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Abstract: Aluminum and fumed silica as solid industrial wastes were converted to zeolite NaP as a
value-added product without any template. The hydrothermal process was optimized using static
autoclave. The crystallization was carried out at 100, 120 and 150°C for 24, 48 and 72 h. The prepared
zeolite of Si:Al ratio of 1.2 was characterized using X-ray Diffraction (XRD), Scanning Electron
Microscope (SEM) provided with Energy Dispersive Spectroscopy (EDS), Surface Area, Fourier
Transmitted Infra-Red (FTIR) and Thermal Analysis (TG-DSC). The crystalline phase was formed at
100°C after 72 hours and at 120°C after 48 hours, while it was formed after 24 h only at 150°C. Increasing
temperature and time lead to the conversion of the prismatic gibbsite crystals into plate-like structure
of zeolite which is then formed cauliflower-like structure. The prepared zeolite was employed as
adsorbent for Niz* and Cu?* ions from aqueous solution. The kinetic studies of adsorption processes
were performed.
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1. Introduction

Aluminum is one of the most commonly used metals in most forms of everyday life. It is produced from
bauxite ore in the primary industry and from scraps in the secondary industry (Tsakiridis et al., 2013).
Both industries generate wastes as slag or dross. They contain ultra-fine particle size, which is not a
marketable product due to its lower aluminum content (Galindo et al., 2015a). Aluminum waste is
considered as hazardous waste due to its risk to the environment and to human health (Galindo et al.,
2015b). The European Waste Catalogue classifies it as a hazardous waste. The black dross and ball mill
dust is highly flammable able to release toxic gases such as ammonia, methane and hydrogen sulfide.
The main negative impacts come from its very fine grain size and its heterogeneous chemical
composition (Mahinroostaa and Allahverdi, 2018; Loépez-Delgado et al., 2020). The aluminum content
(as oxide) in the most aluminum wastes is approximately 53-81% by weight. Also, the amount of silica
fume generated from ferrosilicon alloys and silicon metal industries about 1,000,000 tons. About 25,000
tons of silica fume are produced each year by the Egyptian Ferroalloys Co. (EFACO) from its ferrosilicon
plant located in the Edfu City (xalinyuan, 2020). So, they must be used as a “secondary” raw material
for the production of added-value materials. (L6pez-Delgado and Tayibi, 2012).

Zeolite is microporous, alumino-silicate mineral. Its importance arises from its structure. It has a
three-dimensional tetrahedral structure with negative surface charge. It is generated as a result of
isomorphous substitution of Si¢* by Al**. It may be balanced by alkali and alkali-metal cations and water
molecules. It has a general formula of Mz/nOALO5SIO2y.H2O where M is alkali or alkaline earth
element, n is the valence charge on that element, x varies from 2 to10 and y varies from 2 to 7 (Corma,
1997; Cundy and Cox, 2005; Moliner et al., 2013; Cejka et al., 2016; Visa, 2016). The flexibility of Si-O-Si
bond explains its 200 structure forms (Meftah et al., 2008). Zeolite is characteristic of high surface area,
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micro porosity, high ion-exchange capacity and high stability (Larsen, 2007; Garcia, et al., 2016). Thus,
it is applied in ion exchange, catalysis, chemical separation and membranes (Cao et al., 2008; Huang,
2010).

It is reported that, the Zeolite could be synthesized by different methods. The most common methods
are sol-gel, hydrothermal synthesis and microwave heating synthesis (Zubowa et al., 2008). The
hydrothermal method includes also the zeolite crystallization from aqueous systems (Vartuli et al., 2000;
Boukadir et al., 2002; Hu and Liu, 2003; Aguado et al., 2004). They are prepared by using organic
structure-directing agents (OSDAs) (Lobo et al., 1995). However, there are a limited number of zeolites
that can be synthesized by OSDA-free routes (Oleksiak and Rimer, 2014). The OSDA-free crystallization
of zeolites is not easy to control (Navrotsky et al., 2009; Maldonado et al., 2013; Oleksiak et al., 2016).
Although, all zeolites have the same formula and geometric structure, but the SiAl ratio, Na content and
hydration is difficult to determine. This is attributed to high flexible of the SiAl link (Hansen et al., 1993;
Meier and Olsen, 1996).

