1. The CO adsorption capacity almost remains
constant during six times cyclical adsorption and rapid adsorption kinetics at the adsorption process.
Those excellent properties of Cu(I)-4/AC adsorbent would make it a promising adsorbent for CO
separation and purification.
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Abstract: The effect of high pressure on the reducibility and dispersion of oxides of Co and Fe
supported on γ-Al2O3, SiO2, and TiO2 has been studied. The catalysts, having a nominal metal
content of 10 wt.%, were prepared by incipient wetness impregnation of previously calcined supports.
After drying at 60 ◦C for 6 h and calcination at 500 ◦C for 4 h, the catalysts were reduced by hydrogen at
two pressures, 1 and 25 bar. The metal reduction was studied by temperature-programmed reduction
up to 750 ◦C at the two pressures, and the metal dispersion was measured by CO chemisorption at
25 ◦C, obtaining values between 1% and 8%. The physicochemical characterization of these materials
was completed by means of chemical analysis, X-ray diffraction, N2 adsorption-desorption at −196 ◦C
and scanning electron microscopy. The high pressure lowered the reduction temperature of the metal
oxides, improving their reducibility and dispersion. The metal reducibility increased from 42%, in the
case of Fe/Al2O3 (1 bar), to 100%, in the case of Fe/TiO2 (25 bar).

Keywords: Fischer–Tropsch; supported iron oxide; supported cobalt oxide; reducibility; dispersion

1. Introduction

Supported cobalt and iron catalysts have been extensively studied in the Fischer–Tropsch reaction
for the conversion of synthesis gas obtained from natural gas due to their high activity, high selectivity
to long-chain paraffins, and low activity in the formation of water [1]. Despite this huge amount of
research work, there is still no agreement in the scientific community about the active phases in the
reaction between CO and H2. Thus, for example, in the case of Fe catalysts there is a high degree of
consensus about the fact that its carbides, and not metallic Fe, are the active phase. Likewise, the two
factors that can control the activity of the catalysts are the degree of reduction of the metallic precursor
as well as the shape and size of the metal particles formed, characteristics that are related through the
dispersion, the distribution of the particles on the support [2].

In general, the type and structure of the support affect the dispersion, particle size, and reducibility,
and as a consequence the activity of the supported metal catalysts [2,3]. The acidity of the supports,
as well as the presence of dopants, are other factors that affect the reducibility and dispersion of the
metallic phase [2,4]. Other influencing preparation variables are the metal precursor, the solvent,
the metal content, the method of preparation, and the pretreatments before the catalytic tests.
For example, in the case of cobalt, CoO can react with the supports both during the synthesis
and during the reduction treatment, resulting in various mixed compounds like CoAl2O4, Co2SiO4

Materials 2019, 12, 1915; doi:10.3390/ma12121915 www.mdpi.com/journal/materials93



Materials 2019, 12, 1915

or CoTiO3 [5–10]. These mixed compounds require far too high reduction temperatures to reduce
the metal. Under this way, cobalt metal can be lost by sublimation and increase the particle sizes by
sintering, resulting in catalysts with lower performance. The reduction temperatures can be decreased
by increasing the pressure, also allowing less cobalt to be lost, and decreasing sintering. Other possible
action is the promotion with noble metals (Pd, Pt, Re, and Ru have been used) to enhance the reducibility
of the oxides, to improve the metal dispersion, to reduce the catalyst deactivation, etc. [11].

The reaction conditions, such as temperatures up to 350 ◦C, pressures up to 55 bar, and the
presence of fluids under supercritical conditions, also control the Fischer–Tropsch synthesis process [12].
It is highly recommended to characterize the catalysts under these conditions to have a more realistic
view of the effect of the different variables on the properties of the solids.

The aim of this work is to evaluate the effect of pressure on the reducibility and dispersion
of Co and Fe catalysts prepared from various supports. Some examples of this effect have been
published previously but only for cobalt catalysts supported on carbon nanofibers [13,14]. In this work,
a comparative study also considering Fe as active phase and other catalytic supports is presented.

2. Materials and Methods

2.1. Preparation of the Catalysts

The Co and Fe catalysts, with a nominal metal content of 10 wt.%, were prepared by incipient
wetness impregnation of the supports. The salts used were Co(NO3)2•6H2O (Panreac, Castellar del
Vallés, Barcelona, Spain) and Fe(NO3)3•9H2O (Riedel-de Haën-Honeywell, Madrid, Spain), respectively.
The commercial supports used were γ-Al2O3 (Spheralite 505, Procatalyse, Rueil Malmaison, France),
SiO2 (Aerolyst 350, Degussa, Frankfurt, Germany), and TiO2 (Aeroxide TiO2 P25, Degussa). Prior to
their use, all of them were calcined in air at 500 ◦C for 4h. After impregnation, all the catalysts were
dried at 60 ◦C for 6 h and calcined again at 500 ◦C for 4 h.

2.2. Characterization Techniques

The metal content was determined by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) using Varian Vista-MPX equipment with radial vision (Varian, Palo Alto, CA, USA).
The crystalline structure of the catalysts was analyzed by X-ray diffraction (XRD) in a Siemens
D5000 diffractometer (Siemens, Munich, Germany). The scanning electron microscopy analyses were
carried out at CLPU (Salamanca, Spain) using a Carl Zeiss SEM EVO HD25 (Zeiss Microscopy, Jena,
Germany). The textural characterization of the supports and the catalysts synthesized was carried out
by adsorption-desorption of N2 (Air Liquide, 99.999%) at −196 ◦C using a static volumetric method in
Micromeritics model ASAP 2010 equipment (Norcross, GA, USA).

