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In this study, a cost-effective powdered Zn L-aspartic acid bio-metal organic framework (Zn L-Asp bio-
MOF) was reported as an efficient adsorbent for Direct Red 81 (DR-81) as an anionic organic dye. The
prepared bio-MOF was characterized using Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), scanning electron microscopy (SEM), field emission transmission electron microscopy
(FETEM), surface area analysis (BET), and thermal gravimetrical analysis (TGA). The resulting bio-MOF has
a large surface area (180.43 m? g™) and large mesopore volume (0.144 cm® g73), as well as good
chemical inertness and mechanical stability. The optimum dosage from the Zn L-Asp bio-MOF was 1.0 g
L™ at pH = 7 for 95.3% adsorption of 10 ppm DR-81 after 45 min. Thermodynamic analysis results
demonstrated that the decontamination processes were done with spontaneous, thermodynamically,

and exothermic nature onto the fabricated bio-MOF. Kinetic parameters were well-fitted with pseudo-
Received 11th April 2022

Accepted 14th June 2022 second-order kinetics, and the adsorption process was described by the Freundlich isotherm. The

adsorption data proved that Zn L-Asp bio-MOF is an effective adsorbent for DR-81 from aqueous

DOI: 10.1039/d2ra02333d solutions with high stability and recycling ability for eight cycles, as well as the easy regeneration of the
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1. Introduction

Water is considered one of the most essential components of
this world and plays a vital role in the proper functioning of the
Earth's ecosystems. Despite this, safe drinking water is not
easily available in some parts of the world. The water resource
value is failing exponentially according to their contamination
levels. Both point and non-point sources are contaminating our
water resources because of tremendous population growth,

civilization, modern industrialization, domestic and

“Environment and Natural Materials Research Institute (ENMRI), City of Scientific
Research and Technological Applications (SRTA-City), New Borg El-Arab City,
Alexandria 21934, Egypt. E-mail: esalama@srtacity.sci.eg

*Chemistry Department, Faculty of Science, Tanta University, Tanta 31527, Egypt
‘Chemical and Petrochemical Engineering Department, Egypt-Japan University of
Science and Technology (E-JUST), New Borg El-Arab City, Alexandria 21934, Egypt
“Electronic Materials Research Department, Advanced Technology and New Materials
Research Institute (ATNMRI), City of Scientific Research and Technological
Applications (SRTA-City), New Borg El-Arab City, Alexandria 21934, Egypt
‘Environmental Engineering Department, Egypt-Japan University of Science and
Technology, New Borg El-Arab City, Alexandria 21934, Egypt

/Department of Chemistry, College of Science, University of Bahrain, Sakhir 32038,
Bahrain

¢Fabrication Technology Research Department, Advanced Technology and New
Materials Research Institute (ATNMRI), City of Scientific Research and
Technological Applications (SRTA-City), New Borg El-Arab City, Alexandria 21934,
Egypt

© 2022 The Author(s). Published by the Royal Society of Chemistry

agricultural activities, and other environmental, geological, and
global changes. Nowadays, water pollution is the most serious
issue because it affects our lives." However, there is a gradual
decrease in water quality because of a wide range of contami-
nation and harmful substances such as dyes, personal care
products (PCPs), pharmaceuticals, and agrochemicals.”> Sepa-
rate from all the other types of wastewaters, wastewater
contaminated with dyes has attracted considerable recognition.
Organic dyes are used enormously in different fields for
coloring textiles, rubber, paper, leather, plastic, printing, etc.?
Mainly, more than 700 000 tons of dyes are utilized in the textile
industry, and they are one of the most abundant pollutants in
modern times. Most of these utilized dyes are carcinogenic and
teratogenic.*®

One of the hazardous dyes is Direct Red-81 (DR-81), Fig. 1,
which is a sulfonated azo dye, disodium; (3E)-7-benzamido-4-
0x0-3-[[4-[(4-sulfonatophenyl)diazenyl|phenyl|hydrazinylidene]
naphthalene-2-sulfonate, having molecular formula C,oH;oN5-
Na,04S, and molecular weight 676 g mol '. DR-81 is a toxic
sulphonated azo-based anionic dye, known for its toxicity
nature and carcinogenic effect on animals and humans.
Furthermore, DR-81 is selected as a synthetic model for exper-
imentation because of its wide usage in many industries.>*

Since increasing the awareness of the dyes' hazardous
nature, scientists have worked hard to overcome this obstacle
problem, and accordingly, they have developed numerous
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Fig.1 The chemical structure of Direct Red-81.

chemical, physical and biological methods for wastewater
treatment. These techniques include flocculation, photo-
catalysis, adsorption, coagulation, biodegradation, electro-
chemical process, separation using membranes, advanced
oxidation, and ion-exchange processes.” The adsorption process
is one of the most suitable techniques, which is regularly used
for the remediation of wastewater contaminated with dyes due
to the flexibility, low-cost treatment, and high effectiveness of
this route.® Traditional adsorbent materials have some limita-
tions in their application, such as poor adsorbing capacity or
difficulty being separated. There was a need for an efficient and
cost-effective adsorbent that possesses a large capacity, easy
separation, and fast uptake rate that could remove organic dyes
such as DR-81 from wastewaters.®