There are three polymorphs of zeolite Na-P: cubic (Na-P1), tetragonal (Na-P2) and more rarely
orthorhombic (Na-P3). Na-P1 has been described as a body-centred tetragonal with a unit cell of
pseudo-cubic geometry (Baerlocher and Meier, 1972; Gottardi and Galli, 1985; Rodrigues et al., 2016).
Gismondine framework of zeolite (GIS) and other framework types have proven to be excellent
materials for small liquid or gas molecule separation, the removal of radioactive and toxic waste species
from wastewaters, and water softening in detergents (Adams et al., 1997; Huo et al., 2012). Zeolite
synthesis occurs at temperatures from 70 to 250°C. Some conditions of extreme importance, such as SiAl
ratio, crystallization time and temperature (Delgado et al., 2014).

This work aims to develop the hydrothermal process to prepare zeolite from aluminum and silica
fume as waste materials without using any template. Then the produced zeolite will be investigated as
absorber for copper and nickel ions from aqueous solutions.

2. Materials and methods
2.1. Materials

Ultra-fine aluminum powder waste is supplied by Alumisr Co., for the aluminum industry, Helwan,
Egypt. Silica waste and fumed silica were supplied by ferrosilicon Co., Egypt. The particle size is less
than 0.074 mm and they are employed as raw materials for zeolite preparation without further
treatment. Sodium hydroxide pellets, as a source of alkali was supplied by Sigma Aldrich. Copper
sulfate (CuSO4.5H0O) and Nickel nitrate (Ni(NOs)2.6H2O) of reagent grade, Merck Chemicals GmbH
are used for preparation of Cu?* and Ni?* ions solutions.

2.2. Methods
2.2.1. Zeolite synthesis

The calculated amount of sodium hydroxide is dissolved in a small amount of pure water. The solution
is divided into two portions. Silica waste is added to the first portion and the aluminum waste is added
to the second portion. The two solutions were mixed together for 1 h and left for another 1h for aging.
Then, it is transferred to a Teflon-lined autoclave reactor. The product is quenched in water, filtered and
washed with distilled water till pH 9 and it is dried at 100°C for 24 h.

2.2.2. Characterization of zeolite

The prepared zeolite are characterized using BRUKER X-Ray Diffractometer (Germany) Model AXS D8
with Cu-target (\=1.540 A and n=1) at 40 kV potential and 40 A was used for characterization of the
crystal structure of synthesized zeolite. The diffraction data were recorded for 20 values between 10°
and 80° and the scanning rate was 3° min or 0.02°/0.4 sec. Micro-pore and BET specific surface area
are measured using nitrogen adsorption-desorption isotherms using BEL (Japan) nitrogen adsorption
apparatus. A sample is degassed at 120°C prior to BET measurements. The BET specific surface area
(SBET) is determined by a multipoint BET method using the adsorption data in the relative pressure
P/P0 range of 0.05-0.25. The surface morphology and microstructure of gold coated synthesized zeolite
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were identified by JEOL instrument (Japan) model JSM-5410 scanning electron microscope (SEM) at 15
kV of excitation potential. Mattson 1000, series LC operating, issue I (0791) spectro-photometer was
used for Fouriertransform infrared (FTIR) measurement in the transmission mode, with a wave number
range of 4000-400 cm™. The spectrum of the sample is carried out in KBr powder using a resolution of
4 cm™. Standard software (Omic ESP, version 5.1) was used for data acquisition and analysis. The
wastes were analyzed using X-Ray Fluorescence, XRF (Axios Advanced WDXRFP analytical,
Netherland). Energy Dispersive X-Ray spectroscopy EDX attachment with Bruker AXS-Flash Detector
410-M, Germany, is used for characterization. The atomic absorption AAnalyst 200, was used for
elemental analysis of digested sample in 20% hydrofluric acid solution.

2.2.3. Adsorption procedure

An attempt was made to use the zeolite for removal of Ni2* and Cu2* ions aqueous solutions. A 0.05 g
of Zeolite is added to 25 ml of synthetic solution and stirred at 200 rpm for different time intervals at
the desired pH and temperature.

The removal percent and the sorption capacity of adsorbent were calculated by Egs. (1) & (2),
respectively (Mohora et al., 2012).

Removal(%) = % x 100 @
where C; and C; are the ion concentration (mg/1) at time zero and t, respectively.
(c i—C w
Qe ==~ @)

where g, is the sorption capacity of adsorbent at time t, (mg/g), V is the solution volume (liter) and M
is the adsorbent weight (g).