The temperature-programmed reduction (TPR) and the pulse chemisorption experiments were
carried out in an automated and controlled Effi Microactivity-reference PID Eng & Tech, denoted
as Micro Catalyst Characterization and Testing Center, MCCTC, Madrid, Spain (see Figure 1).
This equipment is mainly used to carry out catalytic reactions of any kind at a pressure between
atmospheric and 200 bar. The configuration of the system allows to characterize the catalyst in situ,
especially when carrying out catalytic tests in which the deactivation of the catalyst takes place. Under
these conditions, it is necessary to characterize the catalyst without removing it from the reactor,
avoiding its contact with the atmosphere.

The equipment consists of a hot box where all the pipes, valves, furnace, and reactor are arranged,
normally kept warm at a temperature up to 200 ◦C to prevent the condensation of vapors. The equipment
is connected in line to an MKS Instruments mass spectrometer, CirrusTM single-quadrupole model,
which constitutes the system’s gas analysis system (Andover, MA, USA).

The system has a tubular steel reactor of 32 mm in length and 9 mm in internal diameter, with the
catalytic bed placed inside it on a porous plate. The catalytic bed is fixed between two layers of quartz
wool. The reactor is located inside a longitudinal opening cylindrical furnace that allows the thermal
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regulation of the system at a maximum working temperature of 1100 ◦C. A type K thermocouple
placed in contact with the catalytic bed, which is part of the temperature measurement and control
system, is placed inside the reactor. The flow of gases enters the reactor in a descending way and the
reaction products exit from the bottom, being then introduced into the analysis system. The flow rate
of all the gases entering the reaction system is measured through mass flow controllers. The gases are
preheated in the hot box of the system and directed towards a six-way valve that pneumatically directs
the path of the current directly to the reactor tube or to the gas outlet. In this valve, a loop (0.521 cm3

NTP) was adapted, which allows to dose an active gas such as CO in order to determine the dispersion
of the active phase of any type of catalyst.

Figure 1. Flow-diagram of the Micro Catalyst Characterization and Testing Center (MCCTC) connected
to a mass spectrometer.

For the TPR experiments, 0.3 g of catalyst was pretreated by heating from room temperature
to 150 ◦C at a heating rate of 10 ◦C/min, and maintained at 150 ◦C for 2 h, all the process under a
flow of N2 (99.999%) of 50 cm3/min. The samples were then reduced using a 2.5% H2/Ar (99.999%)
mixture with a flow of 400 cm3/min, from room temperature to 750 ◦C, with a heating rate of 10 ◦C/min,
and a pressure of 1 and 25 bar. This temperature was maintained until the baseline returned to zero,
indicating a complete reduction. Two commercial pure oxides, Co3O4 (Sigma-Aldrich España, Madrid,
Spain, 99%) and Fe2O3 (Sigma-Aldrich, 99.99%), were used as references for calibrating the reduction
profiles and quantifying the amount of H2 consumed by the catalysts studied.

The dispersion of the active phase was determined by repeating the reduction treatment, both at
1 and 25 bar pressure, but finishing it at 500 ◦C and maintaining this temperature for 4 h to ensure
that the baseline was recovered. Next, the reducing mixture was replaced by an inert gas at the
same temperature to ensure the elimination of all traces of H2. In the next step, the temperature was
lowered to room temperature, and the dosing was carried out using a calibrated loop of 0.521 cm3 of
CO (99.999%) until the saturation of the signal was observed, almost three identical peaks. With the
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volume of chemisorbed CO, the metallic content and the stoichiometric ratio CO/metal, 1:1 in this case,
the percent dispersion of the metals was determined using the following Equation (1),

D(%) =
Vads· fa·Wa

Vmol·M(%)
(1)

where D(%) is the metal dispersion, Vads is the total volume of CO chemisorbed, fa is the stoichiometry
factor, Wa is the atomic mass of the active metal, Vmol is the molar volume of the CO and M(%) is the
mass percent of metal present in the catalysts.

In the case of the chemisorption temperature, the value was selected to avoid the contribution to
the physical adsorption of CO on the supports. For the stoichiometric relationship, it was assumed
that each molecule of CO interacted with one Co or Fe atom on the surface [15,16].

3. Results and Discussion

The XRD results indicated (see Figure 2) the formation of the cobalt spinel Co3O4 in the case of the
cobalt catalysts and the hematite phase Fe2O3 in the case of iron catalysts. No mixed phases involving
the supports and the active phases were detected, although in the case of alumina, Al(III) cations from
the support should isomorphically incorporate to both active phases, and in fact reducibility studies
strongly suggested this possibility (vide infra).
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Figure 2. XRD patterns of the supported cobalt (left) and iron (right) oxide catalysts.

Selected micrographs of the cobalt catalysts are included in Figure 3. The images confirmed that
the structures of the particles of the supports were not significantly modified by the impregnation with
the metallic solutions and the subsequent calcination.
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Figure 3. SEM images of the supported cobalt (left) and iron (right) oxide catalysts. Top:
Alumina-supported catalysts; middle: Silica-supported catalysts; bottom: Titania-supported catalysts.