Metal-organic frameworks (MOFs) are infinite crystalline
materials composed of metal clusters bonded to organic
ligands. The key characteristic advantage of MOFs is that they
have a porous and flexible structure due to their chemical
structure and tenability.* MOFs have found uses in adsorption,
gas storage, catalysis, and other industrial applications. MOFs
that contain biomolecule ligands are called bio-MOFs, and they
represent an overlap between material, inorganic and medicinal
sciences, so that a porous framework can be used for biologi-
cally relevant purposes.*®

Amino acid biomolecules are considered one of the most
important bio-ligands in bio-MOF formulations among all of
the other biomolecules. They consist of the smallest functional
units of proteins, which are responsible for their interactions
with other molecules through weak non-covalent interactions.
The existed carboxylate and amino groups act like metal
chelation/complexing sites. In addition, amino acids have many
functional side groups with different natures, such as charged,
aromatic/aliphatic, or hydrophobic/hydrophilic moieties, which
are utilized as binding sites for metal ions and aid in main-
taining protein functions." Numerous MOFs preparations with
different metal ions have been formulated from different amino
acids such as r-tryptophan,® r-glutamic acid," r-glutamine,™ -
alanine," r-tyrosine,' 1-serine,"” -glycine,'® 1-histidine," and t-
aspartic acid.*

In this study, r-aspartic acid has been chosen as a natural
organic ligand (bio-ligand) (NH,CH(COOH)CH,COOH, aspH,)
and zinc metal which displays multiple coordination metal
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geometries to prepare the targeted bio-MOF. Zinc metal gener-
ally reacts with aspartic acid to form a crystalline 1-dimensional
chain, in which the Zn atom is linked with an oxygen atom of
the carboxylate functional group involved in the 6-membered
chelation formation.*

In this research area, we aim to design highly efficient
compatible adsorbent bio-MOF with no toxicity, excellent
moisture stability, and a low-cost preparation method. Addi-
tionally, the present investigation is aimed to study the kinetics
and adsorption isotherms of the adsorption of DR-81 with an
objective to reach the optimum conditions for the dye removal
using the prepared Zn 1-Asp bio-MOF with high reusability and
a meager cost compared to other MOFs.

2. Experimental
2.1 Materials

L-Aspartic acid (1-AA, 98%, Fisher), zinc carbonate basic
(IZnCO;),-[Zn(OH),] 98%, Merck), methanol (HPLC grade,
Fisher), ethanol (HPLC grade, Fisher), sodium hydroxide
(NaOH, 99%, Merck), hydrochloric acid (HCl, 36.5%, Sigma
Aldrich) were used as received. DR-81 (50% dye content, M.Wt =
675.60 g mol ') was procured from Sigma-Aldrich.

2.2 Synthesis of Zn 1-Asp bio-MOF

In a round-bottomed flask, t-aspartic acid (1 g, 7.51 mmol) was
dissolved in a 100 mL water/methanol mixture (34/66 mL,
respectively) at 500 rpm stirring. 1 M NaOH solution was added
dropwise until complete dissolution of r-aspartic acid, and the
pH of the solution was adjusted to 7.0 using 1 M HCI solution.
ZnCOj; basic was added (0.85 g, 7.51 mmol by Zn). The resulting
mixture was refluxed for 8 h, to yield a white crystalline powder.
After cooling down to room temperature, the precipitate was
collected by centrifugation at 6000 rpm for 10 min. Afterward,
the crystalline powder was washed three times with deionized
water followed by water/ethanol several times. In the end, the
precipitate was soaked in pure ethanol for 12 h then it was
collected by centrifugation, and subsequently dried at 70 °C for
12 h yielding Zn-r-aspartic MOF as a white powdered material.

2.3 Determination of the point of zero charge

The point of zero charge (pHpyzc) of the Zn r-Asp bio-MOF
adsorbent was measured using the pH drift method.”* The
PHpzc of the adsorbed bio-MOF was determined by adding
20 mL of 0.05 mol L™ " NaCl to several 50 mL flasks. A range of
the NaCl solutions with different initial pH (pH;) values was
prepared from 2 to 12 by adding 0.1 mol L™ of HCI and NaOH.
The total volume of the solution in each flask was completed to
30 mL by further addition of 0.05 mol L™ NaCL solution. 50 mg
of Zn 1-Asp bio-MOF powder was added to each flask. The
suspension was stirred at 400 rpm at 298 K. After two days, the
suspensions were centrifuged at 10 000 rpm for 10 min and the
final pH (pHy) values of the separated supernatants liquid were
recorded. The value of pHpc can be detected from the curve at
the point where the curve of ApH (pHpH;) versus pH; crosses
the line equal to zero.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.4 Characterization of Zn 1-Asp bio-MOF

