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Abstract—y-Alumina powders were produced from the calcination of pseudo-boehmite for scavenging anionic blue
(RS 150), and red (RB 133) dyes. The effects of calcination temperature, soaking time, pH, and nanoparticle dosage on
dye adsorption were investigated to fabricate a reusable adsorbent. The mentioned dyes can be efficiently adsorbed over
the j~alumina nanoparticles if the calcination conditions, and pH are identified correctly. The powder calcined at
700 °C within 30 min inherently exhibited a high affinity towards blue dye at pH 5.0, while the proper adsorption
towards red dye was achieved at pH 2.0. The maximal blue, and red dye adsorption capacities were determined to be
303, and 417 mg L™, respectively. Although the calcination of boehmite at 1,000 °C led to the higher chemical resis-
tance, the specific surface area significantly decreased from 202 to 126 m* g, causing a significant drop in the adsorp-
tion of blue dye due to an increase in pore diameter, 6 nm. Importantly, the adsorptive performance of produced
powder was stable with ten times thermal regeneration. Based on results obtained for the treatment of industrial textile
wastewater, the fabricated y-alumina powder is promising material to adsorb the anionic dyes.
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INTRODUCTION

Water resource contamination by toxic streams discharged from
textile industries is a serious environmental problem. The detrimen-
tal impacts of wastewater contaminated by anionic dyes are the
main challenge from the environmental engineering viewpoint re-
quiring eco-friendly innovation for the removal of these hazard-
ous materials. On the other hand, the extended demand for clean
water has led to governmental compulsion to recycle the treated
wastewater. Moreover, the treatment of wastewater prevents jeop-
ardizing human health, and ecological disturbances.

Anionic dyes are organic components which are dissociated into
anions in water. These types of dyes, which are used to color wool,
silk, and nylon, contain acidic groups like sulfate and carboxyl, pro-
viding the ionic bonds through the acid groups of dyes and the
amine groups in the material. A variety of treatment methods have
been innovated to remove the dyes from wastewater, including
membrane separation [1], emulsion liquid membrane [2], chromato-
graphic separation [3], coagulation [4], flocculation [5], and photo-
catalytic degradation [6]. The mentioned techniques are not attractive
to remove anionic dyes from the wastewater in comparison to ad-
sorption [7]. Low cost adsorbents like straw [8], fly ash [9], boron
industry waste [10], wastes of soda ash plant [11], natural clay [12],
and modified zeolite [13] have been used for the treatment of waste-
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water contaminated with the anionic dyes. Notably;, advanced materi-
als, including functioned hollow glass microsphere [14], salicyl active
esters [15], CusSnS,@C nanocomposite [16], amino-functionalized
titanate nanotube [17], multifunctional carbon nanotube supported
metal doped MnO, composite [18], organovermiculite-based adsor-
bent [19], chitosan [20], and magnetic multi-walled carbon nano-
tubes-Fe;C nanocomposite [21] have been applied in the removal
of anionic dyes due to the encouraging performance in the decon-
tamination of pollutants. However, these materials have some lim-
itations in terms of chemical resistance, regeneration, and reusability.
Therefore, it is of great importance to undertake materials which
could be regenerated after dye adsorption. Since dye removal is a
solid-liquid interface phenomenon, as a result anion adsorption is
largely influenced by textural features such as surface area, pore
size, functional groups, and electrostatic forces.

Alumina is preferred to apply in aggressive environments due to
excellent strength, hardness, and chemical resistance. This mate-
rial commonly is formed in several crystalline structures as y, & %
6, 6 1, and « forms. Alumina can be fabricated from gibbsite,
Al(OH);, and or boehmite, AIOOH, by heat treatment [22,23].
Regardless, a-ALO;, which is stable form, the other structures are
metastable; therefore, the calcination process should be controlled
to achieve a proper structure. During heat treatment, aluminum
hydroxide is transformed into the metastable phase before convert-
ing into stable a~ALO;. Due to existence of acidic sites in ~ALO;,
this form of alumina is preferred for catalytic and adsorption pur-
poses. The transformation from y to aALO; leads to a decline in
the number of active sites, which occurs in temperature above
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1,000 °C [24]. The mesoporous j~alumina fabricated by the tem-
plate method has been used for the Congo Red removal from waste-
water [25]. Reactive Red 120, and orange G were efficiently removed
from solution by nano-sized alumina [26,27]. Alumina packed bed
was used in the dynamic treatment of wastewater contaminated
by reactive dyes [28]. Red 198, and Bluel9 dyes were perfectly ad-
sorbed onto alumina coated on multiwall carbon nanotubes [29].