3. Results and discussion
3.1. Characterization of silica and aluminum wastes

XRF of fumed silica shows that it is composed of 96.18% SiO. with low impurities, Table 1. The relative
density of silica fume is 2.14 g/cm? XRD indicated that the main phase of silica fume waste is
amorphous silicon dioxide. SEM photograph showed that the silica particles are almost spherically
agglomerated, Fig. 1. It is composed of fine vitreous particles with a surface area 20 m2/g.

XRF of aluminium waste (Table 2) shows that it has high aluminum content (ALO3 = 59%) with SiO»
=1.36% and Na>O = 2.12%. Also, minor MgO, P>Os, FexO3, CuO, ZnO, PbO and SOs are detected.

The XRD pattern showed that it is mainly composed of gibbsite (aluminum hydroxide) - Fig. 2. FTIR
scan confirms the gibbsite composition - Fig. 3 (Rodrigues et al., 2016). Morphology and EDS show
hexagonal and prismatic gibbsite crystals with chamfered faces of different sizes (Huo et al., 2012)
- Fig. 4.

Table 1. Chemical analysis of the applied silica fume

Item SiO; CaO TiO; K:O MnO ALO; FeOs P05 NaxO MgO LOIL Total
% 9619 0321 0.003 0159 0.036 0511 0231 0.0056 0.012 0.016 2.080 99.56
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Fig. 1. XRD pattern and SEM photograph of silica fume
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Table 2. Chemical analysis of Alumisr aluminum waste

Item ALO; SiO2 NaO MgO POs FexO3 CuO ZnO PbO SO; CaO L.OI Total
% 59.04 136 212 0473 0.072 0717 0045 0104 0013 0327 154 3417 99.98
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Fig. 2. XRD pattern of Aluminum waste
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Fig. 3. FTIR spectra of Aluminum waste
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Fig. 4. SEM and EDX of Aluminum waste

3.2. Zeolite preparation

As stated in latter studies the molar ratio of Si/Al is the most important parameter that controls
crystallization and morphology of zeolite (Huo et al., 2012). The most appropriate ratio of Si/Al
reported in literature where high-silica, cubic NaP,(Si/Al = 3.38 ) and NaP2( Si/ Al = 4.6) (Larsen, 2007)
are required is 1.2. Thus, the preparation is carried out with the most favourable silicon and aluminum
ratio (1.2) which obtains the maximum yield. Because the crystal growth and zeolite type depend on the
crystallization time and temperature (Mohora et al., 2012), both factors were investigated.
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Fig. 5 shows that the NaP zeolite is formed, but with very low crystallinity at crystallization time 72
h, but at 48 h and 24 h the gibbsite is formed with different crystallinity at 100°C, where at 24 h the
gibbsite formed with high crystallinity. It means that the low temperature and time are not effective. By
increasing the time the gibbsite is formed with less crystallinity, which confirms the nucleation and
crystal growth with time. Fig. 6 shows that at 120°C an amorphous phase is formed after 24 h, while the
crystalline phase is formed after 48 and 72 h. At 150°C, NaP zeolite which is based on framework type
gismondine is formed, Fig. 7. Its crystallinity is increased with increasing crystallization time. The
crystallization time 72 h is a suitable for crystalline zeolite NaP formation at all temperatures, Fig. 8. It
means that the increasing time up to 72 h, and temperature up to 150°C seems to increase the
crystallinity of the zeolite. Increasing temperature decreases the surface area, while it increases the
average crystal size, Table 3 (Abdel-Khalek et al., 2019).

Table 3. Effect of temperature on crystallinity, surface area and average crystal size

Temperature, °C Surface area, m2/g crystal size, nm Formed phase
100 176.2 31.6 P2
120 134.8 33.7 P2
150 1123 39.8 P2

Temp. 100%c
P:Zeolite P
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Ef 72 h
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= 48 h
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Fig. 5. XRD pattern of formed zeolite at 100°C
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Fig. 6. XRD pattern of prepare zeolite at 120°C
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Fig. 7. XRD pattern of prepare zeolite at 150°C
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Fig. 8. Effect of temperature on zeolite crystallinity

Fig. 9 shows that the gibbsite crystal of aluminum waste is still after 24 h at 100°C. After 48 h the
gibbsite is observed, but with prismatic shape and plates. After 72 h multifaceted shape as that of NaP
is formed. At 120°C the amorphous phase is converted to cauliflower-like structure as time increases up
to 72 h, Fig. 10. At 150°C for all time, the products have multifaceted shape, Fig. 11. The formed zeolite
after 48 h has bigger crystal size than that obtained after 24 h. Several small particles aggregated are
noted together without isolation. It is the characteristic morphology of NaP zeolite, which is consist of
"cauliflower-like" primary aggregates with well-defined crystals. Fig. 11 shows that the particle size of
plates is increases with increasing temperature. The chemical composition of Gibbsite (aluminum
hydroxide AI(OH)s) is confirmed by the XRD card and SEM analysis. The chemical composition of the
formed zeolite at different time and temperature is Nas(Al;Si12032). 14H20. Also, the zeolite depends on
the silica and alumina ratio which represented in EDX analysis, Fig. 14.

