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N the current study, alumina nano particles were prepared from waste aluminum residue by
an extraction and gel formation method. The prepared alumina nanoparticles were used to
remove reactive yellow 160 (RY160) from an aqueous solution. The kinetics and adsorption

equilibrium were discussed as well.

The results show that, the heat-treated samples were consisting of Al and O elements only

and their crystalline phase was pure alumina in the nano scale. The alumina nanoparticles were

effective adsorbents for the removal of RY 160 from aqueous solution with percentage removal
100 % for samples heat-treated at 110°C and 600°C. The adsorption data was well fitted to
Langmuir isotherm model for all prepared samples indicating a monolayer adsorption. The

adsorption process was found to be endothermic and the adsorption takes place physically on

the surface of alumina nanoparticles. The prepared alumina nanoparticles samples can be used

as an efficient adsorbent in water treatment.

Keywords: Adsorption, Wastewater treatment, Low-cost materials, Solid waste management,

Kinetics and isotherms.

Introduction

The diminishing of freshwater resources due to
mismanagement of water resources, population
growth, and water pollution became an urgent
problem threaten the world. One of the major
concerns in water pollution, particularly in
developing countries, is colored wastewater [1].
These include the waste streams from industries
such as textile, paint and pigment, leather, plastics,
rubber, cosmetics, pharmaceutical and food
industries [1, 2]. Dye pollution increased due to
the increasing of bulk global production of dyes.
Meanwhile, the dye pollution can cause various
human health effects and ecological deterioration
due to their toxicity, mutagenicity, carcinogenicity
and interference in the photosynthesis process of
aquatic plants [3, 4]. Reactive azo dyes are the
most widely used dyes in the textile industry,

however, they are classified as environment
unfriendly substances due to their toxicity and low
biodegradability [4, 5]. Therefore, the removal
of reactive azo dyes from water environment is
an essential for saving environment and human
health.

Several methods were proposed to remove
dyes from wastewater including ion exchange,
chemical precipitation, solvent extraction,
anaerobic/aerobic biological degradation,
coagulation, flocculation, precipitation,
membrane filtration and advanced oxidation
processes. However, these methods were found to
be ineffective as they found to produce secondary
waste [1,2,4,6].

A Dbetter alternative is adsorption, which
has shown a high potential for the removal and
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recovery of dyes from wastewater. It is ruled
by simple operational and regeneration of the
adsorbent. Moreover, adsorption gains a good
reputation as a method of water treatment due to its
numerous characteristics such as cost effectiveness,
large scale application, simplicity, insensitivity to
toxic materials, flexibility, availability of various
adsorbents and high efficiency as practical and
economic technique for dyes removal [1,2,5,6].
However, finding an efficient and low-cost adsorbent
is critical for the adsorption process. Large number of
low-cost materials was used as adsorbent including
natural materials [7-9], algae [10], humic acids
[9,11], clay minerals [8] viscose fiber, magnetic
particles and wool fiber waste [12-15].

The growing interest of using nano-sized metal
oxide as adsorbent in dye adsorption is attributed
to its simple synthesis process, cheapness, high
surface area and nontoxicity [13,16-19]. However,
few studies have emphasized the advantages
of aluminum oxide (alumina) nanoparticles for
reactive dye adsorption.

The current study focused on the preparation
of alumina nanoparticles from waste aluminum
metal collected from workshops of aluminum
kitchen, doors and windows as low-cost and
environmentally friendly material. The prepared
samples were characterized by different techniques
and their efficiency for removing reactive yellow
160 (RY160) azo dye from aqueous solution
was studied in details. The adsorption data was
analyzed by the isotherm models.

Materials and Methods

Materials

Waste aluminum scraps were collected from
workshops of alumina’s kitchens, doors and
windows workshops. Hydrochloric acid and
ammonia solution were used during the extraction
and precipitation of ALO.,.

