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Abstract—A novel hyper-branched alumoxane with dendritic structure (Alu-Den) was prepared via a polycondensa-
tion reaction between hydroxyl groups of boehmite and carboxylic groups of gallic acid for use as an adsorbent for
elimination of cationic Methylene blue from aqueous media. The successful formation of tree-like structure of Alu-Den
was confirmed by several analyses, including FTIR, XRD, FE-SEM, BET, DLS and TGA. Adsorption variables, such as
adsorbent dosage and pH, were optimized to acquire the maximum efficiency for dye removal. The results indicated
that 0.02 g Alu-Den can totally eliminate 10 ml Methylene blue with concentration of 20 mg/l at 288 K and pH=10. In
case of visionary investigation, the sorption process conformed to the pseudo-second-order kinetic model for all pre-
pared concentrations. The Langmuir, Freundlich and Sips isotherms were evaluated to define the interaction between
dye molecules and dendritic alumoxane structures. The results showed that the empirical data were in agreement with
the Sips isotherm. Additionally, the spontaneous and exothermic quiddity of Methylene blue adsorption onto Alu-Den
surface was divulged by thermodynamics assessments. Eventually, the Alu-Den was regenerated following four time
adsorption-desorption cycles without significant loss in adsorption capacity. Hence, owing to its biocompatibility, sim-
ply accessible precursors, and high recyclability, the present novel adsorbent offered superior potential for the elimina-

PISSN: 0256-1115
eISSN: 1975-7220

tion of cationic dyes from aqueous phase.
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INTRODUCTION

Dye wastewater is known as one the most perilous threats to
the environment and it can influence aquatic life intensely [1,2].
According to the analysis of the data presented by the Ecological
and Toxicological Association of Dyes and synthetic organic pig-
ments (ETAD) from 1974, more than 90% of some 4000 dyes
assayed in an ETAD survey had LD, (lethal dose 50%) quantities
more than 2x10° mg/kg. The highest rates of toxicity were recog-
nized amongst basic and diazo direct dyes [3]. Another survey
concerning their toxicity towards fish, revealed that 98% of these
dyes possess a CLs, (lethal concentration) greater than 1 mg/L, and
59% have a CLs, above 100 mg/L [4]. These values confirm the im-
portance of studies on dye removal from aquatic medium.

Synthetic dyes are such resistant molecules against degradation
arising from their aromatic structure. Methylene blue as a basic
cationic dye which belongs to the thiazine family has plenty of appli-
cations in paper coloring [5], solar cells [6], wool or cotton dyeing,
covering for paper stock [7], and as a impermanent hair color. Meth-
ylene blue is the prevalent dye in textile wastewater with many efforts
made to eliminate it from water resources. Consequently, an effi-
cient removal technique is required to avoid the potential prob-
lems originating from azo dye wastes to environment and human
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health. So far, different techniques have been introduced to elimi-
nate dyes, including oxidation [8], nanofiltration [9,10], ozonation
[11], photo-Fenton processes [12], photo-catalytic degradation [13],
bio-treatment [14], clotting [15] and adsorption [16]. Among all
these, adsorption is the most cost-effective and efficient process due
to its safety; less energy consumption, simplicity and its sludge-free
cleaning process [17].

Boehmite [AIO(OH)], as oxide-hydroxides of aluminum with
different water amounts and crystal sizes is widely used as adsor-
bent [18,19]. Besides, it is applied as a raw material for alumoxane
production. Carboxylate-alumoxanes [Al(O),(OH),(O2CR),], are
synthesized through the reaction between boehmite with carbox-
ylic acids (HO,CR) with covalent bond. Carboxylate-alumoxane can
be produced with an approximately infinite diversity of functional
groups. The essential properties of alumoxane are the nature and
scale of the joined organic groups. In fact, the alumoxane proper-
ties can be managed by selecting organic molecules. Alumoxane
can be applied in synthesis of polymeric and bioabsorbable nano-
composites, membranes, coating materials and catalyst portions
[20]. Alumoxane is introduced as a potential candidate for adsorp-
tion of contaminants from aqueous media due to its high specific
surface area and appropriate structural properties which speed up
the rate of mass transfer [18].