The adsorption isotherms were of type II according to the IUPAC classification [17] for γ-Al2O3

and TiO2 supports and type IV in the case of SiO2 support. The presence of metallic oxides did not
change the shape of the adsorption isotherms or the shape of the hysteresis cycles that originated in the
desorption process. This result may indicate that the metal oxides were well dispersed on the surface
of the supports. The textural properties, specific surface area, and pore volume of the supports and of
the catalysts are included in Table 1, in which the metal content of the catalysts is also included.

Table 1. Textural properties derived from N2 adsorption at −196 ◦C and metal content by inductively
coupled plasma-atomic emission spectroscopy ICP-AES.

Catalyst SBET (m2/g) Vp (cm3/g) * Metal Content (wt.%)

γ-Al2O3 183 0.410 –
SiO2 288 0.797 –
TiO2 51 0.147 –

Co/Al2O3 122 0.291 13.54
Co/SiO2 225 0.615 13.79
Co/TiO2 32 0.251 10.90
Fe/Al2O3 132 0.290 9.11
Fe/SiO2 220 0.562 13.30
Fe/TiO2 38 0.235 9.62

* Total pore volume, calculated from N2 adsorption at p/po = 0.98.
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The TPR profiles corresponding to the series of Co catalysts are included in Figure 4. In all the
cases, a reduction peak can be observed at 350–465 ◦C, which coincided with the maximum peak of
reduction of pure oxide Co3O4 to Co0. The reduction shoulder observed at lower temperature can
be related to the reduction of Co3O4 to metallic Co in two steps (Co3+ → Co2+ → Co0), as has been
discussed by Arnoldy and Moulijn [18]. These results confirmed the presence of Co3O4. In the case
of the catalyst with Al2O3 as support, the higher reduction temperatures may be due to a greater
oxide-support interaction. Al(III) can isomorphically incorporate to the spinel phase. The peak of
reduction centered at higher temperature (600–1000 ◦C), which was observed in the Co/Al2O3 catalyst,
suggested the reduction of Co2+ species present in the form of cobalt spinels.

Figure 4. Reduction profiles corresponding to the supported cobalt (left) and iron (right) oxide catalysts.

In two previous works, Jacobs et al. [19] and Borg et al. [20] reported that the metal-support
interactions affected the reduction of cobalt species and the strength of such interactions for various
supports decreased in the order Al2O3 > TiO2 > SiO2. In the case of Al2O3 and as a result of the
metal-support interactions that arose from the diffusion of cobalt ions into alumina lattice sites of
octahedral or tetrahedral geometry, the formation of CoAl2O4 was proposed, and as a consequence the
reducibility of the cobalt was hindered. TiO2 is known to exhibit the strong metal-support interaction
(SMSI) effect, where during the reduction of the cobalt oxide, the partial reduction of the support also
takes place, encapsulating or decorating the cobalt particles [21]. The nature of hydroxyl groups and
their concentration and distribution on the silica surface play the main role in the dispersion of cobalt
particles. In this type of support, the formation of Co2SiO4 has also been reported.

The TPR profiles corresponding to the series of Fe catalysts are also included in Figure 4.
The reduction of Fe2O3 was related to a first peak at 400–460 ◦C (3Fe2O3 → 2Fe3O4) and a second
broader peak located at high temperatures that reflected the reduction to metallic iron (2Fe3O4→6Fe).
The shoulder at 630 ◦C indicated an intermediate reduction state (2Fe3O4 → 6FeO→ 6Fe).

The volumes of H2 consumed by weight of metal oxide, the degree of reducibility of the catalysts,
and the dispersion of the metal phases for the catalysts studied are included in Table 2. The results are
given for the two working pressures, 1 and 25 bar.
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Table 2. Results of H2 consumption, metal reducibility and dispersion.

Catalyst Q(H2) (cm3/goxide) R (%) D (%)

Co/TiO2 (25 bar) 372 100 5
Co/TiO2 (1 bar) 315 85 1
Co/SiO2 (25 bar) 299 80 2
Co/SiO2 (1 bar) 296 80 1
Co/Al2O3 (25 bar) 296 80 6
Co/Al2O3 (1 bar) 271 73 3
Fe/TiO2 (25 bar) 421 100 7
Fe/TiO2 (1 bar) 306 73 1
Fe/SiO2 (25 bar) 346 82 3
Fe/SiO2 (1 bar) 295 70 1
Fe/Al2O3 (25 bar) 236 56 8
Fe/Al2O3 (1 bar) 175 42 3

The low values of metal dispersion can be related to the high metal contents of the synthesized
catalysts. It was also indicative of the large size of the metal particles. For the two metals considered,
the catalysts synthesized using TiO2 as support had greater degrees of oxide reduction. This result
can be attributed to the weak interaction existing between the metallic oxide and the support and
characteristic of the SMSI effect. The situation was very different for the catalysts supported on
γ-Al2O3, which showed lower degrees of oxide reduction, behavior that can be explained through
strong oxide-support interactions, even with the formation of spinels involving cations from the
support, that is, Fe(II) or Co(II) as divalent cations, and Fe(III) or Co(III) from the precursors and
Al(III) from the support as trivalent cations, this effect seeming to be more significant in the case of
Co-samples [5,18]. These effects decreased with pressure, as the reducibility of the metal oxides and
the metal dispersion increased.