FT-IR spectra of Zn 1-Asp bio-MOF were recorded in the wave-
number range of 4000-500 cm™ " using PerkinElmer Spectrum,
and the average of four internal scans was collected by attenu-
ated total reflection (ATR) method. X-ray powder diffraction
(XRD) pattern of the Zn r-Asp bio-MOF was recorded by Shi-
madzu XRD-6100 with Cu-Ko. radiation (2 = 1.54 A) at 30 kv and
30 mA. The prepared nanopowder material was placed into
a flat aluminium holder. The scan velocity was fixed at 2° min ™"
from 5° to 80°. The chemical states of the prepared Zn 1-Asp bio-
MOF were assessed using X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific, USA) analysis with an X-ray Al ka
radiation source was used. The scanning electron microscope
(SEM, JEOL JSM 6010LV) was used for surface characterization
of Zn 1-Asp bio-MOF morphology. For this purpose, a certain
amount of the dried sample was mounted on SEM stubs and
sputtered with platinum/palladium alloy coating source using
auto fine coater (JEOL, JEC-3000FC), and the imaging was per-
formed under vacuum at 20.00 kV operation voltage. For
obtaining high-resolution images, field emission transmission
electron microscopy (TEM, JEOL JEM-2100F) equipped with
energy-dispersive X-ray spectroscopy (EDX, Oxford instrument
X-Max, 80 mm?®) was used to specify the chemical composition
of the prepared Zn 1-Asp bio-MOF. The surface area measure-
ments and the pore size distribution of the prepared bio-MOF
were calculated using Belsorp-max automated apparatus after
degassing the material at 70 °C for 12 h before the measure-
ments. The thermal behaviour was characterized by a thermog-
ravimetric analyzer (TGA, SII 6300, Exstar). Briefly, specific
amounts of Zn r-Asp bio-MOF sample were placed into TGA
pans and heated up to 1000 °C underflow of N, gas with
a 10 °C min~ " heating rate.

2.5 Batch adsorption for water purification

The adsorption performance of the prepared Zn r-Asp bio-MOF
towards DR-81 dye as a water pollutant was performed using the
batch technique. 10 mg of bio-MOF was mixed with 100 mL
from the DR-81 solution at various initial concentrations at
20 °C with 400 rpm stirring using a shaking incubator. The
adsorption performance of the Zn-L-aspartic MOF was studied
through several processing parameters, including contact time
(0-180 min), pH (1-11), adsorbent dosage (0.25-8 g L™ '), initial
concentration of the pollutant (5-100 mg L™ '), and reaction
temperature (20-85 °C). All the adsorption experiments were
done in triplicate, and the mean values were utilized in data
analysis processes to confirm reliability. After finishing the
treatment process, the final pollutant concentration was deter-
mined by separating the precipitated adsorbent material by
centrifugation and through the colorimetric method using a UV
spectrophotometer at 465 nm. The percentage of the pollutant
removal by Zn 1-Asp bio-MOF was calculated from (eqn (1)):*

Removal% = ((Cy — Cc)/Cp) x 100 (1)
where, C, is the pollutant initial concentration (mg L™"); and C.

is the pollutant concentration at equilibrium in an aqueous

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

solution (mg L~ '). The pollutant adsorption capacity (mg g ')
was calculated from (eqn (2)):>*

ge = N(Co — Co)im (2)

where, g. is the adsorption capacity of the pollutant (mg g™ '); v
is the solution volume (L), and m is the mass of the Zn r-Asp bio-
MOF (g).

2.6 Equilibrium, kinetics, and thermodynamics adsorption
behaviour of Zn 1-Asp bio-MOF

Thermodynamic parameters regarding the adsorption process
of DR-81 dye were evaluated. Moreover, the equilibrium
behaviour of the adsorption processes was tested using Lang-
muir, Freundlich, and Temkin isotherm models to identify the
relationship between adsorption of DR-81 onto Zn r-Asp bio-
MOF and its equilibrium concentration in water. In the Lang-
muir model, the adsorption is supposed to be monomolecular
and occur only on a homogeneous surface with all the adsorp-
tion sites giving identical affinities for the adsorbate, while for
the Freundlich isotherm model, the adsorption is often appli-
cable to a heterogeneous surface with multilayer adsorption
(eqn (3) and (4)).

Cc/ de = 1/ qu + Cc/ dm (3)

where, ¢. (mg g~') is the amount of adsorbate adsorbed at
equilibrium, C. (mg L") is the equilibrium DR-81 concentra-
tion, and K, and ¢,, are the Langmuir constant and capacity
related to the maximum adsorption, respectively. Moreover, eqn
(4) was utilized to investigate the Freundlich model.>

log ¢ = log K¢ + 1/ng log C. (4)

where, kz (mg g ') is the Freundlich adsorption capacity
constant and ng is a dimensionless exponent of the Freundlich
equation. The sorption data of DR-81 onto the Zn r-Asp bio-MOF
were analysed with the Temkin isotherm model from the
following eqn (5):

ge=BlnA+ BlnC, (5)

where, 4 is the Temkin isotherm constant (L g~ ') and B = RT/
b is the constant correlates to adsorption heat (J mol ™).

For investigating the nature of adsorption processes, the
kinetics of DR-81 adsorption onto Zn 1-Asp bio-MOF was ana-
lysed using both pseudo-first-order and pseudo-second-order
kinetic models. The pseudo-first-order kinetic model (eqn (6)):

In(ge — g = Ing. — kit (6)

where, g. (mg g~ ') is the amount of DR-81 adsorbed at equi-
librium, ¢, (mg g~ ') is the amount of DR-81 adsorbed at any
time ¢ (h), and &, (h™") is the adsorption rate constant.