This work focuses on synthesis of a novel hyper-branched car-
boxylate-alumoxane with dendritic structure using boehmite and
gallic acid as raw materials and its application in elimination of cat-
ionic dye (Methylene blue) from aqueous media. Gallic acid is a
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Table 1. The specifications of the used dye

Dye Molar mass (g/mol) A (M) Chemical formula Chemical structure
N
N
Methylene blue 319.85 663 CsHsCIN,S H3C\N/<j[ s QN,CH_;
CHs Cl CHs
green, lqw-pnced and ava%lable intrinsic polyphgnol, which can be 0, OH_0, OH 0, OH 0, OH OH
easily mined from plant tissue, bark, wood, fruit, tea and gallnuts R S HO OH
[21]. Gallic acid also represents reliable advantages such as anti- ,,.}?l'o‘o'\\ot?'o‘o' ‘0 +
carcinogenic, anti-mutagenic and anti-oxidant properties, low cost - ‘ofgl‘of O'Al‘o'AI
: . ) OH OH~ OH 6750k
and ecofriendly nature. The impact of multiple parameters such as
adsorbent dosage, solution pH, contact time and temperature on Condensation
the maximum adsorption capacity was studied. With the aim of -n H,0

specifying the adsorption capability of the produced adsorbents,
the adsorption isotherms, kinetics, thermodynamics as well as adsor-
bent reusability were also assessed.

MATERIALS AND METHODS

1. Materials

Aluminum nitrate nonahydrate (Al(NO,);-9H,0, 98%), sodium
hydroxide and gallic acid were provided by Merck (Germany) and
utilized as precursors for synthesis of boehmite and alumoxane.
Also, methylene blue was obtained from Merck. Table 1 gives the
detailed information of purchased methylene blue. Acid and base
content of the solutions were controlled by 0.1 M NaOH and HCL
All chemicals were consumed without further treatment.
2. Procurement of Boechmite Particles

The boehmite particles were produced via following protocols:
i) certain amount of sodium hydroxide (649 g) and aluminum nitrate
nonahydrate (20 g) were dissolved in specified amount of deion-
ized water (50 ml, 30 ml), respectively; i) sodium hydroxide solu-
tion was poured into the aluminum nitrate nonahydrate solution
dropwise using intense stirring within 17 min. Then, the acquired
slurry mixture was exposed to ultrasonic waves for 3h at 25°C.
The obtained precipitate was heated in an oven for 4 h at 220 °C.
Finally, the precipitate was rinsed and then purified using centrifu-
gation method. The precipitate was dried at 70 °C before experi-
ments.
3. Preparation of Carboxylate-alumoxane

Initially, 1.5g of boehmite particles and 4.7 g gallic acid were
totally mixed in 80 ml deionized water to attain a homogeneous mix-
ture. The mixture was sonicated for 10 min in an ultrasonic bath
at 25°C. The acquired suspension was then heated under reflux
condition at its boiling point for 24 h. Then, the suspension was
put aside for cooling at room temperature. Before usage, the pre-
pared powder was purified and dried in an oven at 70 °C for 24 h.
A schematic of possible network of synthesized Alu-Den structures
is shown in Fig. 1.
4. Characterization

The existence of diverse functional groups of boehmite parti-
cles and Alu-Den adsorbent was investigated by employing Fou-
rier transform infrared spectroscopy (FTIR, BERL WQF-510A) at
the range of 400-4,000 cm™'. X-ray diffraction (XRD) pattern of
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Fig. 1. Possible network of Alu-Den structure.

samples was achieved employing Panalytical X'Pert Pro (England).
The thermal features of boehmite particles and Alu-Den were as-
sessed via thermal gravimetric Analysis (TGA, TG 209F3 NETZSCH,
Germany) under N, atmosphere (temperature range=25-800 °C,
increasing rate=20 °C/min). The effective surface area was obtained
using Brunauer-Emmett-Teller (BET) theory (Belsorp mini II,
Japan). The structural and morphological aspects of the adsorbents
were studied using field emission scanning electron microscopy
(FE-SEM, MIRA3TESCAN, XUM). Before imaging, the particles
were surface coated by gold under a spurring voltage of 20k. The
structure of the Alu-Den particles was also observed using a high
magnification biological microscope (Nikon,YS100). Furthermore,
the size distribution of the prepared adsorbents was analyzed through
dynamic light scattering (DLS, SZ-100z, Horiba Jobin Jyovin) at
room temperature.
5. Adsorption Assessment