Experimental

A representative sample of the aluminum
waste was dissolved in 1:1 dilute hydrochloric
acid. The filtrate was used to precipitate aluminum
hydroxide through stepwise addition of 1:1 diluted
ammonia solution. At pH 7 a white gel precipitate
is formed. After settling for 24 hrs., the precipitate
was dried for another 24 hrs. at 110°C then
subjected to different heat treatment temperatures
110, 600, 800 and 1050°C for 1 h at heating rate
10°C /min. The prepared samples were referred
to as Alo-110, Alo-600, Alo-800 and Alo-1050
according to the heat treatment temperature.
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The prepared alumina nanoparticles were
characterized using X-ray diffractometer (XRD),
D8 ADVANCE, Bruker, Germany, (diffractometer
with Ni-filtered Cu Ka radiation operating at 40
mA and 40 kV). The crystal size was calculated
from the broadening of the XRD peaks using
Scherer’s equation: D = kA /  cos 0, where P is
the full width at half maxima of the XRD peak in
radiant, 0 is the reflection angle of the peak, k is a
constant nearly equal 0.90 and A is the wavelength
of the diffracted X-rays.

The microstructure and spot analysis of some
selected samples were tested using SEM (SEM,;
JEM-6460LV, Japan) attached with energy
dispersive x-ray unit (EDAX).

The FTIR analysis of the prepared samples were
performed using Jasco FT/IR-6100A instrument-
Japan. All spectra were measured in the
wavenumber range 4000-400 cm™'. The surface
area and pore volume analysis were performed
using nitrogen adsorption at 77 K by a BELsorp
max (BEL Japan Inc). Their data were calculated
using the method developed by Brunauer—
Emmett—Teller.

Adsorption studies

The reactive yellow dye (RY160) (structure
presented in Fig. 1a) was used as adsorptive in this
study. 1.00 g RY160 was dissolved in deionized
water to get a 1000 mg/L stock solution. Different
working solutions were prepared by diluting the
stock solution and their absorbance was measured
by UV-visible spectrophotometer (Shimadzu
UV-2600) at wavelength 425 nm. The absorbance
values were plotted against concentration to obtain
a standard curve with correlation coefficient (R?)=
0.99 (Fig. 1 b and c).

The batch adsorption experiments were carried
out at room temperature (25°C) in 250 mL stopper
conical flasks. A selected weight of the adsorbent
was immersed in 100 mL of dye solution and
shacked at 120 rpm using mechanical shaker
(SK-L180 pro, China). The effect of contact time,
adsorbent dosage, pH and dye concentration were
studied to attain the optimum conditions. Samples
were withdrawn at definite time intervals, filtered,
and the remaining RY160 concentration in the
filtrate was measured as described above.

All the experiments were carried out three
times and the mean values of the results were
calculated. The percent relative standard
deviations were calculated and the values greater
than 5% were rejected.
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Fig. 1. (a) Structure of reactive yellow 160 dye used as adsorptive (b) UV-Visible spectrum of the RY160 dye. (¢)
standard curve for RY160 dye
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Effect of adsorbent dosage

The adsorbent dosage was varied from 0.2 to
2.2 g/L using a volume of 100 mL of 50 mg/L
of dye solution at the equilibration time for each
adsorbent.

Effect of pH
To study the effect of acidic and alkaline

medium on the adsorption process, different initial
pH (2, 5,7, 9 and 11) were prepared and used at
the optimum time and dosage of the adsorption of
RY 160 on the prepared samples.

Adsorption isotherms

Adsorption isotherm experiments were
performed by shaking dye solutions of different
initial concentrations (50—150 mg/L) using the
optimum dosage of each adsorbent at the optimum
time and pH. Freundlich, Langmuir and Dubinin—
Radushkevich (D-R) isotherm are the three
different adsorption isotherms that were used to
describe the data of RY160 adsorption onto the
prepared alumina nanoparticles [16].

Langmuir and Freundlich isotherms

Langmuir and Freundlich equations are the
most widely implemented models to describe
the relationship between equilibrium dye uptake
(¢,) and final concentrations (C,) at equilibrium
[20]. Langmuir adsorption isotherm suggests a
monolayer adsorption on the surface of adsorbent
and the linear form of Langmuir isotherm model
is given by the relationship:

C&';"IIC(M)‘.\- = l{'llQh -+ C‘L!'IIQ @)

where C, (mg/L) is the concentration of dye
in solution at equilibrium, C_, is the amount of
dye adsorbed per unit mass of the adsorbent. Q
and b are the Langmuir constants related to the
monolayer adsorption capacity and the adsorption
energy, respectively.