The pseudo-second-order constants were calculated from

(eqn (7).

tlg, = (1k>q”) + tlq (7)
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where: k, (g mg ™' h™') is the pseudo-second-order rate
constant. After that, the Elovich equation was used for the
adsorption of various water pollutants by eqn (8):

¢g=a+fBIlnt (8)

where, « refers to the initial adsorption rate (mg g~ ' min %),
and @ is correlated to the degree of the surface coverage and
activation energy of the adsorption (g mg ™). So (a & 8) both can
be determined respectively from the linear plot of g, against In ¢
using the slope and the intercept.

2.7 Reusability of the prepared Zn r-Asp bio-MOF

For improving the economic feasibility of the processes which
are used for water treatment, the utilized Zn 1-Asp bio-MOF
adsorbate material was regenerated ten times. For this
purpose, 0.5 g of Zn r-Asp bio-MOF was suspended in 100 mL
from 0.01 M NaOH solution and stirred at 300 rpm for 24 h. The
regenerated materials were washed with deionized water twice
and at the end with ethanol, then dried at 70 °C overnight for
further reuse.

3. Results and discussion
3.1 Characterization of the synthesized Zn 1-Asp bio-MOF

In the FT-IR spectrum of Zn 1-Asp MOF, the peak at 1413 cm ™' is
attributed to COOH stretching vibrations. In addition, the FT-IR
peak recorded around 1557 cm ™' is assigned to N-H bending
frequencies of NH, groups, while the peaks appearing at 1174
and 1094 cm ™' are attributed to NH, rocking modes. The
appearance of the band at 3363 cm ™' may be attributed to N-H
stretching modes, suggesting that the amino N atom is also
coordinated with the metal ion.”” FT-IR peaks observed at
around 606, 754, and 2922 cm ', represent the bonding
between Zn-O and C-H ?® (Fig. 2).

XRD pattern of the Zn r-Asp MOF is provided in Fig. 3. It
displays the main sharp peak at 26 9.28°, which is assigned to
the (001) plane. The intense diffraction peaks in Fig. 3, suggest
the presence of good crystallinity in Zn 1-Asp MOF coordination.

Transmittance (%)

1557.5

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (Cm™)

Fig. 2 FTIR spectrum of Zn L-Asp bio-MOF.
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Fig. 3 XRD pattern of Zn L-Asp bio-MOF.

Moreover, the relative diffraction intensities and peak positions
of the Zn r-aspartic MOF sample were identical to those re-
ported in the literature.*

The chemical states of Zn L-Asp bio-MOF are investigated by
XPS (Fig. 4a), indicating that the elements of Zn, C, O, and N are
existing in Zn 1-Asp bio-MOF. The XPS spectra of C 1s at 284.8,
286.6, and 288.8 eV were related to the C-C, C-O, and C=0
bonds in the Zn 1-Asp bio-MOF (Fig. 4b). As shown in Fig. 4c, the
Zn 2p spectra had two main characteristic peaks at 1045.5 and
1022.4 eV, which could be related to Zn 2p,,, and Zn 2p;,
respectively. The N 1s peak (Fig. 4d) was observed at 401.2 and
398.5. The XPS spectra show binding energy of O 1s (Fig. 4e) was
split into three peaks at 532.4 eV (C-0), 531.2 eV (C=0), and
530.1 eV (Zn-0). These results give good agreement with results
reported previously.*®

The morphological structure of the Zn r-Asp bio-MOF was
analysed by both SEM and TEM shown in Fig. 5a, c and b, d,

(a) =0 =5

-
G4
N2
o
&)

2000

1508405 1800

2 \ 1600)
£ 10005t Ny o

3 \ 1400

Counts /s (Residuals x 0.5)

1200
5008 +04|

1000

Il N1 ﬁ'/$
L2 ) !

0.00¢

1200 1000 800 60 400 200
Binding Energy (eV)

€)+oce
© Zn?%p

3,008 04| 2

0.00¢

410 408 406 404 402 400 3% 306 394
Binding Energy (eV)

1050 1040 1030 1020

1208 04|

1,008 <04

800 03|

600 03/

Courts /s (Residuals x 2)

4008 03[

2008

S44 sa2 S40 S 5B S S1 SN 28 26
Binding Energy (eV)

Fig. 4 XPS analysis of Zn L-Asp bio-MOF (a) different elements, (b) C
1s, (c) Zn 2p, (d) N 1s, and (e) O 1s.
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Fig. 5 Zn t-Asp bio-MOF SEM images (a) and (c) and TEM images (b)
and (d).

respectively. The SEM micrographs show that the fabricated Zn
L-Asp bio-MOF have rod-like or fibre-like morphologies with an
average diameter of 44 nm, which can be more visibly realized
from close-up SEM images (at 200 00x magnifications) given in
Fig. 5c. However, TEM analysis shows more in-depth detailed
topography of the fabricated Zn 1-Asp bio-MOF, and the nano-
rod crystallinity was revealed from the HR-TEM image
(Fig. 5d), with interplanar distance d of 0.22 nm. Consequently,
the fabricated Zn 1-Asp bio-MOF produced from the refluxing
system was uniformly distributed with nano-rods morpholog-
ical structure.