Fig. 9. SEM photograph for zeolite at 100°C (a: 24 h, b: 48 h, c: 72 h)

Fig. 10. SEM photograph for zeolite at 120°C (a: 24 h, b: 48 h, c: 72 h)
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Fig. 11. SEM photograph for zeolite at 150°C (a: 24 h, b: 48 h, c: 72 h)
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Fig. 12. Effect of temperature on the particle area as a function of crystallization time

FTIR Spectra shows the bands near 1000 cm! are ascribed to asymmetric stretching of bonds Si-O or
Al-O. These bands are close to 1000 cm™ for Si-O-Al bond of the tetrahedron TO4 and confirm the
presence of zeolitic material (Rodrigues et al., 2016). The symmetric stretching vibrations of zeolite NaP
framework structure of Si-O and Al-O were noticed at 669 & 740 cm™. Also, the vibration band at 420
cm™ region is assigned to a Si-O or Al-O bending mode. At 100°C and 24 and 48 h, the formed zeolite
has gibbsite spectra with a slight decreasing in its crystalline at 48 h. A remarkable change is occurring
at 72 h due to the formation of zeolite NaP. At 120°C and 150°C, zeolite NaP is formed for all
crystallization time, Fig. 13.

The EDX spectra images of the product are presented in Fig. 14. The EDX revealed that the Gismondine
framework of zeolite (GIS) polymorphs exhibit some differences in Si/ Al ratio P2 (Si/ Al = 2) where the
average Si/ Al ratio is about 2.1+0.1. The slight increasing than the reported ratio is depending on the
preparation conditions (temperature, time and raw materials type and amount). Zubowa et al., (2008)
prepared NaP with 2-2.6 Si/ Al ratio using chemicals in a microwave at 150°C for 5 h. Huo et al., (2013)
also synthesized NaP zeolites with variable Si/ Al ratios (1.9-3) from commercial reagents.

3.3. Zeolite as adsorbate

The prepared zeolite at 150°C and 72 h is employed as adsorbate for copper and nickel ions in aqueous
solutions.
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Fig. 13. FTIR spectra of prepared Zeolite
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3.3.1. Effect of pH

The pH is an important factor affecting the site activity and the behavior of heavy metal ions such as
hydrolysis, complex formation, conversion to insoluble compounds (Zhang et al., 2017). Fig. 15 shows
the adsorption capacity for metal ions. The initial concentration was 400 and 40 mg/1 for Ni2* and Cu2*
ions, respectively, to match the real concentrations in real waste water. Although, zeolite normally
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adsorbs cations based on the size of the hydrated ions (Visa, 2016). Generally, copper has a highest
adsorption capacity for zeolites due to the small hydrated ionic radius of copper ions (Covelo, 2004).
The adsorbed nickel ions are much higher than that of copper ions. It may be due to the higher initial
concentration of Nickel ions. The maximum sorption capacity is achieved at pH 6. In alkaline medium,
the metal ions form insoluble hydroxides, which may interfere with the sorption process. In acidic
medium, the H* ions are competing Ni?* and Cu?* ions (Zare et al., 2018).

3.3.2. Effect of treatment time

Fig. 15 shows that the maximum adsorption is achieved at 40 and 60 min for Cu?* and Ni?* ions,
respectively. The higher adsorption rate is noted up to 20 min is due to the availability of a large amount
of metal ions, with empty absorption sites on the zeolite surface. Even though, the adsorption site
decreases with time, the adsorption depends on the amount of transported ions from the aqueous phase
to the adsorption site. So, the adsorption is continued until saturation (Duan et al., 2016). The metal ions
needed more time to permeate into the narrow pores, so it took a long time to get the adsorption
saturation. The initial higher rate indicates that the adsorption on the external surface, and then the
adsorption is occurring in inner pores. The higher adsorption amount in the first period than that of the
second period proved that the higher adsorption on the external surface than that in the internal pores
(Zare et al., 2016; Abdel-Khalek et al., 2017).
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Fig. 15. Effect of pH and time on adsorption capacity of Cu2* and Ni2* ions