Based on previous investigation, the y~Al,O, powder possessing
large surface area, promises extended active sites for the adsorption.
On the other hand, the chemical and thermal resistance of alumina
provide a potential for application in the acidic environment, and
thermal regeneration after treatment process. The identification oper-
ational constraints for the production and regeneration of »-ALO;
are of great importance from the industrial viewpoint to reuse with-
out losing capacity in the deletion of anionic dyes from textile waste-
waters. In the current work, a pseudo-boehmite powder, which is
produced commercially, was chosen as a precursor to fabricate j-
ALO; powders. The obtained materials were first applied to treat
the wastewater contaminated with the industrial anionic dyes, blue
(RS 150), and red (RB 133), in the acidic environment. The proper
conditions, including calcination temperature, soaking time, and
pH, were determined to maximize the adsorption capacity. Finally,
the spent adsorbent was thermally regenerated several times to
evaluate the reusability of fabricated material in wastewater treat-
ment. The integration of fabrication and regeneration constraints
synergistically led to achieving an excellent scavenging capacity and
easy thermal recovery.

MATERIALS AND METHODS

1. Materials

The commercial pseudo-boehmite powder, AIOOH, produced
by Mineral Research Center of West Country in Iran, was purchased
and utilized to prepare the adsorbents without further purification.
Blue (RS 150) and red (RB 133) dyes were received from Khoy
Textile Company Freudenberg, West Azerbaijan in Iran. Distilled
water was employed for the preparation of dye stocks in which
hydrochloric acid, 37%, was used to adjust the solution pH. The
industrial wastewater contaminated by blue and red anionic dyes
was collected from the discharged effluents of two textile factories
which use from the selected dyes for fabric dyeing.
2. Fabrication of Adsorbents

Boehmite powder was first well dried within an electrical oven
at 110 °C in air atmosphere for a day. The oven-dried powder was
heated in an electrical furnace up to maximal temperatures, 500-
1,000 °C, with a rate of 10°C min™', and maintained at the men-
tioned temperatures for 15-120 min to obtain alumina powders.
The thermally treated materials were allowed to cool naturally,
~50°C, and then were placed in a desiccator until reaching room
temperature.
3. Dye Removal Experiments

The concentrated stock solutions, 100 mg L™, were prepared by
stirring dyes in the distilled water till dissolving completely. The
stock solutions were further used to prepare solutions with differ-
ent concentrations, 30-70 mg L™, by diluting to the required level.
Hydrochloric acid solution, 0.5 mol L™, was used to adjust the pH
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of solutions, and industrial wastewaters in the range of 2-6. Batch
adsorption experiments of dyes onto alumina were conducted via
magnetic agitating, 100 rpm, at 25 °C. Different content of adsor-
bents, 1.5-10.0 g L™, was immersed in the industrial wastewater to
determine the proper dosage for recovery. The adsorbents were
separated by centrifuge, 3,000 rpm, after 4 h, which is sufficient to
achieve equilibrium. The removal process was evaluated by mea-
suring the dye concentration using a Jenway UV-vis spectropho-
tometer (Model 6705, UK). A common route was applied to evaluate
the adsorption of dye species. For the determination of dye con-
centration, six diluted solutions, 1 : 10, whose concentrations were
known exactly, were used to identify a calibration plot. The absor-
bance spectra of standard solutions were then obtained by spectro-
photometry. The blue and red dye solutions showed the maximal
absorbance at wavelengths of 596, and 523 nm, respectively. The
maximal absorbance of dye solutions was plotted versus concen-
tration. The linearity of this plot arises from the Beer-Lambert law,
which states that the absorption of light by dye is proportional to
concentration in solution. The absorbance spectrum of each solu-
tion with unknown concentration was obtained to determine the
dye content through the calibration plot. For the calculation of ad-
sorption efficiency; R, and capacity; q,, following equations were used:

reGo=C)

1 1
c. 00 1)