Adsorption capacity of the prepared particles was investigated
upon existence of Methylene blue using a noncontinuous adsorp-
tion system. A stock solution including 500 mg/l of Methylene blue
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was provided using deionized water as solvent. Then, to choose
reference concentration, different concentrations ranging from 5
to 30 ppm were prepared using various dilution factors. After a
precise study, a solution containing 20 mg/l of MB was selected for
the rest of experiments. To begin dye removal evaluations, ini-
tially, 10 ml of the mixture possessing given amount of adsorbents
and dye solution was infused in 100 ml Erlenmeyer flasks. Then,
the containers were shaken employing a shaker incubator at 200
rpm for a certain duration. The obtained suspension was centrifuged
to collect used adsorbent. The concentration of residual Methylene
blue particles in aqueous media was admeasured via a UV-Vis spec-
trophotometer (UV2100, UNICO). Eventually, adsorption capacity
along with removal efficiency was attained by introduced expres-
sions:

Co—C)OV
qe:(o—e) )

m

(Co — Ce)

R= e 100 )
where q, represents the equilibrium adsorption capacity (mg/g), R
is the removal efficiency, Cy, C,, m, and V introduce the initial dye
concentration (mg/l), the dye concentration (mg/l) at equilibrium
state, the amount of adsorbent (g) and the volumetric content of
the dye solution (L), respectively.
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Fig. 2. FTIR spectra of boehmite, gallic acid and Alu-Den.

6. Regeneration Experiment

Renewability of Alu-Den adsorbent was assessed via consecu-
tive adsorption-desorption cycles. With the aim of performing regen-
eration procedure, the used particles (0.02g of Alu-Den) were
poured into 10 ml of 2 M HCI solution. Thereupon, the mixture
was shaken at 298 K for 3 h. The renewed adsorbents were purified,
washed and dried. Afterwards, the dried adsorbents were taken into
action for the subsequent adsorption cycle. The procedure was repli-
cated four times to evaluate the reusability of the produced adsorbent.

RESULTS AND DISCUSSION

1. Characterization

FTIR spectra of boehmite particles, gallic acid and Alu-Den reis
provided in Fig. 2. The FTIR spectra of boehmite particles are in
agreement with the previous published data [18,22,23]. Couple of
intensive bonding at 3,092 and 3,311 cm™" correlate with the stretch-
ing hydroxyl related to Al-OH band. The absorption peaks at 732,
607 and 484 cm™" are ascribed to the vibration mode of Al-O bind-
ing. Also, the observed absorption peak at 1,384 cm™" is due to the
stretching vibration of the nitrate ion impurity. The decline in peak
intensity at 1,706 cm™ for the relevant spectra of Alu-Den compared
to the gallic acid spectra, confirms the creation of C-O-Al binding.
Moreover, the reduction in peak strength at 1,615cm™" could be
assigned to the conversion of the phenolic C-O in gallic acid to C-
O-Al in Alu-Den as a consequence of reaction between gallic acid
and boehmite.

XRD evaluation was carried out to assess crystalline structure of
synthetic powder. Fig. 3 displays the XRD patterns of boehmite and
Alu-Den particles. All characteristic peaks of boehmite particles
were well-matched with standard peaks of AIOOH [1,22]. The pres-
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Fig. 3. XRD spectra of synthesized samples.
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Fig. 4. TGA analysis of synthesized samples.

ence of sharp intensive peaks in the Alu-Den specimen confirms
high crystallinity of the prepared alumoxane. As a matter of fact,
the crystalline structure of the Alu-Den originated from the exis-
tence of boehmite particles. All the peaks detected in the XRD pat-
tern of boehmite particles are also present in the XRD pattern of
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the Alu-Den sample. These peaks are in a similar angular position,
indicating that the boehmite particles are well-embedded in the
Alu-Den structure.

The TGA analysis results for Alu-Den and boehmite particles
are presented in Fig. 4. The TGA analysis is broadly applied to ad-
measure weight variations and assess the thermal stability of a sub-
stance [24]. Based on the diagram of boehmite particles, a weight
loss of 28.86% can be observed up to 500 °C that is attributed to
the decomposition of hydroxyl bindings. The diagram also depicts
that the residual weight of the boehmite sample at 800 °C is 71.1%,
which confirms the high thermal stability of boehmite. Instead, the
thermal stability of boehmite changed after reaction with gallic
acid. Alu-Den particles showed two major decomposition stages.
The primary decomposition stage happened at the temperature
range of 200-350 °C (weight loss of 27.59%), which is ascribed to
the loss of moisture and decomposition of hydroxyl bonds in the
sample as well as internal dehydration. The next decomposition
occurred in the temperature range of 350-800 °C (weight loss of
45.98%), which is attributed to the breakage of Carboxyl bonds and
rings of Alu-Den. By comparing the degradation temperatures of
the two samples, it can be found out that due to the linkage of gal-
lic acid to the surface of boehmite particles, the weight loss in Alu-
Den sample is 47% higher than that of boehmite particles, which
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Fig. 5. N, adsorption-desorption isotherms (a) and (c) and BJH pore size distribution (b) and (d) of the boehmite and Alu-Den particles.
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Table 2. The structural properties of boehmite and Alu-Den adsorbent
Adsorbent Sger (M?/g) Total pore volume (cm’/g) Mean pore diameter (nm)
Boehmite 21.474 0.02871 5.3478
Alu-Den 131.64 0.1708 5.1898