3.3.3. Adsorption kinetics

The pseudo 1¢t and 274 order models are used to discuss the kinetic mechanism. These models are
represented as in equations 3 and 4 (Wang et al., 2016):
For 1st order model:

Ing, —q, =Inq, — Kt 3

For 2nd order model:
t 1 t
«” @

The q: and q. are the adsorbed ions (mg/g) at time t and at equilibrium. The k; and k; are the
equilibrium rate constants.

Fitting of data by using both pseudo 1st and 2"¢ order models are shown in Fig. 16 and Table 4. On
the view of the values of coefficient of determination R?, it was evident that pseudo-second-order model
was the best in describing the adsorption kinetics of heavy metal ions by zeolite. Moreover pseudo-
(second-order kinetic model predicts closer values of the equilibrium adsorption capacity with the
experimental values and hence it gives the applicability of this model (Abdel-Khalek et al., 2020).

The particle diffusion model is based on the chemical adsorption. It involves electron sharing or
exchange between the metal ions and zeolite (Jiang et al., 2010). Adsorption may be carried out through
the moving of metal ions from the aqueous phase to the surface of zeolite (Selim et al., 2020). Then the
metal ions diffuse into the pores. It is usually a slow process. In most adsorption processes, the uptake
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varies almost proportionately with t5 rather than with the contact time and can be represented as
follows (equation 5 ) (Covelo, 2004):

qr = Kigt™® +1 ©)
3

P -first-order Model
] seudo-first-order Mode o INoRolGiE ® Nickel ions

®m  Copper ions

Pseudo-second-order Model

®  Copper ions

t/ qt

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time, min Time, min

Fig. 16. Plotting of results for pseudo-first- and pseudo-second-order models

Table 4. Calculated parameters of pseudo-first-order and pseudo-second-order models

Pseudo-first-order Pseudo-second-order
Item Nickel Copper Nickel Copper
R2 0.8841 0.8858 0.9846 0.9934
Rate constant -0.0614 -0.0843 0.6901 0.0025
Calculated ge 73.67 26.92 56.49 71.42
Experimental qe 45.15 66.75 45.15 66.75

The q is the ions adsorbed (mg/1) at time t. The t05 is the square root of the time. Kiq (mg.g™? min05)
is the rate constant of intra-particle diffusion. The values of I (intercept) give information about the
thickness of the boundary layer. The larger intercept means the higher effect of the boundary layer.
Table 5 shows that the diffusion does not represent a limiting step in the processes on zeolite. On the
other hand, the higher adsorption capacity confirming that zeolite contains mesopores, with a large
number of active sites opened for the low volume cations (Mahmoud et al., 2019). However, the plot of
t05 against qi, does not fit with a straight line passing through the origin but also with poor linear
regression coefficients (R?) indicating inapplicability of the model and intra-particle diffusion was not
only the rate-controlling step.

Table 5. Calculated parameters of particle diffusion model

Nickel Copper
R2 kiq I R2 kiq I
0.9218 4.5600 2.6614 0.962 13.183 -1.876

4. Conclusions

NaP Zeolite was prepared from aluminum and fumed silica as industrial wastes without organic
template with molar ratio 1.2 at different crystallization temperature and time. A Single phase of NaP
Zeolite with high crystallinity was obtained at crystallization conditions of 150°C and 72 h. The EDX
analysis showed that the most appropriate ratio of SiO,/ Al:Os is about 3.6. FTIR analysis assures that
the final product has NaP phase. FTIR results complement the results obtained from XRD, SEM and
EDX. It was found that the crystallization temperature and crystallization time are the most affecting
parameters on zeolite crystallization.
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The prepared zeolite could remove copper and nickel ions from aqueous solutions. At pH 6, the
maximum sorption capacity is achieved at 40 and 60 min for Cu?* and Ni2* ions, respectively. The
pseudo-second-order model described the adsorption kinetics of heavy metal ions by zeolite. It
predicted closer values of the equilibrium adsorption capacity with the experimental values. The
diffusion does not represent a limiting step in the processes on zeolite. The higher adsorption capacity
confirming that zeolite contains mesopores, with a large number of active sites for the low volume
cations.
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