_ (CO _ Ce)V

q M 2

where C,, and C,, mg L', are the corresponding concentration of
dye before and after adsorption, respectively, V is the solution or
wastewater in milliliter, and M is the mass of adsorbent. The adsorp-
tion testes were repeated at least three times and the variance was
calculated based on obtained data.
4. Thermal Regeneration of Adsorbents

By ten times repetition of the adsorption process, the sufficient
content of spent adsorbent was collected to regenerate by thermal
method. The collected wastes were transferred into the ceramic cru-
cibles and heated at 500 °C in an electrical programmable kiln. The
materials were heated with the rate of 10°C min™' up to 500 °C
and kept at this temperature for 120 min. The regenerated adsor-
bents were cooled naturally to room temperature and placed in in
a desiccator. The batch adsorption tests were carried out with regen-
erated adsorbent to examine the reusability of produced alumina.
5. Industrial Wastewater Properties

It is difficult to define a typical property for textile wastewater
due to differences in the application techniques. Based on the data
received from the textile industries, Table 1, the used wastewaters
are a mix of dyes (Blue RS 150, or Red RB 133), and other pollut-
ants, including solids, organics, and alkali metals. The concentra-
tion of dyes was determined by UV-vis spectrophotometry, using
calibration plots. The pH, total suspended solids (TSS), chemical
oxygen demand (COD), biochemical oxygen demand (BOD), and
sodium concentration were monitored before discharging into envi-
ronment. In the textile wastewater treatment, the dyes are first re-
moved after solid separation. The biological, and chemical pro-
cesses are carried out in another treatment plant to guarantee the
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Table 1. Properties of industrial wastewater

Property Blue wastewater Red wastewater
pH 9.7 103

TSS (mg L) 370 440
COD (mg L™ 1,100 1,030
BOD (mgL™) 550 380

Na" (mgL™") 6,800 7,500

Dye concentration (mg L") 70 82

safety of discharged water. In this study the solids were separated
by centrifugation, and the dye adsorption was performed to evalu-
ate the ability of adsorbents in treatment of wastewater.
6. Adsorbent Characterizations

Differential thermal analysis (DTA) and thermogravimetric (TG)
study on boehmite powder were carried out in a ceramic crucible
using a TA analyzer (DTA-TGA, Model Q600, USA) under air flow
with a heating rate of 10°C min". The crystalline change occurring
in the starting material with the calcination at different conditions
were followed by Bruker D8-Advance (XRD, Karlsruhe, Ger-
many) using Cu-Ko radiation in which the scanning rate was
considered 0.02 °s™" in the 26 range of 10-90°. Fourier transform
infrared spectra analyses were performed on KBr discs in the
range of 400-4,000 cm ™" using a Bruker FTIR spectrometer (Model
Tensor 27, Germany). Scanning electron microscopy (SEM; Model
4401 EOL, UK), and field emission scanning electron microscopy
(FESEM; MIRA3, Tescan, Czech Republic) analyses were used for
the morphological observations on gold coated surfaces. The nitro-
gen adsorption-desorption isotherms were collected at 77 K using
a Quantachrome apparatus (Chem BET 3000, USA) to determine
the textural properties and pore size distribution based on Brunauer-
Emmett-Teller (BET), and Barrett-Joyner-Halenda (BJH) models,
respectively. The zeta potential of adsorbents was measured by
nanoPartica SZ-100V2 (Horiba, Ltd, Japan) instrument.

RESULTS AND DISCUSSION

1. Effect of Calcination Condition on Removal Efficiency

Fig. 1 shows the dye removal efficiency of thermally treated pow-
ders as a function of calcination temperature in which the pH of
dye stocks was adjusted at 5.0. The yield of adsorption increased
with the rise in calcination temperature, and remained at the con-
stant level when the heat treatment was carried out in the range of
600-700 °C. Approximately 99 % of contaminants was removed by
the powders calcined at 600-700 °C, which is necessary to satisfy
the wastewater treatment. The removal efficiency plots show the
same trend for the decontamination of dye solutions with a stable
plateau in the range of 600-700 °C. However, a distinct decline in
the yield appeared at temperatures above 700 °C. In comparison to
blue dye adsorption efficiency, the excessive content of red dye could
be adsorbed onto alumina powder heated at the temperatures higher
than 700 °C, adversely affecting the decontamination performance.