4. Conclusions

The effects of the high pressure of on the reducibility of catalysts based on cobalt and iron oxides
on three commercial supports, γ-Al2O3, SiO2, and TiO2, have been presented. Two effects have been
observed, the high pressure lowered the reduction temperature, decreasing the sintering of the metal
oxide particles, while the pressure improved the reducibility of the metal oxides to an almost total
reduction value. These two effects gave rise to a greater dispersion of the active metal phase, which
may result in an increase in the activity of the catalysts.
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Abstract: The purpose of this work is to make use of vegetables that, although widely found in
nature, there are few applications. The weeds used here, Cyanthilium cinereum (L.) H. Rob (CCLHR)
and Paspalum maritimum (PMT) found in the Amazon region of Belém state of Pará-Brazil, contribute
to the problem of water contamination by the removal of the methylene blue dye through the
biosorption process, taking advantage of other materials for economic viability and processing.
The influences of parameters such as, biosorbent dose, contact time, and initial concentration of
dye were examined. The characterizations were realized using SEM to verify the morphology of
the material and spectroscopy in the FTIR region. As for the adsorption mechanism, the physical
adsorption mechanism prevailed. The time required for the system to reach equilibrium for both
biosorbents was from 50 min, following a kinetics described by the pseudo-second order model.
The adsorption isotherm data for PMT were better adjusted to the Langmuir model and the biosorption
capacity (qmax) value was (56.1798 mg/g). CCLHR was better adjusted to the Freundlich model and
its maximum biosorption capacity was 76.3359 mg/g. Thus, these weed species are promising for the
biosorption of methylene blue dye in effluents.

Keywords: biosorption; weed; methylene blue dye; natural biosorbents; adsorption isotherms;
adsorption kinetics

1. Introduction

The occurrence of weeds in the Amazon Region is considered the most serious biological problem
faced by cattle ranchers, as well as their control, one of the highest components of the cost of farms
production [1]. It is noteworthy that these plants are undesirable and most of the time they are extracted
from nature and discarded or eliminated by chemical processes. Another problem in several countries
of the world are the industrial processes that generate significant amounts of effluents containing
heavy metals and dyes that affect the quality of water one of the resources the most used by living
beings. Water is fundamental to the existence and maintenance of life and for this, it must be present
in the environment in appropriate quantity and quality [2].

When colorants are present in aquatic environments, color is generally the first impact to be
recognized in an effluent because very small amounts of synthetic dyes in water (<1 ppm) are highly
visible [3]. This substance causes serious problems of aesthetic nature in receiving water bodies,
even when present in small quantities [4]. Dyes, besides affecting the aesthetic value of water bodies,
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interfere with the penetration of sunlight into the aquatic environment and thus retard photosynthesis,
inhibit the growth of aquatic biotics and interfere with the solubility of gases in bodies of water [5].
In the case of effluents from the textile industries, the dye concentration generally ranges from 10 to
200 mg/L, thus being quite visible [6].

The techniques most commonly used in wastewater treatment are reverse osmosis, ion exchange,
adsorption, precipitation [7], membrane filtration [8,9], photocatalysis [10–12] and flocculation [13].
Among these methods, adsorption is one of the most effective methods [7,14] and most feasible due
to its cost-effective and easy handling [15,16]. Among the adsorbents most applied stand out the
zeolites, polymer-based porous materials [17] and, mainly, the activated carbon, most used due to its
high surface area, however its use for dye removal is still very expensive, a fact that limits its wide
application in the treatment of textile effluents [18]. This has led many researchers to look for more
economic and effective adsorbents as potential substitutes for activated carbon [19], resulting in the
interest of adsorbents from biomass to be used as sustainable biosorbents.

It is noteworthy that these plants are undesirable and most of the time they are extracted from
nature and discarded or eliminated by chemical processes, which is observed two problematic: one is
to give a useful end to vegetal species that in the majority of the times causes disorder to different
human activities like agricultural, forestry, animal husbandry, ornamental, nautical, energy production
between others [20]. The other is chemical contamination of water which is a worldwide concern,
in the case here specified by dyes. Compared with other methods, the removal of dyes from aqueous
solutions by the adsorption process proved to be an excellent alternative for effluent treatment, as well
as an economical technique [21]. The authors report that the use of biological materials for the removal
of dyes from aqueous solutions is commonly referred to as biosorption and has now attracted a great
deal of interest in scientific knowledge and in the community as sustainable and ecological materials
for the production of alternative sorbents. These materials are called biossorvents [22,23].

Aware of the above problems and the search for solutions for the chemical contamination of water,
the objective of this research was to evaluate the biosorption potential of biosorbents produced using
weeds as Cyanthilium cinereum (L.) H. Rob (CCLHR) and Paspalum maritimum Trin (PMT), collected
in the state of Pará amazon region, aiming at the removal of the methylylene blue dye (MB) from
aqueous solutions.