-‘ w
L3 =17.15nm
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Fig. 6. FE-SEM images of the boehmiite (a) and Alu-Den (b) particles in low and high magnifications.
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is attributed to the degradation of carboxyl groups. From the TGA
analysis of the synthesized adsorbent, it can be concluded that the
materials can be used even at higher temperatures in water treatment.

The textural properties of boehmite and Alu-Den particles are
shown in Fig. 5. N, adsorption-desorption isotherms were in agree-
ment with the type IV adsorption isotherms of the TUPAC classifi-
cation, indicating that both adsorbents were mesoporous [1]. Also
Figs. 5(b) and (d) show pore size distribution diagram (BJH de-
sorption diagram) of boehmite and Alu-Den, implying their mes-
oporosity with mean pore diameter of 5.3 and 5.1 nm, respectively.
The BET specific surface area (Syzr) and specific cavity volume of
Alu-Den were 131.64 m*/g and 0.17 cm’/g, respectively. Having a
comparatively wide specific surface area, cavity volume, and high
porosity gives multiple active sites to interact more capably in com-
parison with boehmite particles with BET specific surface area of
21.47 m*/g and specific cavity volume of 0.028 cm’/g. The values
of Sgep V, as well as mean pore diameter of samples are listed in
Table 2.

The FE-SEM images of the synthesized boehmite and Alu-Den
samples with different magnifications as well as digital microscope
image of Alu-Den are in Fig. 6. In Fig. 6(a), a single boehmite par-
ticle represents a polygonal, hexagonal or quasi-hexagonal struc-
ture. It also can be observed that in some areas the strong binding
of hydrogen between several Al-OH groups causes agglomeration
of boehmite particles. Fig. 6(b) also demonstrates the morphology
of the Alu-Den structure in the filamentous shape originating from
reaction between boehmite and gallic acid. Digital microscope image
of Alu-Den confirms the tree-like structure and hyper-branched
network of Alu-Den particles. Furthermore, FE-SEM images of the
dendrimeric particles clearly show the dendritic growth of the
branches. Additionally, the grooved fibrous structure of Alu-Den
particles was confirmed by the FE-SEM images. Significant differ-
ences in the morphology of boehmite particles and synthesized
alumoxane are mostly related to the various structural properties
of the utilized precursors.

Fig. 7 displays particle size distributions of Alu-Den. From DLS
diagrams, it can be concluded that Alu-Den has a mean particle
size of 400 nm.

2. Dye Removal Evaluation
2-1. Effect of pH
Effect of pH on the removal and adsorption capacity of Methy-
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Fig. 7. DLS analysis of Alu-Den.
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Fig. 8. Influence of pH on elimination and adsorption capacity of
Methylene blue onto boehmite and Alu-Den particles (adsor-
bent dosage=0.02 g, T=298 K, and contact time=60 min).

lene blue onto the boehmite and Alu-Den is shown in Fig. 8. The
pH value of the dye solution significantly influences the entire ad-
sorption experiments and especially the sorption capacity. After
several tests, it was concluded that the removal efficiency and sorp-
tion capacity improved upon increasing of pH values in the assessed

Table 3. Summary of the best pH for Methylene blue adsorption vs. adsorbent dosage variation

Adsorbent pH Adsorbent dosage Removal (%) Reference
Rice hulls 3-10 10 g/l 72-94% [28]
Activated carbon obtained from Citrullus lanatus rind 2-10.94 0.001 g/ml 70-98% [29]
MgFe,0,@8i0, NPs 3-11 0.042 g/15 ml 8-97% [30]
Peach shell 2-12 0.4 g/100 ml 78-97.7% [31]
Carbon Nanotube-based aerogels 2.5-12 0.25 g/25 ml 5-99% (32]
Walnut shell 2-11 1.25 g/l 67.8-99.5% [33]
Ficus carica bast 2-12 0.5 g/100 ml 12-89% [34]
Polyamide-vermiculite 3-10 0.15 g/1 35-75% (35]
Magnetic Zeolite/Chitosan/Alginate 3-11 0.025 g/1 19-36% (36]
Alu-Den 3-10 0.02 g/10 ml 57-98% This study