Freundlich Isotherm

Freundlich isotherm is more general than
Langmuir isotherm, hence it suggests a surface
heterogeneity and the formation of multiple layers
on the surface of the adsorbent.

The logarithmic form of Freundlich equation
is given by:

1
log g. = log Kr +—log C. 2)

where 7 and K ,are the Freundlich constants, which
are related to the adsorption capacity of the adsorbent
and the adsorption intensity or heterogeneity.
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Dubinin-Radushkevich (D-R) isotherm

The D-R isotherm is more general than
Langmuir isotherm because it does not assume
a homogenecous surface or constant potential of
adsorption [21]. The nature of adsorption process
either chemical or physical can be predicted from
the D-R model. The linear form of the D-R
isotherm equation can be expressed as follows:

Ing, =InX,_ —pe* A3)

where ¢, is the amount of dye adsorbed per unit
mass of adsorbent (mol/g); X is the maximum
adsorption capacity; B is the activity coefficient
related to the mean adsorption energy; and ¢ is the
Polanyi potential, which represented as:

e=RTIn(1+1/C,) @)

where R is the general gas constant (J/mol K),
and 7 is the absolute temperature (K).

The adsorption energy can also be calculated
using the following equation:

1
N=Y] (5)

Results and Discussion

E =

Characterization of prepared samples

XRD analysis

The XRD patterns of Alo-600, Alo-800 and
Alo-1050 (Alo-110 is completely amorphous
aluminum hydroxide) are presented in Fig 2.
The samples consist mainly of a-Al,O, with
different degree of crystallization according to
JCPDS No.46-1212 [22,23]. The crystallite size
of the samples was calculated from the Debye—
Scherrer equation. The results indicate that the
crystallite size of the samples Alo-600, Alo-800
and Alo-1050 are 4.47 nm, 5.34 nm and 45.97 nm,
respectively. These values confirm the nano size
of the prepared Al,O, samples.

BET specific surface area

The nitrogen adsorption desorption data are
presented in table 1. Their values indicate that,
the BET specific surface area was 137.4, 118.3
and 59.8 m?/g for the samples Alo-600, Alo-800
and Alo-1050, respectively. It is noted that the
BET surface arca decreases with increasing heat
treatment due to the increase in crystallite size
as confirmed from XRD results [24]. The values
of pore volume and pore size have no significant
change for the samples.
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Fig. 2. XRD pattern of the alumina nanoparticles heated at different temperatures.

TABLE 1. Some characteristics of the prepared alumina.

Sample Pore volume (cm?/g) Pore diameter (nm) Sy (M7/g)

Alo-110 0.001 6.39 -

Alo-600 0.272 9.20 137.4

Alo-800 0.272 7.92 118.3

Alo-1050 0.215 14.40 59.8
SEM and EDAX FTIR

The general morphologies of the as-prepared
Alo-110, and Alo-600, were analyzed by SEM in
Fig. 4(a) and (b), respectively, which shows small
particle size, uniform morphology and narrow
size distribution of the synthesized particles. As
shown in Fig. 3(a), the size of particles was also
found to be in the nano-range which is in a good
agreement with XRD data. The EDAX analysis
of the sample Alo-600 (Fig. 3(c)) indicated that
the sample is composed only from aluminum and
oxygen confirming the formation of crystalline
aluminum oxide.

Figure 4 shows the FTIR spectra of the prepared
samples before and after the adsorption of the dye.
The band at 3445 cm' is related to the stretching
vibration of adsorbed water [25]. While the band
at 1636 cm is attributed to the bending vibration
of adsorbed water. The strong broad band between
1000 and 400 cm™ is assigned to the vibration of
Al-O existed under 750 °C which clearly observed
for sample Alo-600 [26]. There is no observable
change for the FTIR before and after the adsorption
process indicating that the adsorption may
takes place physically on the surface of alumina
nanoparticles samples in the current study.