The CCLHR and the PMT were characterized by Scanning Electron Microscopy to investigate
their morphologies and by Fourier transform infrared spectroscopy (FTIR) to detect the presence of
functional groups present in the material that corroborate for their use in the removal of methylene blue
(MB) of aqueous solution. PMT is a native species of tropical America, occurring in Central America
and the Caribbean, northern Brazil and the coastal zone, from Northeast to South. In Brazil the highest
concentrations occur from Pará to Bahia [24]. The CCLHR also known as Vernonia cinerea belongs to
the Asteraceae family. The species is native to tropical Africa, tropical Asia, India, Indochina, tropical
South America, West India and the US state of Florida [25].

Recent studies indicate that approximately 12% of the synthetic dyes are lost during manufacturing
and processing operations and that about 20% end up entering the environment through effluents
from industrial wastewater treatment plants [26]. Dyes have a complex chemical structure that is
stable to light, heat, oxidizing agents and are also resistant to aerobic digestion [27,28]. Methylene
blue is a cationic dye widely used in the textile industry for the dyeing of cotton and wool fabrics.
When untreated, uncontrolled discharge into rivers and lakes affect not only the transparency of the
waters, but also limits the passage of solar radiation, reducing the natural photosynthetic activity and
causing changes in the aquatic biota and causing acute and chronic toxicity of these ecosystems [29,30].

As has already been synthetically mentioned, an appropriate alternative method, which has
proved to be quite effective for removal of dyes from aquatic environments is biosorption, a subcategory
of adsorption, which uses as biological raw material where the lingnocellulosics are included. In this
class of materials, agricultural byproducts have been shown to be efficient because, in addition to being
abundant, they are inexpensive and have a relatively low impact on the environment. In comparison to
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other effluent treatment methods, biosorption substantially reduces the costs associated with financial
investment in the process as a whole [31,32].

Several works that deal with the removal of methylene blue are presented in the literature
using biosorbents obtained from lignocellulosic materials in the in natura form such as coconut
fiber [33], banana peel [34], mint tailings [35], pineapple peel [36], cashew nutshell [37] pine leaves [38],
tea residues [39], corn straw, pupunha palm [40], trunk of the papaya tree [41]. In this paper,
the biosorbents presented for the removal of methylene blue dye (MB) were produced from weeds that
can be defined as any plants that grow spontaneously in a place of human activity and cause damage
to this activity, be it agricultural, forestry, livestock, ornamental, nautical, energy production etc. [42].

This work has objective produce biosorbents through weeds (PMT and CCLHR) and realize
biosorptions test to verify removal efficiency MB from aqueous solutions. In the biosorption assays,
the influence of parameters such as dosage of biosorbents between (0.05–0.5 g), initial concentration
of dye in the range of (10.0 and 50.0 mg/L), and contact time (10 and 80 min) were evaluated.
The experimental data of biosorption isotherms were evaluated by the Freundlich and Langmuir models
and biosorption kinetics by the pseudo-first-order and pseudo-second-order models. The maximum
biosorption capacity (qmax) values were 56.1798 mg/g for the PMT, whose experimental biosorption
isotherm data were better adjusted with the Langmuir model and 76.3359 mg/g for the CCLHR,
whose experimental data of biosorption isotherms were better fitted to the Freundlich model. Finally,
the research result shows the biosorbent’s potential for removal MB from waste water. It is expected that
this research will contribute as an alternative in the problematic of the water chemical contamination,
using a simple reproduction process and a wide availability of raw material for biosorbents production.

2. Materials and Methods

2.1. Preparation of Biosorbent

The used biosorbent were produced from weeds (Cyanthilium cinereum (L.) H. Rob e Paspalum
maritimum Trin). The weeds found in the Amazon region, Belém-PA, Brazil. They were collected
manually within the Universidade Federal do Pará (UFPA). After harvesting, the stems were extracted
and cut into lengths of approximately 5 mm. The trimmed stems were washed in distilled water and
introduced in an oven at 400 ◦C for 30 days, to reduce humidity and to avoid attack of microorganisms.
After 30 days, the dried samples were again crushed and washed with distilled water until we did not
observe more of the coloration in the solution. The wet samples were placed in an oven at 800 ◦C for
24 h. The prepared biosorbents from weeds were stored in airtight plastic containers in order to avoid
humidity, and these were utilized in the biosorption assays.

2.2. Solutions and Reagents

In the present study of biosorption, the used adsorbate was the methylene blue dye (MB), classified
as basic or cationic. A stock solution of 100 mg/L was prepared separately, which was diluted to between
10 and 50 mg/L. The molecular structure and chemical formula of the Cationic dye of methylene blue
are shown in Table 1.

Table 1. Dye characteristics.

Cationic Dye Molecular Structure Chemical Formula

Methylene blue C16H18N3SCl
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2.3. Used Equipments at the Characterization

In the Fourier Transform Infrared Spectroscopy (FT-IR) of the biosorbents was used Perkin
Elmer Spectrum Two, in order to verify functional groups present in the samples. The biosorbents
morphological was investigated by using Tescan scanning electron microscope (SEM) (Vega3 SB).

2.4. Biosorption Experimental Procedure

The biosorption is biomass ability to adsorb surface pollutants by carboxylic and phenolic
functional groups, in which neutral pH make deprotonated and negative charge removes cations from
solution by means of process as complexation, ionic exchange and adsorption [43].