April, 2023
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Fig. 9. FE-SEM images of Alu-Den in pH values <10 (a), pH values >10 (b).

domain. This result can be well described by the fact that at lower
pH levels, contest between the excess number of protons (H') in
the solution and the cationic MB for adsorption on the active sites
of Alu-Den decreases the adsorption capacity, considering a cer-
tain number of active sites present on the sorbent. At higher pH
values, with the decline in acidity of the media, cationic MB mole-
cules are more able to be adsorbed onto the negatively charged
sorbent containing many functional groups such as -COOH and
-OH through electrostatic interactions. Therefore, moving from
acidic to alkaline media enhances removal efficiency as well as ad-
sorption capacity [25-27]. Table 3 summarizes the result of pH test
for Methylene blue reported in other studies. In this study, the
highest pH value (pH=10) was chosen to avoid the breakage of the
Alu-Den structure. In addition to performance drop due to higher
pH values, breakage of Alu-Den structure was confirmed by FE-
SEM image (Fig. 9). In fact, by increasing of pH values, Alu-Den
uniform filamentous structure converts to irregular lumpy struc-
ture as a result of degradation.
2-2. Effect of Adsorbent Dosage

To investigate the impact of Alu-Den amount on the sorption
process, the removal percentage and sorption capacity of Methy-
lene blue was evaluated using different contents of adsorbent (0.005-
0.04 g). As represented in Fig. 10, the removal percentage of Meth-
ylene blue was specified to be enhanced with increasing the Alu-
Den dosage and reached to maximum efficiency of 91.2% upon
using 0.02 g of the adsorbent. Table 4 shows the obtained data for
different adsorbent’s dosage and their corresponding removal effi-
ciency as well as adsorption capacity. As listed in Table 4, when
adsorbent’ dosage increased from 0.02 to 0.04 g, removal efficiency
experienced a slight increase (from 91.2 to 93.04), while adsorp-
tion capacity declined from 9.12 to 4.65 mg/g. In fact, due to the
presence of more active sites resulting from increase of sorbent
dosage from 0.005 to 0.02 g, MB removal increased from 50.3 to
91.2%. On the other hand, with increasing of sorbent dosage from

100 25
—®— %R s dosage
—A—  qvs dosage
80 - r 20
° 4 -
E 60 15 =
£ 2
: \ £
N 2
& 40 Al Lo &
Sa
~
~A_
TA
20 - A ena Fs
0 T T T T 0
0.00 0.01 0.02 0.03 0.04 0.05

Adsorbent dosage (g)

Fig. 10. Effect of adsorbent amount on the removal and sorption
capacity of Methylene blue onto Alu-Den, (pH=10, T=298K,
and contact time=60 min).

Table 4. The results of MB removal using different sorbent’s dosage

Adsorbent dosage (g) Removal (%) q (mg/g)
0.005 50.3 20.12
0.01 72.25 1545
0.015 77.69 10.39
0.02 91.2 9.12
0.025 91.5 7.32
0.03 92.5 6.17
0.035 93.12 532
0.04 93.04 4.65

0.02 to 0.04 g, adsorption capacity decreased, perceptibly. It might
be attributed to the gap in the flux or the concentration variations
between dye concentration in the bulk and the dye concentration

Korean J. Chem. Eng.(Vol. 40, No. 4)
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Fig. 11. Pseudo-first-order kinetic (a) and pseudo-second-order kinetic diagram (b) for the sorption of Methylene blue (Conditions: adsor-
bent dosage=0.02 g, contact time=240 min, pH=10, and T=298 K).