To evaluate the effect of calcination time on dye removal effi-
ciency, the boehmite powder was calcined at 700, and 1,000 °C in
the soaking range of 15-120 min as displayed in Fig. 2. A unique
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Fig. 1. Dye removal efficiency versus calcination temperature, soak-
ing time: 120 min, dye concentration: 100 mg L', pH: 5.0,
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Fig. 2. Dye removal efficiency versus calcination time, soaking tem-
perature: 700, and 1,000 °C, dye concentration: 100mg L,
pH: 5.0, and adsorbent dosage: 0.50 g L.

opportunity was provided to produce the adsorbent in the short
time, which is beneficial from the economical point of view. The
trend of efficiency is similar for two studied cases if the calcina-
tion temperature is adjusted at 700 °C, reaching to ~99% with soak-
ing within 30 min remaining practically unchanged with treatment
in the longer times. With adjustment of calcination temperature at
1,000 °C, a decline in red dye decontamination occurred when the
heat treatment of boehmite was performed at longer times, >60
min. Though the powder calcined within 15 min indicated a removal
efficiency ~97%, the adsorbents prepared in the longer soaking
times were unable to effectively remove the blue dye. The plots
imply that the calcination at 700 °C is proper to fabricate an adsor-
bent with the proper adsorptive performance in which soaking
time should be considered at least 30 min.
2. Effect of Dye Solution pH on Removal Efficiency

The pH of wastewater is one of the most significant factors affect-
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Fig. 3. Dye removal efficiency versus pH, calcination temperature:
700, and 1,000 °C, soaking time: 120 min, dye concentration:
200 mg L', and adsorbent dosage: 0.50 g L.

ing the dye removal efficiency through the change in the adsorbent
surface charge. To analyze the influence of pH on dye adsorption,
a detailed study was performed under different pH conducted
from 2 to 6 as plotted in Fig. 3. In the acidic environment, the dye
molecules have solvated as anions, which are the main predomi-
nating form. The anion adsorption from dye solution onto alu-
mina particles is a pH dependent process due to affecting the
adsorbent functional groups. Regardless of the calcination condi-
tions, the pH should be adjusted at 5.0 to improve the electrostatic
attraction between the positive surface of alumina particles and
blue dye anions. The red dye removal efficiency also decreased in
an abrupt manner from 98 to 22% due to change in pH in the
range of 2-6 when the boehmite powder was calcined at 700 °C.
The same trend in adsorption efficiency was observable for adsor-
bent produced at 1,000 °C.

3. Adsorption Isotherm

The equilibrium adsorption studies were conducted at 25 °C with
different concentrations of dyes over the powder calcined in the
proper condition, 700 °C within 30 min. As emphasized earlier, the
increase in the calcination temperature significantly influenced the
adsorption of dyes; as a result, the powder treated at 700 °C was
used as a proper adsorbent in the equilibrium studies. Also, the pH
of solutions contaminated by blue and red dyes was adjusted at
5.0, and 2.0, respectively, to maximize the adsorptive performance.
As illustrated in Fig. 4, the adsorption performance improved with
increase in the concentration, ensuring the saturation of active sites
onto the alumina particles. Also, the maximal adsorption capacity
indicates that the red dye is adequately adsorbed onto the alu-
mina particles.

To address dye adsorption behavior over the alumina particles,
different mathematical models were applied which are crucial to
design the units for the removal of contaminants in practical con-
ditions. A detailed insight about the adsorption process was ob-
tained by applying three isotherms, Langmuir, Freundlich, and
Temkin, which provided important information about the distri-
bution of dye anions onto alumina-solution interface.
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Fig. 4. Adsorption capacity versus blue, and red dye concentration,
Langmuir isotherm for adsorbent produced by calcination

at 700 °C within 30 min.
s _ quLCe Ce _ 1 Ce
Langlnmr 4= 1+ KLCe o 9. - quL i 9 (3)
Freundlich: q,=K,C." or Inq,=InKg+ r—lllnCe @

R, T R,T R, T
Temkin: qez—i—ln(ATCe) or q,=—%InA;+-%-InC, (5

b b
where C,, and q, denote the concentration and adsorption capac-
ity in the equilibrium condition, respectively. q,, is the maximal
adsorption capacity, and K; is the Langmuir constant. K denotes
the Freundlich constant, and 1/n is a power constant. A; and b are
Temkin isotherm, R, is the universal gas constant, and T is abso-
lute temperature. These models are the main isotherms which are
frequently applied to obtain deep information about adsorbent abil-
ity. As seen in Table 2, the equilibrium data were better fitted by
the Langmuir isotherm with higher coefficient of determination,
R’, as compared with those for Freundlich, and Temkin models,