The porous properties and pore structure of particles of Zn r-
Asp bio-MOF were investigated by the Brunauer-Emmett-Teller
(BET) as shown in Fig. 6. The N, adsorption-desorption
isotherm was type IV, showing a broad hysteresis loop in the
relative pressure (p/p,) range of 0.4 to 0.9, which confirms the
mesoporosity of Zn r-Asp bio-MOF had an average surface area
and total pore volume of were determined to be 180.43 m* g "
and 0.114 cm® g, respectively. The large specific surface area
and high porosity could provide multiple access channels for
DR-81 adsorption.**?*

In order to investigate the thermal stability of the fabricated
Zn 1-Asp bio-MOF, thermogravimetric analysis was applied in
a nitrogen atmosphere. Various weight-loss degradation steps

Adsorption
40 4 — Desorption|
35+
"o 30 5
T BET surface area= 180.43 m“/g
= 254
[
g 201
Q
>ns 15 4
10 4
54
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

P/Po

Fig. 6 Adsorption/desorption curves of Zn L-Asp bio-MOF.
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Fig. 7 Thermal gravimetrical analysis (TGA) of Zn L-Asp bio-MOF.

were observed, as shown in Fig. 7. The thermogram shows three
different regions: (1) the first mass loss (9.4%) region between
30 and 250 °C indicating the loss of moisture; (2) the region
between 250 and 500 °C with a slow loss of mass of 12.5% is
related to the oxidation of Zn** (3) the region between 500 and
1000 °C with a slow loss of mass of 19.01% is related to the
decomposition of the framework to ZnO + (organics), this loss of
mass is completed and almost stable up to 1000 °C."* The stable
residue was 58.8% of the original mass. These data indicate that
the synthesized bio-MOF has excellent thermal stability
compared to other MOF materials used in wastewater treatment
processes.

3.2 Adsorption of DR-81 dye onto Zn r-Asp bio-MOF

The feasibility of Zn 1-Asp bio-MOF was tested to adsorb DR-81
from wastewater via batch technique.

3.2.1 Kinetics of DR-81 adsorption onto Zn r-Asp bio-MOF.
The adsorption of DR-81 onto Zn r-Asp bio-MOF was investi-
gated at contact times up to 180 min at different time intervals.
From Fig. 8, it is clear that in the initial period, the DR-81
adsorption onto the Zn 1-Asp bio-MOF is a rapid process, due

1004

95
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Removal (%)

704

65

==
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55
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30 60 9‘0 150 1.")0 1&‘30
Time (min)

Fig.8 Influence of contact time on DR-81 sorption process onto Zn -
Asp bio-MOF (pH = 7, initial DR-81 concentration = 10 ppm, agitation
speed = 400 rpm, material dosage = 1 g L ™! and temperature = 20 °C).
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Table 1 Pseudo-first order, pseudo-second-order, and Elovich
kinetic parameters for DR-81 removal Zn L-Asp bio-MOF

Isotherms Parameters Values
Pseudo-first order Gexp (Mg g ™) 27.14
Gtheor (Mg g ) 19.22
Ky (min™1) 0.02
R 0.938
Pseudo-second order Gexp (Mg g™Y) 27.14
Gtheor (Mg g 1) 28.86
K, (g mg ' min™") 0.0014
R 0.998
Elovich kinetic model Gexp (Mg g™Y) 27.14
« (mg mg™" min™") 101.05
B (gmg 16.31
R 0.968

to the available large surface area and the functional groups of
Zn 1-Asp bio-MOF material.** After a time, a slow rate of
adsorption was obtained until reaching the equilibrium state.
This high adsorption performance may be due to the positively
charged amino functional groups of the fabricated Zn 1-Asp bio-
MOF, which bind with the DR-81 molecules.>** The equilibrium
time of the DR-81 sorption process is recorded within 45 min,
with maximum DR-81 percentage removal of 95.3% under these
conditions.

Three kinetic models were applied to study the adsorption
process. The obtained results for the comparable correlation
coefficient values for linear plots of the three studied kinetic
models for adsorption DR-81 ions onto Zn 1-Asp bio-MOF from
aqueous solutions are tabulated in Table 1. It was indicated that
the linearity of plotting ¢/q, versus time gives high correlation
coefficient values for DR-81 pollutant (R* = 0.998), indicating
that the adsorption processes onto Zn r-Asp bio-MOF follow the
second-order rate kinetic model.*®* Moreover, as evident from
the table, it is found that the calculated value of ¢. for the
pseudo-second-order model is very close to the experimental
value. These results confirm that DR-81 adsorption processes
were mainly controlled via a pseudo-second kinetic model for
the different studied water pollutants.?