The biosorption studies for the assessment of weeds (Cyanthilium cinereum (L.) H. Rob and Paspalum
maritimum Trin) for the removal of MB dye from aqueous solutions was conducted by means of the
batch biosorption procedure using 50 mL–pH 7 of solution, submitted to constant agitation speed of
150 rpm by magnetic stirrer (QUIMIS–Q221 MAG model), without temperature control. We analyzed
the influence of parameters such as biosorbent dosage between 0.05–0.5 g, initial dye concentration
in the range of 10.0 and 50.0 mg/L and contact time between 10–80 min. During each procedure at
predetermined time intervals, solution samples were taken for residual analysis of MB concentrations
using spectrophotometer. Equations (1) and (2) were used to calculate the percentage of removal and
the biosorption capacity, respectively:

R% =
(c0 − c)

c0
× 100% (1)

q(t) =
(c0 − c)

m
×V (2)

where:

R% = Percentage of removal
c0 = Initial concentration (mg/L)
c = Concentration at time t
V = Volume (L)
q(t) = Biosorption capacity at time t
m = Biosorbent mass.

3. Results

3.1. Characterization of PMT and CCLHR Biosorbents

Figure 1 shows the FTIR results for the identification of the present functional groups in the PMT
and CCLHR species. In the range of 3000–3720 cm−1, a broad and low intensity band was observed,
peaks at 3330 cm−1 (Figure 1a) and 3320 cm−1 (Figure 1b), characterizing the presence of O–H (alcohols
and phenols) [44]. Peaks were also observed at 1630 cm−1 (Figure 1a) and 1613 cm−1 (Figure 1b),
which indicated the C = O stretching in organic groups of carboxyl and bending vibration of the
functional group –OH [45]. The intense band at 1035 cm−1 (Figure 1a) and 1033 cm−1 (Figure 1b) peaks
confirm the functional groups O–C–O of the cellulose and lignin structure.

The biosorption of MB on the adsorbent may be due to the electrostatic attraction between
these groups and the cationic dye molecule. At pH above 4, the carboxylic groups are deprotonated
and negatively charged carboxylate ligands (–COO–) bind to the positively charged MB molecules.
This confirms that the biosorption of MB by adsorbent was an ion exchange mechanism between the
negatively charged groups present in adsorbent and the cationic dye molecule [46].
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Figure 1. Infrared spectrum of Paspalum maritimum (PMT) (a) and CCLHR (b) samples, in the range of
400–4000 cm−1.

The Scanning Electron Microscopy images of PTM and CCLHR are shown in Figure 2 with
magnification of 2190× and 1720×, respectively The SEM analyzes showed a large amount of pores
implying a wide surface area, which facilitates the MB biosorption process [40]. This indicates a
necessary requirement of these lignocellulosic materials as potential biosorbents. In general, the PMT
and CCLHR presented different morphologies along their surface demonstrating different pores sizes
and heterogeneous surfaces.

Figure 2. Scanning electron microscope (SEM) image of (a) PMT with magnification of 2190× and (b)
CCLHR with magnification of 1720×.

The characterization results by SEM and FTIR show the predominance the physical adsorption
mechanism due to the porosity of the material and the electrostatic interaction between the biosorbent
and the methylene blue.

3.2. The Effect of Dosage

The biosorption capacity represent the biosorbate mass can be retained by the biosorbent mass
while percentage of removal is related to speed which the biosorbate flows from solution to biosorbent
surface. The MB biosorption by the CCLHR and PMT plant species was examined by dosage variation
of 0.05 to 0.5 g in the concentration 15 mg/L, solution volume of 50 mL and agitation speed 150 rpm.
For both species, we observed that the increase in the mass of produced biosorbents led to an increase
at the percentage of removal, with CCLHR from 80.96% to 98.15% and PMT from 92.33% to 95.88%.
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However, increasing the dosage from 0.05 to 0.5 g caused a decrease in biosorption capacity, where for
CCLHR form 12.11 to 1.47 mg/g, whereas for PMT from 13.85 for 1.44 mg/g. The increase in the
percentage of removal with increasing dosage is because the larger amount of mass provided a larger
number of active sites available for the biosorption, which causes the increase of the percentage of
removal as already reported in the literatures [47,48]. The decrease of the biosorption capacity with the
increase of the biosorbent dosage can be explained by the unsaturation of a certain number of active
sites, since the volume and concentration remained fixed to a higher mass value, in which should be
distributed the same amount of dye. Also, there is the particle aggregation due to the increase of the
biosorbent dosage, which causes a decrease in the surface area and the increase of the diffusion path to
be travelled by the adsorbate inside the biosorbent [48–54]. Figure 3 shows the curves of biosorbent
dose vs. biosorption capacity and biosorbent dose vs. percentage of removal of PTM and CCLHR.

Figure 3. Biosorbent dose vs. biosorption capacity vs. percentage of removal: (a) PMT and (b) CCLHR.