Table 2. Parameters of isotherms for removal of blue, and red dyes
at pH 5.0, and 2.0 over alumina powder calcined at 700 °C

within 30 min

Isotherm Parameter Blue dye Red dye

Langmuir qn (mgg™) 303 416.7
K, (L mg™") 0.60 0.42
R? 0.998 0.999
R, 0.02 0.03

Freundlich n 5.00 452
K 143.47 181.69
R? 0.910 0.882

Temkin Ar (Lmg™) 235 12.7
b (J mol™) 57.2 38.3
R? 0.921 0.919
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implying that monolayer adsorption occurred during the dye re-
moval process. The prepared adsorbent exhibited an adsorption
capacity of about 303, and 417 mg g for the decontamination of
solution polluted by blue, and red dyes, respectively, confirming
that alumina powder produced from boehmite has the higher capac-
ity to remove anionic dyes. The separation factor, R;, was used to
estimate the affinity between alumina powder and dyes in the mono-
layer adsorption, which can be predicted as:

1
R, =
L1+ K, C,

6)

This factor represents the behavior of adsorption as irreversible if
R, is zero, favorable if 0<R; <1, linear if separation factor is equal
to 1.0, and unfavorable when R;>1. As reported in Table 2, R,
value for the removal of studied dyes is between zero and 1.0,
which proves the favorable adsorption.
4. Industrial Wastewater Treatment

To study the practical application of produced alumina powder
in the treatment of real systems, two industrial wastewaters con-
taminated by anionic blue and red dyes were collected from the
recovery units of textile factories and were treated with fabricated
adsorbent at the proper pHs, 5.0 and 2.0. The appropriate recov-
ery could be achieved by using alumina powder as represented in
Fig. 5 in which different dosages of absorbent were used to point
out the effect of alumina powder on recovery of industrial waste-
water. As shown, 45-50% of dyes was adsorbed by 1.7g L™ of
adsorbent, which exhibits good performance in the recovery of
real systems. With increment in the alumina dosage, the efficiency
reached 90%. However, a little difference is observable in the per-
formance of alumina powder, showing that the recovery of con-
taminated effluents could be carried out properly at the appropriate
pHs.
5. Thermal Regeneration of Adsorbent

By taking account of secondary pollution due to deposition of
spent adsorbent in the landfill, and cost of alumina, the regenera-
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Fig. 5. Dye removal efficiency versus adsorbent dosage for recov-

ery of industrial wastewater contaminated by blue, and red
dyes, calcination temperature: 700 °C, soaking time: 30 min.

Table 3. Dye removal efficiency of thermally regenerated alumina
powder for reusability evaluation in industrial wastewater
treatment

Dye removal efficiency (%)

Regeneration runs

Blue Red

Fresh 90.0+£3.0 89.5+4.1
1 91.0+2.3 84.0+3.3
2 90.5%+3.0 80.4+1.8
3 88.2+2.2 80.2+3.8
4 88.4+1.9 81.0+2.7
5 87.5+2.0 79.7+1.1
6 85.0+2.6 79.9+14
7 84.1+2.3 78.8+1.5
8 82.0+£2.0 774+1.6
9 81.6+2.8 76.7+2.1
10 79.242.4 75.5+2.9

tion, and reusability are of great importance in the recovery of
industrial wastewater. The absorption efficiency of alumina powder
produced via the calcination at 700 °C towards the dye removal was
evaluated up to ten regeneration cycles. To examine the reusability
of adsorbent, the regenerated powder was mixed with industrial
wastewater. Based on data reported in Table 3, the alumina pow-
der could be easily regenerated by the thermal treatment at 500 °C.

A slight decline in the removal efficiency was found after each
cycle, demonstrating an appropriate reusability. The alumina pow-
der showed excellent performance after thermal regeneration in
which the efficiency was still kept about 80-90% after five regener-
ation cycles, depending on dye chemical structure. Moreover, the
adsorbent was not deteriorated after the wastewater treatment for
multiple times. The major reason for the maintenance of adsorp-
tion yield is keeping the active sites in the thermal regeneration due
to considerable difference between the fabrication and regenera-
tion temperatures in which the structure remains intact approxi-
mately, demonstrating that alumina powder not only shows out-
standing adsorption capacity; but also indicates the proper ther-
mal stability.
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Fig. 6. DTA-TG curves of used boehmite.
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Fig. 7. Structural characteristics of boehmite and adsorbents, (a) XRD patterns, and (b) FTIR spectra.