Table 5. Kinetic parameters for Methylene blue sorption onto Alu-Den

Initial Methyl blue concentration (mg/1)

Kinetic model Parameters
10 20 30
K, (1/min) 2.1529 1.4813 1.9563
Pseudo-first-order Qe ca (ME/) 4.7416 8.6233 10.3997
R’ 0.9888 0.9764 0.9843
K, (g/mg-min) 1.1983 0.3241 0.4385
Pseudo-second-order Qe cat (/) 4.8179 8.8637 10.6021
R’ 0.9967 0.9948 0.9953
at the surface of the Alu-Den [37]. Also, this result can be well t 1t
. L —= +—= “@
explained by the fact that when number of active sites increases by 4 Kq 9%

increasing of sorbent dosage and concentration gradient remains
almost constant, adsorption capacity decreases [38,39]. Besides, by
comparing the obtained data, it can be seen choosing 0.02 g as
ideal dose makes the process economically efficient. Therefore, by
taking these factors into account, 0.02 g of Alu-Den was chosen as
ideal dose for the following dye removal experiments.
2-3. Adsorption Kinetics

The adsorption kinetics of positively charged Methylene blue onto
the Alu-Den was studied using diverse dye concentrations (10, 20
and 30 mg/l). The outcomes are presented in Fig. 11 and Table 5.
Based on the values in Fig. 11 and Table 5, although, the adsorption
capacity of Alu-Den quickly increases during 10 min, the increas-
ing rate drops until equilibrium is attained (after 60 min). Also, in-
creasing the primary concentration of dye leads to the increase of
adsorption capacity. Consequently; the dye removal efficiency relies
on the initial dye content. The quantity of Methylene blue adsorbed
at equilibrium increased from 4.87 to 11.79 mg/g as soon as the
primary dye content increased from 10 to 30 mg/L. To explore the
commanding protocol of the sorption, pseudo-first-order and pseudo-
second-order kinetic models were employed using gained empiri-
cal data [40]:

In(q,—q,)=Inq,— Kt ®3)
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where q, and g, (mg/g) introduce the sorption capacity within equi-
librium and time t (min), in a given order. Also, K; (1/min) and K,
(g/mg-min) represent the pseudo-first-order and pseudo-second-
order rate constants, in a given order. Both pseudo-first-order and
pseudo-second-order theories were used to analyze the sorption
procedure. The obtained outcomes indicated that the pseudo-sec-
ond-order pattern presented higher correlation factors offering bet-
ter adjustment with the experimental data. Therefore, it is evident
that chemisorption occurred on Alu-Den [41].
2-4. Adsorption Isotherm

The adsorption isotherms were studied to recognize the adsorp-
tion capacity of Alu-Den at different temperatures (288, 298, 308
and 318 K), an adsorbent amount of 0.02 g and a contact time of
60 min. Several preliminary concentrations of dye (5, 10, 20, 30
and 40 mg/l) were employed to evaluate the quantity of adsorbed
Methylene blue. At given concentration, the quantity of adsorbed
dyes raised with augmenting initial concentration until equilibrium
state was achieved. In the present work, triple non-linear isotherms
(Langmuir, Freundlich and Sips) were used to correlate with the
empirical data. The empirical outcomes are in Fig. 12. Isotherm
variables are listed in Table 6. The Langmuir isotherm (Fig. 12(a))
assumes that sorption happens upon homogeneous area forming
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Fig. 12. Langmuir (a), Freundlich (b) and Sips (c) adsorption isotherms for Methylene blue removal onto the Alu-Den.

Table 6. Langmuir, Freundlich, and Sips model constants for the adsorption of Methylene blue on the Alu-Den

Methylene blue
Isotherms Parameters Temperature (K)
288 K 298 K 308 K 318K
Q. (mg/g) 14.832 10.6418 20.584 39.297
. K, (/mg) 0.7049 2.6114 0.0636 0.0148
Langmuir
R, 0.0632 0.0179 0.4281 0.762
R? 0.6217 0.8647 0.9756 0.9675
K, ((mg/g)(mg/l) ") 9.0012 5.7034 1.6325 0.6980
Freundlich N 6.887 3.7921 1.4985 1.1713
R’ 0.9248 0.9857 0.9477 0.9692
q. (mg/g) 14.4226 13.5158 13.0432 12.1723
Sing Ks ((mg/1)™"™) 0.4072 02134 0.054 0.0280
P ng 2.083 1.1218 1.5143 1.3025
R’ 0.9135 0.9981 0.9902 0.9831

a monolayer without chemical interaction. The non-linear format

of the Langmuir isotherm is described in this way [42]:

— quLCe
971K, C,

®)

where g,,, C,, and K; introduce the utmost sorption capacity (mg/g),
the equilibrium concentration of dyes (mg/l) and the Langmuir
constant pertinent to the energy of adsorption (I/mg), in a given
order. Additionally; R, that is known as Langmuir sequestering fac-
tor, is computed using Eq. (6) [43]:

Korean J. Chem. Eng.(Vol. 40, No. 4)
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1

R =
LT14K,Cy,,

©)

where, C,,, (mg/l) introduces the average initial concentration of
dyes. The R; values identify the kind of the adsorption method to
be unfavorable (R, >1), linear (R;=1), favorable (0<R;<1), or irrevers-
ible (R;=0).