3.2.2 Influence of initial pH on the adsorption process. The
pH value of waste solution plays an important role in the
adsorption processes onto Zn r-Asp bio-MOF. Both the ioniza-
tion degree of pollutants and the surface charge of the adsor-
bent depend on the pH parameter.”® The adsorption of DR-81
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Fig.9 Influence of pH on DR-81 sorption process onto Zn L-Asp bio-
MOF (a) and determination of zero-point charge pH (b).
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onto Zn r-Asp bio-MOF was studied in the pH range of 1-11
as shown in Fig. 9a. The adsorption is high at a low pH value of
3, meaning that Zn 1-Asp bio-MOF has greater adsorption
capacity in an acidic medium. The adsorption percentage of DR-
81 is high at pH = 7 and decreases gradually with the increasing
pH of the solutions. It was noticed from Fig. 9 that the DR-81
adsorption in acidic conditions was more favourable onto Zn
L-Asp bio-MOF. The adsorption of DR-81 was increased up to pH
= 7 with maximum adsorption of 98.2% then it gradually
decreased to 55.12% at pH 11. So, the solution pH = 7 was
determined as the optimum pH for the adsorption of DR-81
onto Zn 1-Asp bio-MOF. The explanation for the sorption
mechanism of DR-81 onto Zn 1-Asp bio-MOF at different pHs
can be returned to both the pHzpc of the bio-MOF (Fig. 9b) as
well as the molecular nature of DR-81 as an anionic dye. The
PHzpc of the bio-MOF adsorbent is recorded as 7.1, indicating
that the adsorbent's surface was positively charged at solution
pH below 7.1 and negatively charged at solution pH above 7.1.
This is confirmed by the maximum sorption behaviour of DR-81
dye recorded at acidic pHs conditions. When solution pH
decreases below pHzpc, a positive charge is induced onto the
surface of Zn L-Asp bio-MOF, causing better DR-81 anions
adsorption through the electrostatic attraction phenomenon.
The maximum of DR-81 adsorption onto Zn 1-Asp bio-MOF was
achieved at highly acidic conditions at solution pH = 1.

3.2.3 Influence of the synthesized Zn r-Asp bio-MOF
dosage on the adsorption process. Adsorbent dosage is
considered an important parameter due to its effect on the
capacity of an adsorbent at a constant initial concentration of
the pollutant. The influence of Zn r-Asp bio-MOF dosage on
both percentage DR-81 removal and material sorption capacity
was traced after 45 min. From Fig. 10, it can be assumed that the
DR-81 removal was enhanced by Zn 1-Asp bio-MOF dosage being
increased from 0.25 to 8 g L™". At the same time, the adsorption
capacities toward the DR-81 dye were decreased by increasing
the amount of Zn 1-Asp bio-MOF. This decrease of the adsorp-
tion capacity towards DR-81 at a high dosage of the adsorbent
may be due to the unsaturated adsorption residual sites onto Zn

110 0.5
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Adsorbent Dosage (g/L)
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Fig. 10 Influence of Zn L-Asp bio-MOF dosage on both DR-81
percentage removal and DR-81 uptake capacity (qe) (PH =7, initial DR-
81 concentration = 10 ppm, agitation speed = 400 rpm, contact time
= 45 min and temperature = 20 °C).
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Fig. 11 Influence of initial DR-81 concentration on both the

percentage of removal and uptake capacity of DR-81 onto Zn L-Asp
bio-MOF (pH = 7, material dosage = 1 g L™%, agitation speed =
400 rpm, contact time = 45 min and temperature = 20 °C).

L-Asp bio-MOF. At the same time, increasing the adsorbent
dosage leads to offering more active sites for DR-81, which
increases the removal percentage.>*** Therefore, it was found
that the optimum dosages of Zn 1-Asp bio-MOF were selected at
1 gL' for DR-81.

3.2.4 Influence of initial concentrations of DR-81 on the
adsorption process. The impact of initial concentrations of DR-
81 was studied with initial concentrations ranging from 5 to
200 mg L " with optimum material dosages, contact time, and
pH. Fig. 11 shows that the adsorption capacity improved with
increasing the initial concentration from 5 to 200 mg L™, which
completely agrees with the other reported studies.* The higher
adsorption rate at the beginning can be explained by a number
of active zones in the adsorbent surface then following this
a decrease in speed due to reduction in these zones. It is seen
that the adsorption capacity increases with the increasing initial
DR-81 concentrations. This increase can be attributed to
a higher concentration gradient which makes a driving force to
overcome resistance to mass transfer of dye ions between the
aqueous phase and the solid phase. From these results, it was
clear that Zn 1-Asp bio-MOF is effectively capable of decon-
tamination of water containing DR-81 pollutant at different
initial concentrations.>**

3.2.5 Influence of solution temperature on the adsorption
process. As shown in Fig. 12, the effect of the temperature on
the DR-81 removal Zn r-Asp bio-MOF was studied. It was
demonstrated that the highest equilibrium adsorption capacity
appeared at 25 °C. The adsorption capacity decreases with
temperature increasing. This may be due to the decrease in the
DR-81 molecules tendency to be adsorbed onto the bio-MOF
surface due to the increase in kinetic energies with tempera-
ture increasing.®»* These results demonstrate that DR-81
adsorption onto Zn r-Asp bio-MOF is an exothermic process.