6. Thermal Conversion of Boehmite

Fig. 6 indicates the DTA-TG curves of used boehmite for the
production of adsorbents. Regarding the dehydration and dehy-
droxylation of boehmite, three stages were clearly identified. The
first endothermic peak detected on the DTA curve corresponds to
the dehydration of boehmite. The mass loss ~10% is observed in
the temperature range of 30-150 °C, which is related to the evapo-
ration of adsorbed water. In the temperature range of 300-560 °C,
the second broad endothermic peak is assigned to dehydroxyl-
ation of boehmite. A mass loss about 14.8% was detected, which is
close to the theoretical dehydroxylation of boehmite, 15%, leading
to formation of 3~ALQO;. In the last stage, the mass of powder remains
is unchanged up to 1,000 °C.

7. Crystalline and Chemical Structure of Adsorbents

The XRD pattern of boehmite and thermally treated powders is
illustrated in Fig. 7(a). The refined crystalline phases are: boehmite
for starting material, % and 6-ALO; for those treated at 700, and
1,000 °C, respectively. Boehmite diffractions were identified as broad
peaks, indicating the formation of nano-crystallites. It is expected
to find an evidence in the diffraction patterns of calcined powders.
There is a change in the crystalline structure with an increase in
the calcination temperature. The peaks at 45.5 and 67.1° are at-
tributed to y phase, while the diffractions at 32.8 and 67.4° are
obviously related to € phase. Although o-ALO; peaks were not
detected, both patterns show appreciably wide peaks, which indi-
cate poor crystalline structure. The crystallinity of y and & phases
is lowest compared to the boehmite. Some reflections of y-alumina
are also observable in the pattern of powder calcined at 1,000 °C.
This result is related to the structural transformation from cubic
structure (j<phase) to the monodlinic (&-phase) structure. The crys-
talline nature of different phases is strongly dependent on the calci-
nation condition. It is important to note that the DTA curve indicates
no evidence for the transformation from yinto @phase.

The FTIR spectra represented in Fig. 7(b) further demonstrate
the structural change due to thermal treatment at 700, and 1,000 °C.
The signals at 3,744 cm™" are the characteristic absorption of Al-
OH bond, and the broad vibration at 3,440 cm™" is attributed to
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the absorption of hydroxyl group. The bending vibration at 1,630
cm' corresponds to O-H bond due to physically adsorbed water
molecules. The weak signal at 1,516 cm™" is ascribed to the vibra-
tion of carbonate group due to pollution of primary material. The
peak at 1,076 cm™" is ascribed to Al-O-H vibration in the AlO,
group. The peaks in the wave number of 737, 610, and 484 cm™
are related to the vibrations in AlO4 group in boehmite. Although
the mentioned signals in the spectra of calcined powders are simi-
lar to those observed in boehmite spectrum, the signal at 484 cm™
was transformed to a broad band, indicating the formation of y
phase as illustrated by XRD patterns.

8. Microstructure of Adsorbents

The SEM images of adsorbents at 700, and 1,000 °C are repre-
sented in Fig. 8. A microscopic study revealed that the powder cal-
cined at 700 °C mainly contains fine sized particles which were
agglomerated, showing an irregular morphology, <10 um (Fig. 8(a)).
As expected, the form and size of agglomerates were preserved after
heating at 1,000 °C, as represented in Fig. 8(b). The particles exhibit
a similar microstructure with respect to the powder calcined at
700 °C with an evident intergrowth of boundaries due to strong
calcination at the higher temperature.