Egypt. J. Chem. 63, No. (2020)



2892 HANY H. ABDEL GHAFAR et al.

0 2 = =3 a8 10 12 14 16 18 20
Full Scale 2888 cts Cursor: 0.000 ke
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Adsorption Studies

Effect of contact time

The effect of contact time on the removal of
RY 160 using the as prepared samples are presented
in Fig. 5. The adsorption process takes place in two
steps. The first step is the rapid one and takes place
in the first five minutes. Then the rate of adsorption
slows down gradually in the second step till the
equilibrium takes place. The optimum contact time
was found to be 10 min for Alo-110 and 80 min for
the other samples, therefore, these optimum values
will be implemented for the rest of experiments. As
seen on Fig. 5, almost 100% of RY 160 was removed
by Alo-110 after 10 min of contact time, while the
percentage removal achieved by other samples were
93.3%, 63.5% and 46.1% for the samples Alo-600,
Alo-800 and Alo-1050, respectively. Also, it can be
observed that, as the heat treatment of the adsorbent
increase the percentage removal of the adsorptive
decrease. This could be related to the sintering of
the particles and the increase in the particle size
with the increase of heat treatment, consequently
the surface area decreased and the adsorptivity
will be decrease as a result of the decrease of the
available surface for adsorption [27].

Effect of dose

Fig. 6 presents the effect of adsorbent dosage
on the removal of RY160 using the prepared
samples of nano alumina. The results revealed that,
the percentage removal of RY160 increased with
increasing the dosage of the four adsorbents used till
a certain optimum dose where the adsorption reach
equilibrium and levelled off due to the formation
of aggregates at higher dosages [10]. Alo-110 and
Alo-600 were the most efficient adsorbents as
could be observed in Fig. 6. They achieved 100%
percentage removal of the dye at dosage 1 and 1.2
g/L respectively. On the other hand, the Alo-800
and Alo-1050 achieved 85% and 61% removal of
the dye at dosage 1.6 and 2 g/L, respectively. Alo-
110 exhibited the highest percentage removal of the
reactive yellow 160 due to its nano sized particles
and the presence of hydroxyl group (amorphous
Al(OH),) as confirmed by XRD.

Effect of pH
The pH has an essential role in the adsorption

process due to the difference of the charges existed
on the surface of adsorbent in different pH medium
which may increase or decrease the efficiency of the
adsorption process. The effect of pH variation on
the adsorption of RY160 onto the surface of nano
alumina samples is presented in Fig. 7. Two trends
can be observed, the first trend exhibited by sample
Alo-110 which composed of amorphous nano

Al(OH),. Alo-110 exhibited the highest adsorption
of RY160 at pH 5, and the adsorption decreased
with increasing pH. This trend can be explained as
follow: at acidic medium the function groups of the
dye are negatively charged and the hydroxyl groups
of the adsorbent are protonated (positively charged)
leading to attraction and increase in the adsorption
process. While in basic medium a repulsion takes
place between the negatively charged function
groups of the dye and the hydroxyl groups of the
adsorbent. Therefore, the sample Alo-110 showed
its highest ability to adsorb the dye at pH 5. The
second trend exhibited by the three samples Alo-
600, Alo-800 and Alo-1050 which consists only
of 0-Al O, crystalline phase. They showed high
adsorption of the dye at strong acid medium due to
the strong attraction of dye functional groups and
the surface of alumina. Meanwhile the adsorption
decreased with increasing pH in basic medium
due to the repulsion and competition between the
negatively charged functional group of the dye and
the hydroxyl group of the basic medium. These
results agree with the previous data in literature [28].

Isotherm models

Langmuir isotherm

Langmuir isotherm model suggested that, the
adsorption takes place uniformly on the adsorbent
active sites, and once the adsorbate occupies
certain site, no further adsorption can take place
on this site [20]. The parameters of Langmuir
isotherm can be used to indicate the affinity
between the adsorbent and adsorbate.

The adsorption of RY160 onto the nano
alumina samples (Alo-110, Alo-600, Alo-800 and
Alo-1050) was best fitted to Langmuir isotherm
with correlation coefficient values (R?) = 0.9924,
0.9982, 0.9995 and 0.9685, for the above-
mentioned samples, respectively (Table 2, Fig.
8a). This reveal that the surface of nano alumina
was covered by a monolayer of the dye RY160.
The monolayer adsorption capacity Q__in table 2
indicated the following sequence for adsorption of
RY160: Alo-600 > Alo-800 > Alo-1050 > Alo-110.