Freundlich isotherm (Fig. 12(b)) supposes that sorption occurs
over a multilayer sorption on the heterogeneous area that can be
described by the equation below [44]:

1/n

q.= KFCE (7)

where K represents a Freundlich isotherm constant ((mg/g)(mg/
1)) demonstrating the binding energy, and n introduces a con-
stant attributed to adsorption strength. The value of 0<n<10 explains
favorable adsorption [45].

The probable incongruity of sorption has also been investigated
by Sips theory (Fig. 12(c)). The Sips theory is defined using Eq. (8)
[46]:

4,.KsCe'

q= Lo ®)
1+K(C,’

where K is the sorption constant of Sips ((mg/l) ") and ny is the
Sips incongruity coefficient.

Based on the achieved results, the g, value for sorption of Methy-
lene blue onto Alu-Den declined from 14.67 mg/g at 288K to
8.6 mg/g at 318 K introducing the exothermic essence of the pro-
cedure. As can be seen from Table 6 and Fig. 12, conforming to
the correlation coefficient values (R”), the empirical data achieved
from adsorption tests were well-suited with Sips theory. The ad-

25

® 5 mgl
A 10 mg1
o 20 mgl
X 30 mg/
A 40 mg!
Linear

Ln(K,)
&

-1.5 T T T
0.0031 0.0032 0.0033 0.0034 0.0035

1/TA/K)

Fig. 13. Diagram of InK, vs. 1/T for adsorption of Methylene blue
on the Alu-Den.

sorption mechanism of Methylene blue is multilayer and it takes
place on inharmonious sites with different sorption energy. Fol-
lowing the Sips theory, the utmost adsorption capacity of Alu-Den
was 14.42 mg/g (real sorption capacity=15.1 mg/g). Assuming Lang-
muir theory, the magnitude of R; varies between 0<R; <1, which
specifies suitable adsorption of dye on Alu-Den at whole exam-
ined temperatures. Ultimately; all the magnitudes of n in Freundlich
model were larger than 1, indicating a suitable adsorption process.
2-5. Thermodynamics Study

The thermodynamics studies give encyclopedic view into the
impact of temperature changes on sorption procedure. Thermody-
namics variables such as enthalpy (AH®), entropy (AS’), and Gibbs

Table 7. Computed thermodynamics variables for adsorption of Methylene blue on Alu-Den

C, (mg/1) Temperature (K) R? AG (kJ/mol) AS (J/mol) AH (kJ/mol)

288 —5.1537
298 —3.266

5 308 0.9232 13799 —188.6912 —59.4968
318 0.501
288 —6.4780
298 —4.1569

1 . —-232.1 —73.324

0 308 0.9888 18358 32.1069 73.3248

318 0.485
288 —4.4176

20 298 0.9913 26583 175.9300 55.0855
308 ’ —0.8990 ’ ’
318 0.860
288 —4.1764
298 —3.1491

30 947 —102.7311 —33.7
308 09473 —-2.1218 02.73 33.763
318 —1.0945
288 —2.4090
298 —1.4932

40 0.9934 —91.6676 —28.8102
308 —0.5735
318 0.3400
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free energy (AG’) were calculated to study the nature and sponta-
neity of the sorption process of Methylene blue on Alu-Den. The
pertaining mathematical relations are provided as follows [47,48]:

C
K==
=T )
AG’=-RTInK,=AH-TAS (10)
AS" AH’
InK.= R~ RT (11)

where K, introduces a constant defined as proportion of value of
adsorbed dye on the surface of adsorbent (C, (mg/l)) to the equi-
librium dye concentration (C, (mg/1)), T is the temperature (K)
and R is defined as the ideal gas constant (8.314 J/mol-K). The val-
ues of AH’ and AS’ were extracted from the gradient and inter-
cept of InK; vs 1/T plot, (van't Hoff plot, Fig. 13), respectively. The
acquired data are summed up in Table 7.