Since the SEM micrographs are not sufficient to evaluate the
adsorbent structure, FESEM tests were performed to deeply verify
the crystalline transformation. In fact, high magnification image
revealed the difference in the microstructure of thermally treated
powders. The microstructure of alumina nanoparticles became clear,
revealing the difference in the cleavages. The appropriate adsorp-
tion performance of powder prepared at 700 °C is related to the
presence of spherical nanoclusters, <20 nm, as displayed in Fig.
8(c). The clusters represent the rough nature and sponge skeleton
with an extended surface area, which allows better contact with
the dye anions. The nanoclusters were fully transformed to semi-
spherical particles with the size about 100 nm, Fig. 8(d), through
thermal treatment at 1,000 °C. The intergrowth of spherical nanopar-
ticles led to a sharp decline in the adsorption efficiency. The reduc-
tion in scavenging capacity is attributed to the weak interconnection
with the surface of coarse particles.
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(c)

(d)

Fig. 8. Morphological features of adsorbents, SEM image of powders calcined at (a) 700 °C within 120 min, (b) 1,000 °C within 60 min,
FESEM images of powders treated at (c) 700 °C within 120 min, and (d) 1,000 °C within 60 min.

9. Textural Characteristics of Adsorbents
The N, adsorption-desorption isotherms of powders prepared

700
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Fig. 9. Nitrogen adsorption-desorption isotherms, and pore size dis-
tributions of alumina powders.

via calcination at 700 and 1,000 °C are displayed in Fig. 9. Although
the plots are similar based on IUPAC nomenclature, the main dif-
ference is the nitrogen content adsorbed onto powders. Due to the
sharp rise in the adsorption branches, which are barely noticeable
at the higher relative pressures, close to 0.85, the isotherms are classi-
fied as type IV with hysteresis of H3, indicating a porous structure
[30]. The type of isotherms and hysteresis loops remained un-
changed with change in the calcination conditions. The powder
calcined at 700 °C consists of micro and mesopores which were
uniformly distributed in a narrow range, 2-20 nm, while the calci-
nation at 1,000 °C led to a wide range distribution, 2-30 nm. The
estimated pore sizes confirm the formation of mesoporous struc-
ture for both adsorbents. Additionally, the textural characteristics
of alumina powders are reported in Table 4, indicating that the
specific surface area and pore volume significantly declined after
thermal treatment at 1,000 °C. On the other hand, the increase in
the average mesopore diameter could be related to disappearance
of micropores and association of mesopores. As is well known, a
larger surface area supports the proper scavenging capacity.

The measured zeta potential of alumina powders is represented
in Table 3 in which the adsorbents exhibit negative potential, mean-
ing that the nanoparticles were charged negatively. The powder
prepared at 700 °C represents a lower zeta potential than that pro-

Korean J. Chem. Eng.(Vol. 40, No. 4)
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Table 4. Textural characteristics of powders calcined at different conditions

Temperature Time Surface area Pore volume Average pore size Zeta potential
(0 (min) (m’ g™") (em’g™) (nm) (mV)
700 120 202.0 0.990 5.8 -1.6
1,000 60 126.0 0.880 12.0 -33

duced via the calcination at 1,000 °C, demonstrating that heat treat-
ment at higher temperature increases the negative charge of nano-
particles, reducing the scavenging capacity.
10. Boehmite Conversion and Dye Adsorption Behavior

The change in adsorption properties with increase in calcina-
tion temperature is related to alteration in adsorbent structure. Based
on DTA-TG curves, the dehydroxylation of used boehmite occurred
at ~600 °C, confirming the transformation into 3ALO; [31]. Accord-
ing to the XRD patterns, j~ALO; is a unique phase formed with
calcination up to 700 °C. The BET results indicate that the specific
surface area of formed y phase is about 202 m” g, providing ap-
propriate number of active sites. The adsorption of dyes onto
ALQ; is an electrostatic phenomenon. Due to deprotonation of
Al-OH bonds and formation of Al-O™ groups, the surface of

Blue dye connection to Y-Al203
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AlL,O; particles shows a negative charge at pH above 7.0, repelling
the dye anions. When the pH of wastewater is lowered, the parti-
cle charge is changed due to protonation of Al-OH groups, lead-
ing to formation of A-OHj;. On the other hand, the adsorption of
dyes depends on the electrostatic attraction between Al-OH; spe-
cies, and -NH, SO;~ groups in the chemical structure of anions as
represented in Fig. 10. Not only is the number -NH bonds in the
anions an effective factor in the adsorption of blue dye, but also
the SO~ groups play an essential role in the connection to Al-
OH; species. Therefore, the red dye could be efficiently adsorbed
because of containing more SO;  groups compared to that for
blue dye. Although the number of Al-OH, species increases with
reduction in pH, a limited number of -NH, and SO;~ groups is
available to connect AI-OH; species; consequently, the adsorption

Red dye connection to Y-Al203
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Fig. 10. Adsorption mechanism of blue and red dye onto <AL O; nanoparticles.