3.3 Thermodynamics parameters of the adsorption process

For investigating the adsorption processes nature, standard free
energy (AG®), changes in enthalpy (AH°), and entropy (AS°) as
different thermodynamic parameters should be determined.
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Fig. 12 Influence of DR-81 solution temperature on the percentage of
DR-81 removal onto Zn L-Asp bio-MOF (initial DR-81 concentration =
10 ppm, material dosage = 1 g L™, agitation 400 rpm, contact time
45 min and pH = 7).

The standard enthalpy and entropy values can be calculated
from the following eqn (9)-(11);*

AG = —RT'In Ky 9)
AG° = AH° — TAS® (10)
AS"  AH

where the distribution coefficient (Ky = C,4/Ce) is a dimension-
less parameter and represents the ratio of the concentration of
solute adsorbed on the bio-MOF (C,q) to the residual concen-
tration of the solute in solution at equilibrium (C.). The
universal gas constant (R) = 8.314 J mol~* K™, while T is the
solution temperature in Kelvin. The relationship of In K4 versus
1000/T was represented as a straight line with an acceptable
value of R*. AH° and AS° values can be determined from the plot
slope and the intercept, respectively. All the data are tabulated
in Table 2. The negative values of AG°® designate the thermo-
dynamically and spontaneous nature of DR-81 decontamina-
tion processes onto Zn r-Asp bio-MOF. On the contrary, the
negative values of enthalpy illustrate the exothermic nature of
the adsorption processes. However, the negative entropy value
change, AS°, indicates that the activation stage is more ordered.
A negative value of AS° suggests that the adsorption process
mechanism involves an associative mechanism.>**

Table 2 Thermodynamic parameters for DR-81 sorption onto Zn -
Asp bio-MOF

AG® AH° As°
Temp. (K) 1000/T K. InK. (kJmol™") (kJmol™") (Jmol ' K™)
293 341  1.93 0.66 —1.60 —34.73 —110.46
313 319 122 020 —0.51
328 3.05  0.84 —0.17 —0.47
343 2,92  0.50 —0.69 —1.98
358 2.79 011 —-2.21 —6.57
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Table 3 Isotherm parameters of Freundlich, Langmuir and Temkin, for
DR-81 adsorption on Zn L-Asp bio-MOF

Isotherm model Parameters Values
Freundlich Ky (mg g (L mg )" 0.5337
1/ng 1.23
R? 0.993
Langmuir gm (mg g™ 29.152
ko (Lmg™) 0.122
R’ 0.713
Temkin AlLg™ 2.787
B (J mol™) 7.197
R? 0.948

3.4 Equilibrium isotherm analysis for adsorption of DR-81
anionic dye

There are three equilibrium models that are usually used for
studying the adsorption processes on different substrates.***°
Making a comparison between the linearization fittings of the
three models in Table 3, it was found that the Freundlich model
is the most fitted model for representing the pollutant adsorp-
tion processes onto Zn 1-Asp bio-MOF. Meanwhile, the
Freundlich adsorption intensity (ng) recorded 0.815 for
adsorption DR-81, which is less than unity, demonstrating that
the decontamination processes on Zn L-Asp bio-MOF are
favourable. Therefore, the Freundlich model is the best
favourable model for the description of the multilayer adsorp-
tion of DR-81 on the Zn r-Asp bio-MOF surface.

The Langmuir model constants and the correlation coeffi-
cients are illustrated in Table 3. Comparing the correlation
coefficient of the Langmuir and Temkin models with that of
Freundlich, it is obvious that the equilibrium data of the DR-81
sorption process on to Zn r-Asp bio-MOF follows the latter
model to a great extent.

3.5 Adsorption capacity comparison for the fabricated Zn 1-
Asp bio-MOF with other adsorbent materials

The multilayer adsorption capacities (¢r,) of Zn 1-Asp bio-MOF
towards DR-81 were compared with the adsorption capacities of
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Fig. 13 FTIR spectra of before and after DR-81 dye adsorption.

the other similar adsorbent materials as listed in Table 4. It is
evident from the table that Zn 1-Asp bio-MOF has economic and
promising results for the adsorption of anionic dyes like DR-81
compared with the literature on adsorbent nanomaterials.
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Fig. 14 The adsorption—desorption cycles of DR-81 on Zn L-Asp bio-
MOF.

Table 4 Comparison of adsorption capacities of DR-81 via different adsorbent nanomaterials

Adsorption capacity

Pollutant Adsorbent material Optimized conditions Optimum pH (mgg™) Estimated price References
DR-81 Zn 1-Asp bio-MOF Dose =1gL™* 7 29.15 79.27 $ per kg Present study
Conc. = 10 mg L
Time = 10 min
MIP-202 Zr-MOF Dose =1gL™! 5 36.07 36 $/100 g 5
Conc. =10 mg L ™!
Time = 12 min
Kaolinite Dose =4 gL ™" 2 26.55 ND 41
Conc. = 50 mg L
Time = 120 min
Neem bark Dose = 0.25 g L ™" 2 8.40 ND 42
Conc. =50 mg L™*
Time = 50 min
Potato peel Dose = 0.25 gL " 2 10.40 ND 42