3.3. Effect of Initial Dye Concentration

The initial dye concentration in the range of 10–50 mg/L was studied for the assessment of MB
biosorption using a biosorbent dosage of 0.05 g. The biosorption capacity increased with increasing
concentration from 9.03 to 41.99 mg/g (MB) for CCLHR biosorbent and from 9.31 to 41.67 mg/g
(MB) for PMT biosorbent. The percentage of removal decreased from 90.36% to 83.98% for CCLHR
biosorbent and from 93.18% to 83.35% for PTM biosorbent. At lower initial concentrations of MB
there are relatively few dye molecules and a large number of available adsorption sites, which are
present in the biosorbent masses, thus, it leads to a better interaction of the adsorbate with the
biosorption sites, hence resultant to the higher percentage of MB removal. With the increase in the
initial concentrations of MB occurs the gradual decrease in the percentage of removal due to the
saturation of active biosorbents sites, since with the elevation of concentration the number of the dye
molecules increases significantly [55]. The increase of initial dye concentration from 10 mg/L to 50 mg/L
provided an increase in the biosorption capacity, since higher concentrations contribute to a decrease in
the adsorbate mass transfer resistance of solution to the adsorbent surface, thus filling possible active
sites still unoccupied in low concentrations [56,57] (Figure 4).
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Figure 4. Initial concentration vs. percentage of removal vs. biosorption capacity: (a) PMT and
(b) CCLHR.

3.4. Adsorption Isotherms

Isotherms are diagrams showing the variation of equilibrium concentration of adsorbent with
the liquid phase concentration at a temperature. These models are used to illustrate the biosorbent
interaction with the biosorbate and provide the relationship between the biosorption capacity and the
liquid phase concentration of biosorbate under equilibrium condition at constant temperature [58].

3.4.1. Langmuir Isotherm

The Langmuir model is used in the investigation of dye biosorption from liquid solution [41].
The model based on the assumption that exists a defined number of active sites, the biosorption process
occurs on a homogeneous surface through monolayer formation without any interaction with the
biosorbed molecules and that all the sites has equivalent energy [56,59,60] The Langmuir isotherm [61]
is represented by Equation (3).

qe =
qmaxkLce

1 + kLce
(3)

Where:

qe = amount of solute adsorbed per gram of adsorbent at equilibrium (mg/g);
qmax: maximum biosorption capacity (mg/g);
kL interaction constant of adsorbate/adsorbent (L/mg);
ce: equilibrium concentration of adsorbate (mg/L).

From Equation (3), we can obtain the linearized form:

ce

qe
=

1
qmax

ce +
1

kLqmax
(4)

And so, plot a chart ce/qe in function of ce which allows you to calculate the which allows you to
calculate the qmax e kL being that 1/qmax is the angular coefficient of the line and the 1/kLqmax is the
intercession with the ordinate axis.

In Langmuir’s model a widely used indicator in terms of analysis is called the separation factor
RL which is calculated on the basis of c0 e kL according to Equation (5).

RL =
1

1 + kLc0
(5)

c0 = initial concentration (mg/L).
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The value of the constant qmax is related to the adsorbed species concentrations on the surface.
When the biosorption capacity reaches this value it means that all available sites (sites that the adsorbate
binds to the adsorbent) have been filled. The constant kL is related to the free energy of adsorption,
which corresponds to the affinity between the surface of the adsorbent and the adsorbate [58].
RL indicates the mode of adsorbate biosorbent interaction and allows to classify adsorption isotherms
in unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0) [62].

3.4.2. Freundlich Isotherm

According to Freundlich model, the multilayer adsorption occurs on heterogeneous adsorbent
surfaces and the higher energy sites on the surface are first occupied and the binding force decreases
with the increase in the degree of occupation of the active sites, which reduces the adsorption with
time [56,59].

The Freundlich model is represented by [63]:

qe = kFce
1
n (6)

According to Cai L. et al. [44], the linearized form of Equation (6) is described by:

log qe = log kF +
1
n

log ce (7)

kF and n are the Freundlich constants related to biosorption capacity and biosorption
intensity, respectively.

The adsorption isotherms obtained experimentally for PMT and CCLHR (Figure 5) were adjusted
to the Langmuir and Freundlich models, for initial concentrations in the range between 10 and 50 mg/L.
The values of the constants were calculated by the linearized forms of the respective models. Figures 6
and 7 show Freundlich and Langmuir models for both biosorbents (PMT and CCLHR), respectively.
The results for the parameters obtained in both biosorbents are shown in Table 2. Analyzing the values
of the correlation coefficient in Table 2 and Figure 8, we observed that the experimental data of the
adsorption for the PMT is better adjusted to the Langmuir model, while the CCLHR to the Freundlich
model. It is justified by the values of the respective linear correlation coefficients (R2 closer to unity) in
each case.

Figure 5. Adsorption isotherm of MB: (a) PMT, (b) CCLHR.
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Figure 6. Freundlich isothermal adsorption equation fitting of methylene blue: (a) PMT, (b) CCLHR.

Figure 7. Langmuir isothermal adsorption equation fitting of methylene blue: (a) PMT, (b) CCLHR.

Table 2. Adsorption isotherm parameters for methylylene blue (MB).

Sample
Freundlich Langmuir

n kF R2 qmax (mg/g) kL R2 RL

PMT 1.7495 13.0798 0.9590 56.1798 0.3048 0.9806 0.2470–0.0616
CCLHR 1.4343 10.0716 0.9837 76.3359 0.1436 0.9657 0.4104–0.1222

In relation to the constants kL, qmax and 1/n (highest value of n) for the PMT and CCLHR Table 2
we noticed that the highest value of kL and lower value of 1/n were found for the PMT, although
the higher value of qmax was for CCLHR. Both models indicated higher MB affinity for PMT surface.
The higher value of qmax for the CCLHR was possibly due to the fact of the greater diffusion in the
pores and intraporos of the CCLHR than PMT. Therefore, the CCLHR presented better efficiency in
relation to PMT at the conditions investigated in this work.