Table 5. Adsorption capacity of different adsorbents for removal of anionic dyes from wastewater

Dye Adsorbent Adsorption capacity (mg-g ') Reference
Reactive blue 2 Activated sludge 250.0 [34]
Reactive blue 19 Panus tigrinus biomass 13.7 [35]
Reactive blue 19 Modified silica gel 73.0 [36]
Reactive blue 4 Modified rice bran 185.2 [37]
Reactive blue 4 Phanerocheate chrysosporium fungus 211.6 [38]
Reactive blue 19 MgO 166.7 [39]
Reactive red 198 MgO 123.5 [39]
Reactive blue RS 150 MgO 1,000.0 [40]
Reactive blue RS 150 7-Alumina 303.0 Present work
Reactive red RB 133 7-Alumina 416.7 Present work
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efficiency for blue dye remains constant in the pH range of 2-4.
The ignition of dyes adsorbed onto alumina nanoparticles during
the thermal regeneration process causes a local change in porous
structure, vacancy distribution, and aggregation of nanoparticles,
resulting in a decline in the number of active sites.
11. Future Research Perspectives and Cost Analysis

Different adsorbents were employed to remove anionic dyes
from wastewater, as reported in Table 5. Although a variety of dyes
were removed by adsorption, the proper capacity was reported for
the nano-porous MgO produced based on template pathway and
7-ALO; fabricated in the present work. The preparation of »AlLO;
from boehmite led to achieving a reusable adsorbent with the higher
adsorption capacity in the acidic condition. The results obtained
in this study exhibit that the introduced method is desirable from
an environmental point of view due to application in the corro-
sion condition. Moreover, the obtained alumina was thermally sta-
ble; consequently, it can be used for a longer time in wastewater
treatment. The treatment of wastewater discharged from textile
industries requires a multilateral consideration from shaping, calci-
nation, and application in the fixed bed system in which mechani-
cal strength and reliability are determinant factors. The adsorption
system only can be coupled as supplemental process when dye con-
centration is lower than 20 mg L™, in the downstream of the treat-
ment system to polish the discharged wastewater quality. The ad-
sorption unit should be designed as a fixed bed system; however,
due to the complexity, the forming of alumina adsorbent as rod-
like shape was suggested in the previous work of authors [28]. Al-
though the adsorption of anionic dyes onto the alumina powder
was proved to be an effective way in wastewater treatment, the appli-
cation of this process is still difficult, needing extended research to
turther prove the feasibility in the pilot scale from shaping point of
view and adsorption in the dynamic condition. The direction of
the current research is the initial cost analysis for recovery of an
industrial wastewater with flow rate about 1.0 m” h™". These calcu-
lations were based on the proper content of adsorbent, 10g L™,
required to achieve the maximal efficiency, 90%. The boehmite
powder was extracted from nepheline syenite ore in Iran, and the
cost analysis was performed according to the starting material cost
in 2022. Although the costs of shaping, calcination, and fixed bed
construction should be considered, the main expense is related to
the price of the starting material used for the fabrication of adsor-
bent. The treatment cost was estimated to be 2.2 US$ m™> with 10
recycling runs.

CONCLUSIONS

The study dealt with a description of a pathway for the produc-
tion of a thermally stable gamma alumina powder from boehmite
for the decontamination of textile wastewater containing anionic
dyes. The calcination of boehmite at 600-700 °C within 30 min can
be considered as a safe procedure to achieve a reusable adsorbent
for the decontamination of industrial textile wastewater without
effectively losing adsorptive performance and creating secondary
pollution. Note that the calcination of boehmite does not com-
pletely remove dyes. The significant performance was achieved
with adjusting the pH of wastewater, depending on the chemical

structure of the contaminant. The appropriate pH for the removal
of blue and red dyes was found to be 5.0, and 2.0, respectively, in
which the alumina structure remains unaffected at room tempera-
ture. The maximal adsorption capacities were determined as 303,
and 416 mg g for the remediation blue, and red dyes at the proper
pHs, respectively. j-Alumina with the proper mesopores, 6 nm, is
a viable alternative for the removal of anionic dyes from wastewa-
ter because of chemical resistance, thermal stability, reusability, and
simplicity of production.
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