As presented in Table 7, the negative magnitude of AH® shows
the exothermic nature of adsorption of Methylene blue onto Alu-
Den, which accords well with the values obtained from the adsorp-
tion models. Commonly, if the heat of sorption changes among 5-
40KkJ/mol, the operation would be physisorption, while greater
energies (60-240 kJ/mol) introduce chemisorption [49]. It can be
seen that simultaneous physisorption and chemisorption happen
for Methylene blue during the adsorption process. The negative mag-
nitude of Gibbs free energy (AG’) points out the probability and
spontaneity of dye adsorption [50]. The negative magnitude of AS’
describes a reduced randomness at the liquid-solid interface within
the sorption [51,52].

2-6. Regeneration Studies
Ease of regeneration is an important factor in the adsorption

(a)
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AW CH,

 EH,
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interaction
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Fig. 14. Regeneration performance of Alu-Den adsorbent toward
Methylene blue dye in four successive cycles of adsorption-
desorption.

process. Usually; thermal procedures or acid-base reactions are em-
ployed to desorb solutes [53]. In the present work, HCl 2 M was
chosen as the carrier liquid for desorption. Fig. 14 displays the per-
formance of revived adsorbents during elimination of Methylene
blue. The outcomes demonstrate that the removal efficiency of
Alu-Den declined as the number of cycles increased. This hap-
pens owing to the seizure of active sites and lack of adequate reac-
tive functional groups on the surface of Alu-Den particles. However,
after the fourth cycle, the removal efficiency is still higher than
50%, indicating high efficiency of Alu-Den particle for the filtra-
tion of effluents comprising organic dyes.

ase

e
e

SEM HV: 15.0 kV WD: 9.16 mm
SEM MAG: 10.0 kx Det: SE
View field: 20.8 ym Date(m/dly): 05/25/21

MIRA3 TESCAN
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Fig. 15. Possible Methylene blue adsorption mechanism onto Alu-Den (a) and FE-SEM image of Alu-Den adsorbent after Methylene blue

adsorption (b).
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2-7. Adsorption Mechanism

The adsorption of Methylene blue onto the surface of alumox-
ane particles can be described by four possible mechanisms; see
Fig. 15(a). The first corresponds to the hydrogen binding formed
between alumoxane particles and dye molecules. Thus, Methylene
blue molecules show a propensity to interact with the hydrogen
atoms available in the -OH group of Alu-Den particles due to the
presence of nitrogen (N) and sulfur (S) atoms in their structure.
The subsequent mechanism could be attributed to the interac-
tions among heteroatoms (N, S) and Al atoms available in the alu-
moxane nucleus [54]. While Al atoms operate as Lewis acid, N and
S atoms are representatives of Lewis base family. The result clearly
proves that the sorption capacity of Alu-Den for Methylene blue
was higher than that of boehmite particles, which corroborates that
the functionalized boehmite with benzene ring improved the 77
conjugation between the Alu-Den and the aromatic Methylene
blue. The 77 interaction can occasionally make strong interplays
between adsorbents and adsorbates, leading to improved adsorp-
tion capacity. Also, Methylene blue is a cationic dye which shows a
high tendency to stick easily onto the negatively charged surface of
Alu-Den via electrostatic forces [29,38]. Also, Fig. 15(b) displays
the FE-SEM image of Alu-Den particles after adsorption of Meth-
ylene blue molecules. As displayed in Fig. 15(b), most of the pores
of the Alu-Den particles have been blocked as a result of adsorp-
tion of Methylene blue.

CONCLUSION

A novel hyper-branched dendritic alumoxane (Alu-Den) was
produced through a polycondensation reaction among hydroxyl
groups of boehmite and carboxylic groups of gallic acid. It was
observed that boehmite adsorption capability was improved after
surface modification by gallic acid. Effect of pH and different Alu-
Den amount was also investigated. In alkaline media, adsorbent
showed better performance than acidic one causing to choose
pH=10 as an optimum pH for adsorption of Methylene blue onto
Alu-Den adsorbent. Among the adsorption models, the Lang-
muir presented the best accordance with empirical data. In case of
kinetics, the adsorption process followed a pseudo-second order
theory. The thermodynamic studies suggested that Methylene blue
adsorption onto Alu-Den was chemisorption, spontaneous at low
temperature and exothermic. Thus, Alu-Den is a promising adsor-
bent for elimination of Methylene blue from an aqueous media,
and it can be considered as a capable and low-cost alternative to
other available adsorbents. Alu-Den can also be applied as a suit-
able adsorbent for the elimination of cationic dyes from effluent.
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