The results of the first three samples Alo-
600, Alo-800 and Alo-1050 (nano AlLO,) are in
agreement with the obtained data in Figs. 5, 6
and 7. On the other hand Alo-110 (amorphous
Al(OH),) which exhibited the highest % removal
in Fig. 5,6 and 7 showed the lowest monolayer
adsorption capacity (table 2). This may indicate
that the adsorption of RY160 on the surface of
Alo-110 is controlled by other mechanism rather
than the monolayer suggested by Langmuir.
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Fig. 7. Effect of pH on the adsorption of RY160 onto alumina nanoparticles. (RY160 conc. 50 mg/L, contact time;
Alo-110 10 min, Alo-600, Alo-800 and Alo-1050 80 min).

Freundlich isotherm.

Freundlich isotherm is more general than
Langmuir isotherm, because it deals with surface
heterogeneity and does not assume monolayer
adsorption. The Freundlich parameters K, and
I/n are used to explain the affinity between the
adsorbent and adsorbate [29]. A low value of 1/n
is an indicator for high affinity between adsorbent
and adsorbate, and a high K, value point out that
the adsorbent has a high uptake capacity. The R?
in Table 2 and Fig. 8b for the samples Alo-110,
Alo- 600, Alo-800, and Alo-1050 were 0.987,
0.914, 0.915 and 0.521 respectively. These values
indicated that only the adsorption of RY 160
on the surface of Alo-110 can be described by
Freundlich isotherm model. The high value of K,
for sample Alo-110 in table 2 indicates the high
affinity of this sample for the adsorption of RY 160
from aqueous solutions. This behavior of Alo-110
indicate that the adsorption of RY 160 onto Alo-
110 can be described by both models Langmuir
and Freundlich. Thus, explain the lower Langmuir
adsorption capacity than could be expected.

D-R isotherm.

Langmuir and Freundlich isotherms did
not give information about the adsorption
mechanism. The nature ofthe adsorption process
as chemical or physical can be predicted from
the D—R isotherm model. The D-R plots of the
adsorption of RY 160 onto the different alumina
samples are presented in Fig. 8c. The model
parameters are also presented in Table 2. The
mean free energy of adsorption calculated from
the D-R plot can indicate the type of adsorption
chemical or physical. The positive values of the
energy of adsorption E in Table 2 pointed out
that the adsorption of RY 160 on the surface of
nano alumina samples is endothermic process
[30].The values of mean adsorption energy in
Table 2 were 17.05, 29.54, 25.28 and 33.37 kJ/
mol for the nano alumina samples Alo-110,
Alo-600, Alo-800 and Alo-1050, respectively.
These values of adsorption free energy <40
kJ/mol) indicated that, the adsorption process
takes place physically [31,32].
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TABLE 2. Summary of isotherm model parameters.

Freundlich model Langmuir model D-R model
Sample

K, 1m R Q.(mgg b R X(molg  b(molj) Engfl‘)"
Alo-110  150.62 046  0.987 6.16 0.16 0.992 1.0726x10°  -0.172x 10 17.05
Alo-600  56.82 0.11 0914 85.47 0.79 0.998  1.4268x 10*  -0.057x 10 29.54
Alo-800  35.26 0.11 0915 53.48 0.54 0.999  1.047x 10* -0.078x 10 25.28
Alo-1050 38.86 0.10  0.521 51.81 0.01 0.968 9.349x10°  -0.049x 10°® 33.37
Conclusion 4. R, J., J, J. Simultaneous removal of binary dye

The alumina nanoparticles prepared from
waste alumnium metal has considerable potential
for the removal of reactive yellow 160 dye from
aqueous solution under different conditions
and over a wide range of concentrations. The
results showed that the three heated samples are
consisted mainly of ALO, crystalline phase in
the nano scale. The adsorbability of the prepared
samples were in the order Alo-110> Alo-600 >
Alo-800 > Alo-1050 with percentage removal
reached 100% for Alo-110. The adsorption data
were best described by Langmuir isotherm model
for the prepared samples indicating a monolayer
surface adsorption. The adsorption process was
confirmed to be endothermic and the adsorption
takes place physically.
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