Conc. = 50 mg L™*
Time = 50 min
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Table 5 The estimated cost to produce 1 kg of the Zn L-Asp bio-MOF
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Reactant weight

Reactant price

Reactant required
weight to be reacted

Estimated reactants
price for reaction ($)

434.78 g
2.86 L
173.91 ¢
369.56 g
40 mL

11.73
20.31
1.31
36.73
4.19

Reactant per package per package ($)
L-Aspartic acid 2.5 kg 67.45
Methanol 50L 35.52

Sodium hydroxide 2.5 kg 18.89

Zinc carbonate basic 1.0 kg 99.39
Hydrochloric acid 1.0L 104.92

Energy and electricity 5%

consumption
Total estimated price to produce 1 kg of Zn 1-Asp bio-MOF = 79.27 $

3.6 Adsorption mechanism of DR-81 onto Zn 1-Asp bio-MOF

The resulted data of FTIR spectra before and after adsorption of
DR-81 were compared as shown in Fig. 13. It was evident that
there are no significant changes in the FTIR spectrum of the Zn
L-Asp bio-MOF after and before DR-81 dye adsorption that
confirm that there is no chemical interaction between the Zn -
Asp bio-MOF and the anionic dyes. These results evident that
the removal of DR-81 dye onto the surface of Zn L-Asp bio-MOF
is regarded to the electrostatic physical interactions between the
anionic dye and the bio-MOF.* Furthermore, the characteristic
peaks at 3363 cm~ ' of asymmetric and symmetric vibrations
were shifted to 3347 ecm™*, confirming the interaction between
the -COOH carboxylic group and the negatively characteristic
sulphate groups of dye pollutant at the neutral conditions.***
Comparing the FTIR spectrums of both Zn 1-Asp bio-MOF after
and before anionic dye adsorption at the neutral conditions, the
characteristic bands from 528 to 412 cm ™" referring to the Zn-0
stretching were presented at the two spectra. This may indicate
the existence of Zn in the structure of the bio-MOF without
leaching or interaction.**® These results demonstrate that the
mechanism of DR-81 adsorption onto Zn 1-Asp bio-MOF may be
classified as physical interaction between the adsorbent mate-
rial and the adsorbate. This expectation was proven through the
equilibrium analysis of the adsorption data, as it was confirmed
that the adsorption process follows the Freundlich isotherm
and the multilayer adsorption mechanism is the predominant
adsorption phenomena confirming the physical interaction
between the dye molecules and the prepared bio-MOF. More-
over, at the acidic condition's solution pH < 7, the degree of
positively charges improved onto the bio-MOF enhances the
electrostatic interaction of negatively DR-81 dye molecules
besides the neutralization of the negative dye molecules that
may be occurred at the acidic conditions that improve the dye
removal at the acidic conditions confirming the adsorption
profile of the DR-81 dye molecules onto Zn r-Asp bio-MOF at
various pH.

3.7 Reusability study

The adsorption-desorption cycles were repeated ten times.
According to the obtained results, the Zn r-Asp bio-MOF proved
good ability to be reused eight times with an acceptable removal
efficiency for DR-81, as shown in Fig. 14.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.8 Cost of the fabricated Zn 1-Asp bio-MOF

Cost is one of the most important factors when it comes to eval-
uating the potential of an adsorbent for practical and large-scale
use, especially since this bio-MOF is an eco-friendly and biocom-
patible material as compared to the majority of other MOFs which
are not based on the bio-based ligand. Organic ligands mainly
have the major cost of the prepared MOF. For instance, one of the
MOFs which is used as a promising adsorbent such as Mg-MOF-74
costs (2836 $ per kg) despite, it is not an eco-friendly MOF.*” On the
other hand, Zn 1-Asp bio-MOF could barely cost (79.27 $ per kg)
with an excellent adsorption performance which makes it
a promising nanomaterial for practical and manufacturing appli-
cations. The estimated cost to produce 1 kg of the Zn 1-Asp bio-
MOF is calculated in Table 5. The price of reactants has been
collected according to the quantities of the starting precursors.
Most price data were provided from J&K Scientific Co., Ltd's official
website.*®

4. Conclusions

In conclusion, we report herein for the first time an efficient
adsorbent porous zinc aspartate MOF comprising non-toxic
metal ions (Zn(n)) and a biocompatible, and cheap linker,
aspartic acid. The synthesized Zn 1-Asp bio-MOF was character-
ized using FT-IR, XRD, XPS, SEM, TEM, BET, and TGA. Zn 1-Asp
bio-MOF is non-toxic and environmentally benign. Furthermore,
the adsorption behaviour of DR-81 was well fitted with the
Freundlich model that demonstrated the multilayer adsorption
onto Zn r-Asp bio-MOF. The best kinetic model for adsorption
was a pseudo-second-order model. The maximum adsorption
capacity of the prepared Zn 1-Asp bio-MOF toward DR-81 was
29.1 mg g . In addition, it can be considered an effective and
promising adsorbent in the adsorption of DR-81 from aqueous
solutions with high stability and it can be recycled for eight
cycles, as well as being easily regenerated form of the sorbent.
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