Various biosorbents have been applied in removal MB from the aqueous solution, as reported
in the previous literature, for comparison purposes. We can compare the results with
other authors in term the maximum capacity adsorbed in the conditions optimized by each
authors: Carica papaya wood (qmax = 32.25 mg·g−1) [41], Cornbread (qmax = 106.383 mg·g−1) and
pupunha palm (qmax = 78.989 mg·g−1) [40], Potato shell (qmax = 48.7 mg·g−1) [64], Scenedesmus
(qmax = 61.69 mg·g−1) [65]. Through the comparative study with the Table 2, we can conclude that PMT
and CCLHR are between the most efficient adsorbents prepared for industrial wastewater treatment.

109



Materials 2019, 12, 2486

The values of RL between 0 and 1 Langmuir model, whose variation with the initial concentration
is shown in Figure 9, for both biosorbents and of n between 1 and 10 Freundlich model are in Table 2,
confirm that the biosorption was favorable for both the biosorbents (PMT and CCLHR), ie, the adsorbate
prefers the solid phase than liquid [58].

Figure 8. Adsorption isotherms with the Langmuir and Freundlich models: (a) PMT, (b) CCLHR.

Figure 9. Curve of RL by the initial concentration for PMT and CCLHR.

3.5. Adsorption Kinetics

The biosorption with the interaction time between the biosorbents and MB was evaluated in
the range of 10 to 80 min, a concentration of 15 ppm and a mass of 0.05 g was used. According
to Figure 10, we observed that in the first 10 min occurred a rapid increase in the percentage of
removal and percentage of biosorption by both biosorbents. After this period, they became slower
and remained practically constant from 50 min. The results are due to the fact that in the initial phase
of the biosorption, the dyes particles to be biosorbed were almost entirely present in the solution
with high probability of accessing the biosorbents surface and the active sites are unoccupied at the
beginning of the process. With the increased of the time occurred a decrease in the concentration due
to the migration of MB to unoccupied sites, which hindered the biosorption process by increasing the
competition of residual dye particles for the remaining available sites. Results in terms of this behavior
have already been reported in the literature [59,66–68].
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Figure 10. Contact time vs. percentage of removal vs. biosorption capacity: (a) PMT and (b) CCLHR.

In the literature, there is an expressive amount of linear kinetic models that are used to evaluate
the controlling mechanism of the biosorption process such as the chemical reaction, diffusion and
mass transfer [69]. Frequently, the most used models are pseudo-first-order and pseudo-second-order,
which were also used in this work. The equations and their linearized forms are shown in Table 3.

Table 3. Kinetic equations of biosorption.

Model Equation Linearized Formula

Pseudo-first-order dqt/dt = k1(qe − qt) ln(qe − qt) = ln qe − k1t
Pseudo-second-order dqt/dt = k2(qe − qt)2 t

qt
= 1

k2q2
e
+ t

qe

In order to confirm the experimental data, we utilized the pseudo-first-order and
pseudo-second-order models, where kinetic biosorption parameters of MB for initial concentration of
15 ppm are shown in Table 4. In view of these results, it was observed that for both biosorbents the
model that best represented the experimental data was the pseudo second order, since R2 is closer to
unity. Figures 11 and 12 show the behavior of the linearized form of said models through which the
parameters of Table 4 were calculated.

Table 4. Comparison of the pseudo-first-order and pseudo-second-order models for the biosorption of
MB on PMT and CCLHR.

Kinetic Model Parameter PMT CCLHR

Pseudo-first-order
k1 (mg·min/g) 0.1093 0.1081

qe (mg/g) 14.2554 14.1435
R2 0.5902 0.5950

Pseudo-second-order
k2 (mg·min/g) 0.1476 0.0815

qe (mg/g) 14.3062 14.2248
R2 0.9998 0.9999
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Figure 11. Plots of pseudo-first-order kinetic model for the biosorption: (a) PMT and (b) CCLHR.

Figure 12. Plots of pseudo-second-order kinetic model for the biosorption: (a) PMT and (b) CCLHR.

4. Conclusions

The characterizations by FTIR and SEM showed, respectively, functional groups (hydroxyl,
carbonyl and carboxyl) and high porosity surface, these factors confirm the produced biosorbents
by PMT and CCLHR weeds present appropriate physical-chemical properties to adsorption process.
The adsorption kinetics showed high remove percent and experimental data were most be adjusted
by pseudo-second-order model. The maximum biosorption capacity (qmax = 56.1798 mg·g−1 and
qmax = 76.3359 mg·g−1 for PMT and CCLHR, respectively) showed equivalent biosorption value to
literature used by MB removal from industries wastewater. The experimental data of the adsorption
for the PMT is better adjusted to the Langmuir model, while the CCLHR to the Freundlich model.
The range RL and n results indicated favorable biosorption. Overall, the raw material showed potential
for applications with low cost biosorbent, can be a viable alternative and had and with ecological
appeal to remove Methylene Blue dyes by several industries segments.

5. Patents

In this work, the used plant raw materials are filed with the National Institute of Industrial
Property (INPI)-Brazil, with the code BR 10 2019 008806-0. Additionally, eight weed species divided
among the Cyperaceae, Poaceae, Amaranthaceae, Asteraceae families have already been tested and
showed biosorption potential.
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